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Editorial on the Research Topic

Advances and insights in the diagnosis of viral infections and vaccines
development in animals

Introduction

Animal health is vital to global wellbeing, economic development, food security, and
food quality. However, animal viruses pose a significant threat, causing livestock and
wildlife illnesses, economic hardship, and zoonotic diseases that can cross species barriers
to endanger human health. Severe acute respiratory syndrome (SARS), avian influenza
A (H5N1), and Coronavirus disease 2019 (COVID-19) serve as stark reminders of these
risks (Yuen et al., 1998; Peiris et al., 2003; Zhu et al., 2020). To combat these viral
foes, robust strategies are urgently needed. Accurate diagnoses of viral infections and the
development of effective vaccines are critical components of such strategies. This Research
Topic, “Advances and insights in the diagnosis of viral infections and vaccines development
in animals,” covered the development of novel diagnostic tools for various animal viruses
and explored advancements in vaccine development utilizing diverse technologies. The
Research Topic comprised 23 articles, with 11 focusing on the development, evaluation,
and application of diagnostic methods. The remaining 12 articles emphasized vaccine
development and evaluation.

Diagnosis of viral infections in animals

Traditionally, diagnosing viral infections in animals relied on clinical signs, pathology,
antigen detection, and antibody detection. Clinical signs and pathological findings in viral
infected animals are highly variable due to both viral and host factors, and often confused
with other diseases of animals (Murcia et al., 2009; Wang et al., 2020). Well-established
laboratory techniques like virus isolation, real-time polymerase chain reaction (RT-PCR),
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and enzyme-linked immunosorbent assay (ELISA) have improved
diagnostic accuracy (Wang et al,, 2020, 2022; Mi et al, 2022;
Azam et al., 2023). Recent advancements have taken this progress
a step further by offering faster, more efficient methods. In
this Research Topic, Yu et al. developed a colloidal gold
immunochromatographic (GICG) strip with an enhanced signal
according to the double-antibody sandwich principle and an
enzyme-based signal amplification system to amplify the signal
for detecting bovine parvovirus (BPV). The sensitivity of the
signal-enhanced GICG strip showed 10 times higher than that
of the traditional GICG strip. Liu, Sheng et al. developed a
sensitive and specific TagMan-based quantitative real-time PCR
assay to detect the novel Mink Circovirus (MiCV). Li, Liu
et al. generated a monoclonal antibody against duck circovirus
capsid protein and investigated its potential application for native
viral antigen detection. Li, Wang et al. developed propidium
monoazide quantitative PCR assay for effective discrimination
of infectious and inactivated African swine fever virus (ASFV).
Its integration into routine diagnostics can significantly enhance
the interpretation of positive ASFV results, leading to improved
accuracy in identifying infected cases.

Multiplex PCR
productivity by simultaneously detecting multiple pathogens

assays significantly boost diagnostic
from a single reaction. This approach offers several advantages:
reduced costs, minimal sample requirement, and faster turnaround
times (Shi et al., 2016; Dronina et al., 2021; Charlier et al,
2022). Ren, Zu et al. developed a multiplex real-time PCR assay
using TagMan probes to simultaneously detect Porcine epidemic
diarrhea virus (PEDV), porcine rotavirus (PoRV), and porcine
deltacoronavirus (PDCoV), the important diarrhea viruses in
pig herds. This method is expected to significantly contribute to
prevent and control the spread of infectious diseases, as well as aid
in conducting epidemiological investigations. Yan et al. designed a
dual nanoparticle-assisted polymerase chain reaction (Nano-PCR)
assay for simultaneous detection of Feline calicivirus (FCV)
and Feline herpesvirus type I (FHV-I). The assay showed strong
specificity and high sensitivity for testing the clinical samples of
feline upper respiratory tract infections.

Next-generation sequencing (NGS) has revolutionized viral
diagnosis. It allows identification of previously unknown or
uncultivable viruses, a significant advancement over traditional
methods (Quer et al., 2022). In this Research Topic, Goraichuk et al.
developed a superior method with DNase to deplete host ribosomal
RNA (rRNA) before library preparation. This method significantly
improves the sensitivity and accuracy of virus detection in clinical
samples using NGS. Their 28S rRNA RT-qPCR assay provided a
valuable foundation for the development of these host depletion
strategies. Additionally, machine learning, powered by modern
computing, has emerged as a powerful tool for data analysis and
disease diagnosis. Liu, Zhou et al. combined machine learning
with causal relationship analysis to identify shared mechanisms
between COVID-19 and acute myocardial infarction (AMI). They
utilized 20 mainstream machine learning algorithms to establish
a powerful diagnostic predictor. This tool can estimate a specific
COVID-19 patients risk of developing AMI. These findings offer
novel mechanistic insights into COVID-19 and AMI, paving the
way for future advancements in preventive, personalized, and
precision medicine.
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Several studies of this Research Topic highlight the application
of diagnostics in animal health. Sinchez-Morales et al. used a
surrogate ELISA kit to analyze blood serum from randomly selected
animals in a retrospective study of SARS-CoV-2. Their findings
suggest a higher susceptibility to infection in cats compared to
dogs. Additionally, the study revealed a significantly increased
infection risk for domestic animals living in close contact with
infected owners, compared to those in animal shelters with limited
human interaction. Uddin et al. employed insulated isothermal
PCR (iiPCR) alongside traditional PCR and virus isolation to detect
Lumpy skin disease virus (LSDV) in tissue samples from affected
cattle. This approach provided insights into the potential source
of the circulating LSDV strain and identified the inactivated LSDV
antigen as a promising vaccine candidate. Magouz et al. investigated
the prevalence of canine parvovirus-2 (CPV-2) variants among
dogs in Egypt. Their study utilized PCR and restriction fragment
length polymorphism (RFLP) followed by VP2 sequencing on
samples from clinically infected dogs. The results confirmed
the widespread presence of CPV-2 in the Egyptian canine
population, emphasizing the need for continuous monitoring. The
data can facilitate early and accurate diagnosis of the disease,
ultimately aiding in the development of new vaccination strategies
for Egypt.

Vaccine development in animals

Given the absence  of antiviral

pharmaceuticals, vaccination remains a critical tool for preventing

broad-spectrum

and controlling viral infections in animals (McVey and Shi, 2010;
Choudhury et al., 2021). Animal vaccines not only combat diseases
in companion animals but also ensure the safety of food supplies
by maintaining healthy livestock populations. Depending on the
types of technologies used for antigen production and vaccine
formulation, there are four types of vaccines for animal use:
(i) Type I (whole virus): inactivated, killed, (ii) Type II (whole
virus): modified live attenuated, reverse genetics modified, (iii)
Type III (fraction/component): subunit, virus like particles,
genetic DNA or RNA, killed recommitment vectors, (iv) Type
IV (fraction/component): recombinant viral vectors expressing
antigens (Brun, 2016). Numerous conventional Type I and Type
IT vaccines have been produced for companion and livestock
(Coetzee et al., 2020; Lu et al., 2022; Yuan et al., 2022; Natesan
et al., 2023). This Research Topic highlights advancements in
Type I and Type II vaccine development. Shin et al. demonstrated
that foot-and-mouth disease (FMD) inactivated vaccine with
a glycyrrhizic acid adjuvant elicits potent innate and adaptive
immune responses against FMD in mice and pigs. Cao et al.
employed a yeast-based transformation-associated recombination
(TAR) system to genetically engineer feline infectious peritonitis
virus for vaccine development. Xu et al. successfully generated
promising live attenuated pseudorabies virus (PRV) vaccine
candidates using a codon deoptimization approach. One candidate
exhibited good safety and a high level of virus neutralization in
piglets, making it a potential solution against PRV variants.

An increasing number of rationally designed Type III and
Type IV vaccines are developed and reaching the market (Madera
et al., 2018; Shi et al.,, 2021; Tabynov et al., 2022). This Research
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Topic showcases seven articles exploring advancements in these
vaccine types. Zhang Y. et al. investigated Bacillus subtilis (B.
subtilis, a gram-positive bacterium that is safe and non-toxic to
humans and animals) as a vector for developing oral rabies vaccine.
They constructed recombinant B. subtilis expressing rabies virus
G proteins. Their results suggested that recombinant B. subtilis
strains have excellent immunogenicity and are expected to be
novel oral vaccine candidates for the prevention and control of
wild animal rabies. Ren, Madera et al. proposed a streamlined
method for isolating high-quality viral DNA from large DNA
viruses and generating recombinant PRV vaccines, simplifying
vaccine development. Zhang H. et al. developed a yeast-based
vaccine expressing influenza hemagglutinin (HA) proteins from
H5NS8, H7N9, and H9N2 strains. This oral vaccine in chickens
showed promise in boosting multi-systemic immune responses
against HON2 influenza. Their finding suggest that oral yeast
based multivalent bird flu vaccines provide an attractive strategy
to update host defense function via reshapes of multi-systemic
immune homeostasis. Zhao et al. identified the PRV gD protein
as a potential vaccine candidate. Their findings suggest it could
be effective in protecting animals from PRV infection. Hou et al.
designed a multi-epitope vaccine targeting both porcine epidemic
diarrhea virus (PEDV) and porcine deltacoronavirus (PDCoV).
Zhou et al. identified a B-cell epitope in Senecavirus A (SVA)
that could be used to develop a marker vaccine for the disease.
Fan et al. identified L11L and L7L genes in the ASFV genome
as virulence factors. Deleting these genes attenuated the virus,
suggesting potential targets for future vaccines.

This Research Topic also emphasizes the importance of
evaluating vaccine effectiveness against circulating viruses. Mosad
et al. investigated genetic diversity between Avian Orthoreovirus
(ARV) strains circulating in Egypt and the current vaccine strain.
They found significant genetic and protein variation, suggesting
the need for a new vaccine formulated from locally isolated
ARV strains. Similarly, Yang et al. studied cross-protection among
different feline calicivirus genotypes. Using cross-neutralization
assays and in vivo challenges, they identified the DL39 strain as
a promising candidate with broad-spectrum protection against
various FCV genotypes.

Conclusion and future perspectives

This Research Topic delves into the latest advancements in
diagnosing and preventing viral infections in animals. It showcases
a range of diagnostic tools, from established techniques like ELISA
and PCR to cutting-edge methods like Nano-PCR, NGS, and
machine learning. Vaccine development also takes center stage,
with the exploration of both traditional inactivated vaccines and
advanced subunit and recombinant vectored approaches. These
advancements empower veterinarians and public health officials to
safeguard animal and human health.

Looking ahead, the fight against animal viruses is an ongoing
battle. Continuous improvement of diagnostic tools remains
crucial. The future holds promise for on-site testing delivering
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rapid results, potentially transforming animal healthcare with faster
and more targeted interventions. Similarly, research into universal
vaccines with broad-spectrum protection offers immense potential,
especially in the face of emerging viruses and antigenic variation.
Enhancing international collaboration and information sharing
can significantly accelerate vaccine development. Furthermore,
improved pathogen detection in wildlife is a pressing need. We
require robust tools for diagnosing emerging and re-emerging
diseases that threaten endangered species or pose zoonotic
risks. This includes developing innovative, non-invasive sampling
methods, leveraging new technologies for comprehensive pathogen
characterization, and refining data analysis and surveillance
strategies (Jia et al, 2020). By staying at the forefront of
scientific advancements and fostering continuous innovation, we
can significantly improve the health of both animals and humans.

Author contributions

LW: Writing - original draft, Writing - review & editing.
JR: Writing - review & editing. JW: Writing - review &
editing. HZ: Writing - review & editing. JS: Writing — review
& editing.

Funding

The author(s) declare financial received
for the research, authorship, and/or publication of this
article. This study was supported by USDA NIFA Award
#2022-67015-36516, National Bio and Agro-Defense Facility
Transition Fund, USDA NIFA Hatch-Multistate Project (grant
number: 1021491), USDA ARS Non-Assistance Cooperative
Agreements (grant numbers: 58-8064-8-011, 58-8064-9-007,
58-3020-9-020, and 59-0208-9-222), USDA NIFA Sub Award
#25-6226-0633-002,
Project (Y2023020).

support was

and Wenzhou Basic Scientific Research

Conflict of interest

The authors declare that the research was conducted
in the absence of any commercial or financial relationships
that could be
of interest.

construed as a potential conflict

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.

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1443858
https://doi.org/10.3389/fmicb.2023.1126533
https://doi.org/10.3389/fmicb.2023.1206021
https://doi.org/10.3389/fmicb.2023.1153922
https://doi.org/10.3389/fmicb.2023.1288458
https://doi.org/10.3389/fmicb.2023.1295678
https://doi.org/10.3389/fmicb.2024.1387309
https://doi.org/10.3389/fmicb.2024.1345236
https://doi.org/10.3389/fmicb.2023.1156251
https://doi.org/10.3389/fmicb.2023.1226877
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Wang et al.

References

Azam, M. N, Khurshid, T., Gill, R. J., Ahmad, M., Haider, M. J., Rehman, A, et al.
(2023). Diagnostic methods and advancements in the detection of viral infections in
animals. Biol. Clin. Sci. Res. J., 2023:537. doi: 10.54112/bcsrj.v2023i1.537

Brun, A. (2016). Vaccines and vaccination for veterinary viral diseases: a general
overview. Methods Mol. Biol. 1349, 1-24. doi: 10.1007/978-1-4939-3008-1_1

Charlier, J., Barkema, H. W., Becher, P., De Benedictis, P., Hansson, I.,
Hennig-Pauka, I, et al. (2022). Disease control tools to secure animal and
public health in a densely populated world. Lancet Planet Health 6, e812-e824.
doi: 10.1016/52542-5196(22)00147-4

Choudhury, S. M., Ma, X,, Dang, W,, Li, Y., and Zheng, H. (2021). Recent
development of ruminant vaccine against viral diseases. Front. Vet. Sci. 8:697194.
doi: 10.3389/fvets.2021.697194

Coetzee, P., Guthrie, A. J., Ebersohn, K., Maclachlan, J. N., Ismail, A., van
Schalkwyk, A., et al. (2020). Complete genome sequences of virus strains isolated from
bottle A of the South African live attenuated Bluetongue virus vaccine. Microbiol.
Resour. Announc. 9, €00310-e00320. doi: 10.1128/MRA.00310-20

Dronina, J., Samukaite-Bubniene, U., and Ramanavicius, A. (2021). Advances
and insights in the diagnosis of viral infections. J. Nanobiotechnol. 19:348.
doi: 10.1186/s12951-021-01081-2

Jia, B., Colling, A., Stallknecht, D. E. Blehert, D., Bingham, J., Crossley,
B., et al. (2020). Validation of laboratory tests for infectious diseases in wild
mammals: review and recommendations. J. Vet. Diagn. Invest. 32, 776-792.
doi: 10.1177/1040638720920346

Lu, Z, Yu, S, Wang, W, Chen, W.,, Wang, X, Wu, K, et al. (2022).
Development of foot-and-mouth disease vaccines in recent years. Vaccines 10:1817.
doi: 10.3390/vaccines10111817

Madera, R. F., Wang, L., Gong, W., Burakova, Y., Buist, S., Nietfeld, J., et al.
(2018). Toward the development of a one-dose classical swine fever subunit vaccine:
antigen titration, immunity onset, and duration of immunity. J. Vet. Sci. 19, 393-405.
doi: 10.4142/jvs.2018.19.3.393

McVey, S., and Shi, J. (2010). Vaccines in veterinary medicine: a brief review
of history and technology. Vet. Clin. North. Am. Small Anim. Pract. 40, 381-392.
doi: 10.1016/j.cvsm.2010.02.001

Mi, S, Wang, L, Li, H, Bao, F, Madera, R, Shi, X, et al. (2022).
Characterization of monoclonal antibodies that specifically differentiate field isolates
from vaccine strains of classical swine fever virus. Front. Immunol. 13:930631.
doi: 10.3389/fimmu.2022.930631

Frontiers in Microbiology

10.3389/fmicb.2024.1443858

Murcia, P., Donachie, W., and Palmarini, M. (2009). Viral pathogens of domestic
animals and their impact on biology, medicine and agriculture. Encycl. Microbiol. 5,
805-819. doi: 10.1016/B978-012373944-5.00368-0

Natesan, K., Isloor, S., Vinayagamurthy, B., Ramakrishnaiah, S., Doddamane,
R, and Fooks, A. R. (2023). Developments in rabies vaccines: the path
traversed from pasteur to the modern era of immunization. Vaccines 11:756.
doi: 10.3390/vaccines11040756

Peiris, J. S., Yuen, K. Y., Osterhaus, A. D., and Stohr, K. (2003). The severe acute
respiratory syndrome. N. Engl. J. Med. 349, 2431-2441. doi: 10.1056/NEJMra032498

Quer, J., Colomer-Castell, S., Campos, C., Andrés, C., Pinana, M., Cortese, M. F.,
et al. (2022). Next-generation sequencing for confronting virus pandemics. Viruses
14:600. doi: 10.3390/v14030600

Shi, J., Wang, L., and McVey, D. S. (2021). Of pigs and men: the best-laid plans for
prevention and control of swine fevers. Anim. Front. 11, 6-13. doi: 10.1093/af/vfaa052

Shi, X, Liu, X., Wang, Q., Das, A., Ma, G., Xu, L., et al. (2016). A multiplex real-time
PCR panel assay for simultaneous detection and differentiation of 12 common swine
viruses. J. Virol. Methods. 236, 258-265. doi: 10.1016/j.jviromet.2016.08.005

Tabynov, K., Orynbassar, M., Yelchibayeva, L., Turebekov, N., Yerubayev, T.,
Matikhan, N., et al. (2022). A spike protein-based subunit SARS-CoV-2 vaccine for
pets: safety, immunogenicity, and protective efficacy in juvenile cats. Front. Vet. Sci.
9:815978. doi: 10.3389/fvets.2022.815978

Wang, L., Madera, R,, Li, Y., McVey, D. S., Drolet, B. S., and Shi, J. (2020). Recent
advances in the diagnosis of classical swine fever and future perspectives. Pathogens
9:658. doi: 10.3390/pathogens9080658

Wang, L., Mi, S., Madera, R, Li, Y., Gong, W., Tu, C,, et al. (2022). A novel
competitive ELISA for specifically measuring and differentiating immune responses to
classical swine fever C-strain vaccine in pigs. Viruses 14:1544. doi: 10.3390/v14071544

Yuan, M, Yang, X., Zhang, X., Zhao, X., Abid, M., Qiu, H. ], et al. (2022). Different

types of vaccines against pestiviral infections: “barriers” for “pestis”. Viruses 15:2.
doi: 10.3390/v15010002

Yuen, K. Y., Chan, P. K, Peiris, M., Tsang, D. N., Que, T. L., Shortridge,
K. F, et al. (1998). Clinical features and rapid viral diagnosis of human
disease associated with avian influenza A H5N1 virus. Lancet 351, 467-471.
doi: 10.1016/S0140-6736(98)01182-9

Zhu, N., Zhang, D., Wang, W, Li, X,, Yang, B, Song, J., et al. (2020). A novel
coronavirus from patients with pneumonia in China, 2019. N. Engl. J. Med. 382,
727-733. doi: 10.1056/NEJM0a2001017

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1443858
https://doi.org/10.54112/bcsrj.v2023i1.537
https://doi.org/10.1007/978-1-4939-3008-1_1
https://doi.org/10.1016/S2542-5196(22)00147-4
https://doi.org/10.3389/fvets.2021.697194
https://doi.org/10.1128/MRA.00310-20
https://doi.org/10.1186/s12951-021-01081-2
https://doi.org/10.1177/1040638720920346
https://doi.org/10.3390/vaccines10111817
https://doi.org/10.4142/jvs.2018.19.3.393
https://doi.org/10.1016/j.cvsm.2010.02.001
https://doi.org/10.3389/fimmu.2022.930631
https://doi.org/10.1016/B978-012373944-5.00368-0
https://doi.org/10.3390/vaccines11040756
https://doi.org/10.1056/NEJMra032498
https://doi.org/10.3390/v14030600
https://doi.org/10.1093/af/vfaa052
https://doi.org/10.1016/j.jviromet.2016.08.005
https://doi.org/10.3389/fvets.2022.815978
https://doi.org/10.3390/pathogens9080658
https://doi.org/10.3390/v14071544
https://doi.org/10.3390/v15010002
https://doi.org/10.1016/S0140-6736(98)01182-9
https://doi.org/10.1056/NEJMoa2001017
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

& frontiers

’ @ Check for updates ‘

OPEN ACCESS

EDITED BY
Lihua Wang,

Kansas State University,
United States

REVIEWED BY
Jun Luo,

South China Agricultural University,
China

Tao Wang,

Lanzhou University,

China

*CORRESPONDENCE
Xianzhu Xia
xiaxzh@cae.cn
Feihu Yan
yanfh1990@163.com
Yongkun Zhao
zhaoyongkun1976@126.com

SPECIALTY SECTION
This article was submitted to
Virology,

a section of the journal
Frontiers in Microbiology

RECEIVED 18 December 2022
ACCEPTED 09 January 2023
PUBLISHED 09 February 2023

CITATION

Zhang Y, Mo R, Sun S, Cui Z, Liang B, Li E,
Wang T, Feng Y, Yang S, Yan F, Zhao Y and
Xia X (2023) Bacillus subtilis vector based oral
rabies vaccines induced potent immune
response and protective efficacy in mice.
Front. Microbiol. 14:1126533.

doi: 10.3389/fmicb.2023.1126533

COPYRIGHT

© 2023 Zhang, Mo, Sun, Cui, Liang, Li, Wang,
Feng, Yang, Yan, Zhao and Xia. This is an open-
access article distributed under the terms of
the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in
other forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Microbiology

Frontiers in Microbiology

TyPE Original Research
PUBLISHED 09 February 2023
pol 10.3389/fmicb.2023.1126533

Bacillus subtilis vector based oral
rabies vaccines induced potent
Immune response and protective
efficacy in mice

Ying Zhang'?, Ruo Mo?3, Sheng Sun?, Zhanding Cui? Bo Liang?,
Entao Li®, Tiecheng Wang?, Ye Feng?, Songtao Yang?, Feihu Yan?*,
Yongkun Zhao?* and Xianzhu Xia'?*

*Northeast Forestry University College of Wildlife and Protected Area, Harbin, China, 2Changchun Veterinary
Research Institute, Chinese Academy of Agricultural Sciences, Changchun, Jilin, China, *College of
Veterinary Medicine, Jilin Agricultural University, Changchun, Jilin, China, “State Key Laboratory of
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Technology of China, Hefei, Anhui, China

Introduction: Rabies is a worldwide epidemic that poses a serious threat to
global public health. At present, rabies in domestic dogs, cats, and some pets can
be effectively prevented and controlled by intramuscular injection of rabies vaccine.
But for some inaccessible animals, especially stray dogs, and wild animals, it is difficult
to prevent with intramuscular injection. Therefore, it is necessary to develop a safe
and effective oral rabies vaccine.

Methods: We constructed recombinant Bacillus subtilis (B. subtilis) expressing
two different strains of rabies virus G protein, named CotG-E-G and CotG-C-G,
immunogenicity was studied in mice.

Results: The results showed that CotG-E-G and CotG-C-G could significantly
increase the specific SIgA titers in feces, serum IgG titers, and neutralizing antibodies.
ELISpot experiments showed that CotG-E-G and CotG-C-G could also induce Thl
and Th2 to mediate the secretion of immune-related IFN-y and IL-4. Collectively,
our results suggested that recombinant B. subtilis CotG-E-G and CotG-C-G have
excellent immunogenicity and are expected to be novel oral vaccine candidates for
the prevention and control of wild animal rabies.

KEYWORDS

rabies, oral immunization, Bacillus subtilis, oral rabies vaccine, G protein

Introduction

Rabies is a natural zoonotic infectious disease, which is prevalent worldwide and poses a
serious threat to global public health (Taylor and Nel, 2015). The disease is prevalent all over the
world and poses a serious threat to global public health. Once clinical symptoms appear after
infection, the mortality rate is almost 100% (Henle et al., 1962; Fenje, 1968). About 60,000 people
die of the disease every year (Yousaf et al., 2012; Kip et al., 2018), and 95% of the cases are from
developing countries such as Africa and Asia (Luo et al., 2017). Dogs, especially stray dogs, are the
main source of rabies transmission in developing countries (Hampson et al., 2015; Zhao et al.,
2021). In developed countries, bats and other wild animals are the main culprits in the spread of
rabies. In recent years, the study of rabies in wild animals has been reported all over the world.
Wild animals are the main reservoir of the Rabies virus (RABV) in nature. Human and domestic
rabies deaths are frequently caused by wild animal bites (Shao et al., 2015; Ming-Yang et al., 2018;
Benavides et al., 2020; Feng et al., 2022). It brings serious mental pressure and economic loss to
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people. Therefore, enhanced rabies vaccination of stray dogs and wild
animals is essential for global rabies control, and the most practical
way to vaccinate these animals against rabies is the oral vaccine.
Currently, the widely used Oral rabies vaccine (ORV) is mainly divided
into the live attenuated vaccine and recombinant live rabies virus
vector vaccine. Most notable are the poxvirus-vectored rabies
glycoprotein recombinant virus vaccines, such as recombinant vaccinia
virus and canary poxvirus expressing the rabies virus glycoprotein
gene. Both vaccines are widely used for oral rabies vaccination in wild
animals in North America, Canada, and Western Europe (Poulet et al.,
2007; Weyer et al., 2009). At present, with the in-depth study of
epidemiology, rabies in pet dogs, cats, and some domestic animals has
been effectively prevented and controlled by an intramuscular rabies
vaccine, but it is not suitable to prevent rabies in wild animals.
Therefore, enhanced rabies vaccination of stray dogs and wild animals
is essential for global rabies control, and the most practical way to
vaccinate these animals against rabies is the oral vaccine. So, the
development of a simple, safe and effective oral rabies vaccine for wild
animals is of great significance for the prevention and control of
animal rabies.

RABY, a typical neurotropic virus, is a prototypical virus in the
genus Lyssavirus genus, family Rhabdoviridae (Wunner, 2013; Liu et al.,
2017). The RABV genome is about 12kb in length and consists of five
genes encoding nucleocapsid protein (N), phosphoprotein (P), matrix
protein (M), glycoprotein (G), and viral RNA polymerase (L)
(Conzelmann et al., 1990). Among them, G protein is the only surface-
exposed viral protein on RABV virions, and it is the only virus protein
that stimulates virus neutralizing antibodies (Wiktor et al., 1973). The G
protein is an important determinant for the induction of innate immune
responses and of cellular and humoral immune responses required to
confer complete protection in animals (Cox et al., 1977; Benjamin et al.,
2015) therefore, it is a promising candidate antigen for the development
of genetically engineered vaccines.

Bacillus subtilis is a Gram-positive bacterium that is safe and
non-toxic to humans and animals. It has been certified as a Generally
Regarded as Safe (GRAS) product and is a new type of probiotic
currently widely used (Hong et al., 2005; Schumann, 2007; Elshaghabee
etal., 2017). Spores have unique stress resistance and can survive high
temperature, dry and acid-base invasion conditions. B. subtilis and its
spores are widely used as antigenic protein delivery vehicles and mucosal
immune enhancers and can cause a protective immune response. At
present, the exogenous protein system displayed on the surface of
B. subtilis spores is more mature and perfect, and the recombinant
expression of exogenous proteins will not affect the structure of
B. subtilis spores and the performance of survival in harsh environments.
Antigens displayed on the surface of spores can also be used for
immunization and can germinate in host phagocytes, resulting in an
efficient antigen presentation process. Currently, in the research of
vaccine against tetanus toxin and Bacillus anthracis protective antigens
(Duc et al., 2007; Sangun et al., 2010), the spore-presenting candidate
vaccine with B. subtilis spore as antigen display carrier has shown good
immunogenicity and immune protection. In recent years, a variety of
spore surface proteins, such as CotB, CotC, and CotG (Mauriello et al.,
2004; Imamura et al., 2011; Mou et al., 2016), have been widely used in
the system of displaying foreign proteins on the spore surface.

In this study, the results showed that both recombinant B. subtilis
were successfully expressed. Both strains of recombinant B. subtilis can
induce mice to produce higher levels of specific antibodies after oral
immunization and improve the production and protective effect of
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VNA, suggesting that recombinant B. subtilis is a novel oral rabies
vaccine candidate.

Materials and methods
Ethics statement

All BALB/c mice were purchased from Beijing Weitong Lihua
Experimental Animal Technology Co., Ltd., and the animal experiments
were approved by the Animal Welfare and Ethics Committee of
Changchun Veterinary Research Institute under the license number
JSY-DW-2018-02. All BALB/c mice were treated according to the
Guidelines for the Welfare and Ethics of Laboratory Animals of China
(GB 14925-2001). Experiments related to virulent strains of RABV were
all carried out in the biosafety level IIT laboratory.

Bacterial strains, cells, viruses, and
antibodies

Bacillus subtilis 168 strain (BS168) was purchased from Wuhan Pujian
Biotechnology Co., Ltd. PDG1661 plasmid was purchased from BioVector
Plasmid Vector Strain Cell Gene Collection Center. HuNPB3 street strain,
BHK cells, and NA cells were stored in our laboratory. Reference serum
from the rabies reference Laboratory of the World Organization for
Animal Health. A fluorescein isothiocyanate (FITC)-conjugated
monoclonal antibody (mAb) against RABV N protein was purchased from
Fujirebio, an anti-RABV G protein mAb was purchased from Millipore,
Horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG was
purchased from Abcam. HRP-conjugated goat anti-mouse IgG1, IgG2a,
and IgA were purchased from Southern Biotech Company. IFN-y and IL-4
ELISpot plates
Chemiluminescent Imaging System were purchased from Tanon Company.

were purchased from MABTECH Company.

Construction of recombinant Bacillus
subtilis

Using the codon-optimized pUC57-CotG-E-G and pUC57-
CotG-C-G (E-G, GenBank: J02293; C-G, GenBank: GQ918139) as
templates, design primers CotG-E-G-F and CotG-E-G-R and CotG-
C-G-F and CotG-C-G-R, respectively (shown in Table 1), and the
CotG-E-G and CotG-C-G gene fragments were obtained after PCR
amplification. The recombinant plasmids PDG1661-CotG-E-G and
PDG1661-CotG-C-G were obtained by, respectively, connecting to
BamHI and EcoRI sites of the PDG1661 vector. Finally, the recombinant
plasmids PDG1661-CotG-E-G and PDG1661-CotG-C-G  were
linearized, respectively, and transformed into BS168 through
electroporation to obtain positive recombinant strains, which were
named B. subtilis CotG-E-G and B. subtilis CotG-C-G.

Western blot

To detect the expression level of G protein, the recombinant
B. subtilis CotG-E-G, CotG-C-G, and BS168 were cultured to the end
logarithmic stage of bacterial growth. The bacterial solution was
collected and washed three times with sterile PBS. Proteins were
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TABLE 1 Primers used in this study.

10.3389/fmicb.2023.1126533

Primers Sequence (5'-3) Restriction enzyme site
CotG-E-G-F CGGGATCCATGGGTCACTACTCTCACTCTGACA BamH I

CotG-E-G-R CGGAATTCTCATTTACCCCAGTTAGGTAAAC EcoRT

CotG-C-G-F CGGGATCCATGGGTCACTACTCTCACTCTGACA BamH I

CotG-C-G-R CGGAATTCTCATTTACGCAGTTAGGTCAA EcoR I

Underlined nucleotides are restriction sites.

extracted from culture lysates by sonication. They were separated by
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
then transferred to a nitrocellulose membrane. Anti-RABV G protein
mAb (1:1,500) was used as the primary antibody and incubated at room
temperature for 2h. After that, HRP-conjugated goat anti-mouse IgG
(1:15,000) was a secondary antibody. Electrochemiluminescence (ECL)
Western Blotting Substrate was added, and the bands were captured
using a Chemiluminescent Imaging System.

Immunization and challenge

6-week-old female BALB/c mice were randomly divided into 4
groups, CotG-E-G and CotG-C-G experimental groups, BS168 negative
control group, and PBS control group. Mice were orally administered
1% 10" spore/mouse with a stainless-steel round-tip gavage cannula at
days 1-3, 14-16 and 28-30. The mice were monitored daily for clinical
changes, including weight, hair, body temperature, eating habits
and diarrhea.

Four weeks after the last immunization, mice were challenged
intramuscularly with the RABV street strain HuNPB3 (100 x IMLD50).
Observe and record changes in morbidity and body weight for 21 days.
When the typical rabies symptoms appeared after the challenge, the
mice were anesthetized with isoflurane and then humanely killed by
cervical dislocation.

Antibody detection

The mouse serum was collected at 0, 14, 28, 35 and 42 days after
immunization, and the specific IgG antibody content in the serum was
detected by enzyme-linked immunosorbent assay (ELISA). Antibody
subtypes were detected 1week after the last immunization. Briefly,
inactivated and purified HuNPB3 was used as the coating antigen at a
concentration of 1 pg/ml, loaded at 100 pl/well into 96-well microtiter
plates and incubated overnight at 4°C. Incubate with 5% skim milk
blocks for 2h at 37°C. Serum to be tested was diluted 2-fold, 100 pl/well,
and incubated at 37°C for 1.5h. Then, HRP-conjugated goat anti-mouse
IgG, 1gGl, and IgG2a antibodies were added, at 100 pl/well, and
incubated at 37°C for 1 h. Then add TMB substrate buffer to the culture
dish, incubate in the dark for 10 min, stop color development with 2M
H,SO,, and read on OD450 microplate reader.

Fluorescent antibody virus neutralization (FAVN) (Cliquet et al.,
1998) was used to detect the specific virus-neutralizing antibody (VNA)
level in serum 1 week after the last immunization. Briefly, add the serum
to be tested (4 replicates for each sample) in row 1, 50 pl/well, serially
3-fold serial dilutions to row 6 in a 96-well plate, and set up standard
serum 0.5IU/ml at the same time control. Then, 100 FFU of RABV
CVS-11 virus was added to each well. Incubate in a 37°C 5% CO,
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incubator for 1h, add 2 x 10* BHK cells to each well, and incubate at
37°C for 48 h, and then incubate with ice-cold 80% acetone and chamber
for 30min. and stained with FITC-labeled anti-RABV N protein
antibody. The results were observed by a fluorescence microscope and
calculated in IU/mL by comparison to reference serum.

Detection of specific SIgA antibodies in
feces

The level of SIgA antibody in feces was detected by the indirect
ELISA. Inactivated and purified HuNPB3 was used as the coating
antigen. The mouse feces collected every week were resuspended in
pre-cooled PBS, and the supernatant was collected by centrifugation at
4°C and added to each well of the ELISA plate. Incubate at 37°C for
1.5h, dilute HRP-conjugated goat anti-mouse IgA with 5% skim milk,
100 pl/well, and incubate at 37°C for 1h. TMB substrate buffer was
added to the plates for 10 min in the dark, and 2 M H,SO, was added to
stop the reaction, then read on a microplate reader at OD450.

Splenocyte proliferation assay

One week after the last immunization, three mice in each group were
euthanized, and their spleens were taken and crushed. The spleen cell
suspension was filtered through a 70 pm filter, and the separated red blood
cells were lysed with red blood cell lysis buffer. The splenocyte density was
adjusted to 2.5x 10 © cells/ml, and purified inactivated HNPB3 antigen
(10 pug/ml) was seeded in a 96-well plate for 44h, and then removed,
CCK-8 was added at 10 pl/well and incubated for 4h, place the 96-well
cell plate in a microplate reader to read the OD450 nm value. The
proliferation index (PI) was calculated as (OD stimulated culture-OD
unstimulated culture)/(OD unstimulated culture-OD control culture).

IFN-y and IL-4 cytokine detection

Splenocytes were diluted to 2.5x10° cells/ml, co-seeded with
inactivated purified HNPB3 antigen (10 pg/ml) into 96-well plates, and
incubated at 37°C, 5% CO, for 24 h. IFN-y and IL-4 secretion levels in
splenocytes were detected using mouse enzyme-linked immunospot
(ELISpot) kit. Finally, the spot-forming cells (SFCs) in each well were
counted with an automated ELISpot reader.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.0
software, and results are expressed as mean+SD. To determine the
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percent survival, Kaplan-Meier survival curves were analyzed using the
log-rank test. Significance differences between groups were analyzed by
one-way ANOVA or two-way ANOVA and were deemed significant at
p values of 0.05 or less. Statistical significance is indicated as *p < 0.05, **
p<0.01,*p<0.001, and ****p < 0.0001.

Results

Construction of recombinant Bacillus
subtilis

The construction strategies of recombinant B. subtilis CotG-E-G and
CotG-C-G are shown in Figure 1A. The fusion genes CotG-E-G and
CotG-C-G were, respectively, inserted into the vector PDG1661 with the
promoter Pspae to obtain PDG1661-CotG-E-G and PDG1661-
CotG-E-G, respectively. Then, the empty vectors PDG1661, PDG1661-
CotG-E-G, and PDG1661-CotG-E-G were introduced into BS168 by
electric shock transformation to obtain recombinant B subtilis.
CotG-E-G and B subtilis. CotG-C-G. The lysates of B. subtilis. CotG-E-G
and B. subtilis. CotG-C-G was identified by Western blotting. Two
specific bands were detected with anti-RABV G protein mAb, whereas
no bands were detected in the null strain (Figure 1B). The results showed
that both recombinant B. subtilis were successfully expressed.

Serum antibody detection

To evaluate the immunogenicity of the recombinant B. subtilis
CotG-E-G and CotG-C-G, mice were orally immunized, and serum
samples were collected after each immunization, the immunization
program is shown in Figure 2A. No adverse effect, such as fatality,
gloomy spirit, weight loss (Figure 2B) or diarrhea, was observed in mice
during the whole immunization period. Serum-specific antibody levels
were determined by indirect ELISA. The results showed that both
CotG-E-G and CotG-C-G in the experimental group could detect
obvious IgG antibody levels. On the 14th day after immunization, the

A
CotG-C-G
CotG-E-G

B
1 2 3 4
100 e |
70 - !
FIGURE 1

Construction and identification of recombinant B. subtilis expressing
the immunogenic protein of RABV. (A) Schematic diagram of the
construction of plasmids PDG1661-CotG-E-G and PDG1661-CotG-
C-G expressing CotG-E-G fusion gene and CotG-C-G fusion gene,
respectively. The Pspae represents promoter and the CotG represents
spore capsid protein. (B) The expression of the G fusion protein in
recombinant B. subtilis was detected by Western blotting. lanel: Maker;
lane 2: B. subtilis BS168; lane 3: B. subtilis CotG-C-G; lane 4: B. subtilis
CotG-E-G.
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antibody level of the experimental group was significantly increased,
and the difference was extremely significant compared with the control
group, on the 35th day after immunization, the serum IgG antibody
levels of CotG-E-G and CotG-C-G in the experimental group reached
the highest level (Figure 2C). These results indicated that recombinant
B. subtilis CotG-E-G and CotG-C-G could effectively induce a systemic
humoral immune response in mice.

The production of different antibody subtypes can reflect the type
of immune response to a certain extent. To further understand the
antibody responses induced by CotG-E-G and CotG-C-G, 1 week after
the last immunization, IgG antibody subtypes were detected in the
serum of mice 1 week after the last immunization. The results showed
that the value of IgG2a/IgG1 was less than 1 (Figure 2D), indicating that
after oral immunization, mice developed a Th2 immune response
(biased to IgG1), which could increase the level of vaccine-induced
humoral immune responses to a certain extent.

Neutralizing antibody detection

To further determine whether recombinant B. subtilis CotG-E-G
and CotG-C-G could induce the production of VNA, serum samples
were obtained after the last immunization. No specific VNA was
detected in the serum of mice in the control group, while the VNA titers
of CotG-E-G and CotG-C-G in the experimental group were higher
than 0.5IU/ml, as shown in Figure 2E, according to the WHO that the
RABV neutralizing antibody titer greater than 0.51U/ml has a protective
effect on the body. The results showed that both recombinant B. subtilis
have good immunogenicity.

Detection of specific SIgA levels in feces

The specific SIgA antibody level was detected in the feces of mice
after oral immunization. Significant SIgA antibody level could
be detected in the feces of the experimental group from the 14th day
after immunization, which is significantly higher than that of the control
group, and the specific SIgA antibody level reaches the highest level on
the 35th day after immunization (Figure 3), indicating that recombinant
B. subtilis CotG-E-G and CotG-C-G could effectively induce mucosal
immune response after oral immunization.

Splenocyte proliferation assay

To evaluate the effects of CotG-E-G and CotG-C-G on splenocyte
proliferation in mice, in vitro splenocyte proliferation assay was
performed 1week after the last immunization. The splenocyte
proliferation ability of CotG-E-G and CotG-C-G mice immunized with
inactivated and purified HNPB3 protein was significantly higher than
that of control mice (Figure 4A). The results showed that recombinant
B. subtilis could promote the proliferation of immune cells and stimulate
a strong antigen-specific immune response.

Detection of splenic lymphocyte cytokines

To further investigate the antigen-specific cellular immune response,
the levels of secreted IFN-y and IL-4 in mouse splenocytes were detected
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FIGURE 2

Specific anti-RABV antibody detection. (A) Immune scheme, BALB/c
mice were randomly divided into 4 group, which were CotG-E-G,
CotG-C-G, BS168 and PBS control group. Serum samples were
collected at 0, 14, 28, 35 and 42days (n=8/ group). Spleens were
collected from mice on day 37 (n=3/group). (B) Changes of body
weight in mice during immune period. (C) The levels of specific IgG
(Serum dilution multiples start from 100 times, sequentially doubling
dilution) antibodies in mouse serum were detected by indirect ELISA.
(D) One week after the last immunization, the IgG2a/lgG1 ratio was
determined by indirect ELISA. (E) One week after the last immunization,
VNA titers were determined by the FAVN method. The mean and
standard deviation of each group were analyzed using one-way or
multi-way ANOVA (*p<0.05, **p<0.01, ***p<0.001, **** p<0.0001).

by ELISpot assay. As shown in Figures 4B,C, the amounts of IFN-y and
IL-4 secreted in the splenocytes of CotG-E-G and CotG-C-G mice in
the immunized group were significantly higher than those in the control
groups, it is suggested that recombinant B. subtilis could enhance
cytokine production, indicating that both Th1l and Th2 of acquired
immunity were activated.

Protection after the challenge of orally
immunized mice

To determine the protective efficacy of recombinant B. subtilis
CotG-E-G and CotG-C-G. Four weeks after the last immunization, mice
were challenged with a lethal dose of HNPB3 of 100 x IMLD50 and were
monitored continuously for 21 days to observe their clinical symptoms and
mortality. As shown in Figure 5, the control group mice all died within
10days after the challenge. In contrast, individual mice in the experimental
group CotG-E-G began to develop rabies symptoms such as convulsions
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and paralysis on the 8th day and were humanely sacrificed. After the
21-day observation period, the survival rate of CotG-E-G in the
experimental group was 50%, and the survival rate of CotG-C-G was 40%.
These results indicated that recombinant B. subtilis had good
immunogenicity and a certain protective effect against lethal RABV attacks.

Discussion

Stray animals and wild animals live in no fixed place and have a
wide range of activities, so it is difficult to vaccinate against rabies
through intramuscular injection. Therefore, the large-scale application
of oral rabies vaccine (ORV) is the best way to solve the problem of
rabies vaccination in stray animals and wild animals. The earliest oral
immunization applied to wild animals is the attenuated live vaccine,
mainly including ERA, SAD B19 and SAG-2 strains. ERA strain was the
first to immunize red foxes as ORV in Europe, and achieved good
immune effect (Baer et al., 1971; Steck et al., 1982). ERA strains were
widely used to control fox rabies in North America between 1989 and
2009, greatly reducing the risk of human exposure to rabies (Rosatte
etal., 2007, 2008). Wild animal ORVs prepared from attenuated rabies
virus strains such as SAG2 and SAD B19 has been successfully used to
control rabies in European foxes and raccoons in the United States and
Canada, greatly reducing the spread of wild animal rabies (Wallace et al.,
2020). Currently, the World Organization for Animal Health (WOAH)
recommends two oral rabies vaccines, SAG2 and VR-G, for oral
vaccination of dogs (Jackson, 2013). In 2021, Thailand will carry out the
first large-scale application of ORYV, and 83.0% (1,485/1789) of stray dogs
will be immunized through ORYV; significantly improving the vaccination
coverage of stray dogs (Chanachai et al., 2021). Therefore, the oral rabies
vaccine plays an important role in the global elimination of human
rabies deaths from dog transmission.

Oral administration is simple and safe and has received more and
more attention in vaccine development. In recent years, many oral
rabies vaccines have been developed and evaluated, including
attenuated vaccines, and
recombinant virus vaccines. Given the safety and efficacy of the

recombinant live vector vaccines,

recombinant live vector vaccine, it can be used as a candidate vaccine
for oral rabies vaccines. One of the current challenges in developing
oral vaccines is that low pH in the gastric environment can destroy
vaccine immunity. So, B. subtilis was selected as the oral vaccine
delivery carrier in this study. B. subtilis has strong stress resistance,
can resist the erosion of gastric acid in the gastrointestinal tract, and
can effectively survive in the low-acid environment in the stomach
and complex intestinal conditions (Zhou et al., 2008a,b; Li et al.,
2022). B. subtilis exerts immune adjuvant activity and is effective
against most oral antigens (Tanasienko et al., 2005). B. subtilis can
germinate in intestinal antigen-presenting cells, where antigens can
be processed and presented to downstream immune cells, inducing a
strong mucosal immune response in the intestine (Duc le et al., 2004;
Mauriello et al., 2007). In addition, the production cost of B. subtilis
is low, the production process is simple, and it is easy to store, which
reduces the cost of vaccine transportation. It is safe and non-toxic to
humans and animals, and is certified as a GRAS product. Therefore,
it can be used as an efficient delivery vehicle.

Isticato et al. (2001) first established a spore surface display
system, using CotB as the anchor gene, the 459 amino acid fragment
of the C-terminal of tetanus toxin (TTFC) was successfully displayed
on the surface of B. subtilis by budding surface display technology.
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purified HNPB3 protein. (A) CCK-8 colorimetric assay for cell proliferation index. (B,C) The levels of IFN-y and IL-4 secreted by splenocytes were measured
by ELISpot method (The ordinate represents the number of spot-forming cells per well). Data are presented as mean+SD of each group (*p<0.05, **p<0.01,
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Using the fusion protein Cot B-TTFC of TTFC and CotB to
immunize mice by oral and intranasal methods, the mice can
produce mucosal IgA and systemic IgG immune responses. Kwon
(Kwon et al., 2007) used the CotG gene of capsid protein as a fusion
vector and successfully demonstrated galactosidase on the surface of
B. subtilis bud hug. The recombinant bud hug had galactosidase
catalytic activity in the water-organic reaction system. In addition,
related studies have proved that B. subtilis probiotic strains did not
cause significant adverse effects in acute toxicity tests (Yuan et al.,
2012; Zhang et al., 2013), organs such as the heart and liver,
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indicating that B. subtilis is safe and non-toxic to mammals
(Mingmongkolchai and Panbangred, 2018).

Serum-neutralizing antibodies reflect the neutralizing ability of
the body to the virus, to a certain extent, it could replace the challenge
study. RABV-neutralizing antibody assays are considered the gold
standard for evaluating the rabies vaccine. The WHO and WOAH
suggest that the RABV-VNA titer of 0.5IU/ml has a protective effect
on the body (Chen and Emergency, 2019). This standard has been
applied in many reports (Tanisaro et al., 2010; Mittal, 2013). In this
study, 1 week after the last immunization, the RABV VNA titers of
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Protection of recombinant B. subtilis against lethal RABV challenge.
Groups of mice (n=10) were challenged with 100xIMLD50 of RABV
street strain 4weeks after the last immunization. Observed for 21days.
The survival of mice in each group at different times after the challenge
was recorded. The p value between BS168 and CotG-E-G group was
0.071, and BS168 and CotG-C-G group was 0.144.

CotG-E-G and CotG-C-G in the experimental group were higher
than 0.5IU/ml (Figure 2D). These results indicated that both
recombinant B. subtilis strains had certain protective effects against
RABV. Studies have shown that SIgA is the main antibody subtype
and effector for body defense. SIgA antibody in intestinal mucosa has
the function of neutralizing the virus, inhibiting virus invasion, and
regulating the dynamic balance of mucosal surface (Liu et al., 2009;
Kamada and Nufiez, 2014). Serum immunoglobulin IgG antibody is
an important indicator of the systemic immune response. In this
study, after oral immunization of mice with recombinant B. subtilis
CotG-E-G and CotG-C-G, the levels of RABV-specific SIgA in feces
and IgG antibody in serum were detected. The results showed that the
RABYV specific SIgA and IgG antibody levels were significantly
increased. These results indicated that the mice developed efficient
humoral immune responses after oral immunization. Notably, specific
antibodies induced by recombinant B. subtilis persisted for more than
35 days with high antibody levels, this may be related to the spores
resisting digestion and germinating in the gut (Casula, 2002; Duc Le
et al., 2004). In terms of cellular immune responses, the results
showed that recombinant B. subtilis could induce spleen cell antigen-
specific cell proliferation (Figure 4A), and effectively stimulate
splenocytes to secrete IFN-y and IL-4. IFN-y is a Thl cytokine
involved in cellular immune responses, IFN-y plays an antiviral role
by promoting the lysis and clearance of virus-infected cells and
inhibiting the expression and replication of viral genes (Venkataswamy
etal, 2015). IL-4 is a Th2 cytokine associated with humoral immune
responses, which drives the maturation of B cells into plasma cells,
resulting in antibody production (Fang et al., 2007). This indicates
that recombinant B. subtilis can effectively stimulate the production
of Th1 and Th2 cytokines in mice, thereby enhancing cellular and
humoral immune responses.

In conclusion, our results showed that immunization of mice with
recombinant B. subtilis significantly increased the fecal-specific SIgA
titers, serum specific IgG antibody levels, and serum neutralizing
antibodies, it can induce the body to produce strong cellular and
humoral immune responses, which is helpful to better resist the invasion
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of RABV. These data suggest that recombinant B. subtilis is expected to
be a new and promising oral rabies vaccine candidate to prevent and
control rabies in wild animals.
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Introduction: Reverse genetics has become an indispensable tool to gain insight
into the pathogenesis of viruses and the development of vaccines. The yeast-
based synthetic genomics platform has demonstrated the novel capabilities to
genetically reconstruct different viruses.

Methods: In this study, a transformation-associated recombination (TAR) system
in yeast was used to rapidly rescue different strains of feline infectious peritonitis
virus, which causes a deadly disease of cats for which there is no effective vaccine.

Results and discussion: Using this system, the viruses could be rescued rapidly
and stably without multiple cloning steps. Considering its speed and ease of
manipulation in virus genome assembly, the reverse genetics system developed
in this study will facilitate the research of the feline coronaviruses pathogenetic
mechanism and the vaccine development.

FCoV, FIPV, reverse genetics, transformation-associated recombination, yeast

1. Introduction

Feline infectious peritonitis (FIP), caused by feline infectious peritonitis virus (FIPV), is
a severe and lethal systemic infection of cats. Clinically, FIP can be divided into exudate type
and nonexudate type based on whether or not peritoneal effusion is observed. Once
exudative FIP symptoms appear, the mortality rate can be as high as 100%. Currently, there
is still no effective vaccine available for this deadly disease. Accurate diagnosis of this disease
is also difficult due to poor understanding of the pathogenetic mechanisms of FIPV. There
are two pathogenic types of feline coronaviruses (FCoV): feline enteric coronavirus (FECV)
and feline infectious peritoniitis virus (FIPV). The prevalence of FCoV infection in feline
populations is generally high and may exceed 90% in multicat environments. The incidence
of FIP, however, is very low and rarely affects more than 5% of infected cats (Pedersen, 2009;
Drechsler et al., 2011). FECV is generally considered a mild, nonpathogenic form of
FCoV. Oral FECV infection either is subclinical or causes very mild, nonspecific clinical
symptoms, such as transient anorexia, in older cats (Vogel et al., 2010). However, in young
(Specific Pathogen Free) SPF Kkittens, oral FECV infection causes severe enteritis (Pedersen
et al., 1981; Addie and Jarrett, 1992).

FCoV belong to the genus Alphacoronavirus within the family Coronaviridae of the
order Nidovirales (Tekes and Thiel, 2016). FCoV is single-stranded, positive-sense RNA
virus. Their genomes are about 28 kb in size and encode at least 11 open reading frames
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(ORFs), with two of the major ORFs encoding a replicase. ORFla
and ORF1b encode 16 nonstructural proteins (NSPs); four ORFs
encode structural proteins (spike protein S, envelope protein E,
membrane protein M, and nucleocapsid protein N); and five ORFs
encode the nonstructural proteins 3a, 3b, 3¢, 7a, and 7b (Ziebuhr
etal.,, 2000; Dye and Siddell, 2005; Tekes et al., 2008). It is believed
that FIPV evolved from FECV. Based on extensive sequence
analysis of FECV and FIPV isolates, it was believed that mutations
in S and accessory genes are involved in the development of FIP
(Herrewegh et al., 1995; Vennema et al., 1998; Kennedy et al., 2001;
Pedersen et al., 2009; Chang et al., 2012; Licitra et al., 2013; Bank-
Wolfetal., 2014; Lewis et al., 2015). However, substituting FIPV S
gene into the FECV skeleton did not induce FIP biotype
transformation (Ehmann et al., 2018; Wang et al., 2021). Therefore,
the pathogenic mechanisms it has evolved that distinguish from
FECV is still unclear. FCoVs can be divided into serotypes I and II
according to the spike gene. Both FECV and FIPV contains the two
serotypes. There is consistent evidence indicating that type II
FCoVs were evolved from the recombination of partial RNA
sequences containing the speak genes of type I FCoVs and canine
coronavirus (CCoVs; Herrewegh et al., 1998; Shiba et al., 2007;
Terada et al., 2014). Although type Il FCoV is easily propagated in
cell culture, type I FCoV isolates generally grow poorly in cell
culture. The vast majority (70 to 98%) of natural infections
occurring worldwide are caused by serotype I FCoVs, which
serotype II FCoVs are less common (Hohdatsu et al., 1992; Addie
et al., 2003; Benetka et al., 2004; Kummrow et al., 2005; Shiba et al.,
2007; Duarte et al., 2009; Lin et al., 2009; Amer et al., 2012; Li
etal., 2019).

Currently, reverse genetic systems for coronaviruses have
been developed based on various cloning platforms including
bacterial artificial chromosome (BAC) vectors (Almazan et al,,
2000), (Thiel and Siddell, 2005),
transformation-associated recombination (TAR) system in yeast

vaccinia virus vector

(Thao et al., 2020), circular polymerase extension reaction
strategy (CPER; Torii et al., 2021), and infectious subgenomic
(ISA) (Melade et al, 2022). The
establishment of reverse genetics systems for FCoVs based on

amplicons successful
BAC vector (Balint et al., 2012) and vaccinia virus (Ehmann et al.,
2018) have also been reported. However, coronaviruses are often
difficult to clone and manipulate in Escherichia coli due to the
large size of the genomes. Meanwhile, occasional instability
occurred in the genomes assembled by the BAC vector (Almazan
et al., 2000; Yount et al., 2000). The major drawback of the
vaccinia virus-based rescuing system is that it required multiple
cloning steps, and inconvenient screening processes. Although
infectious viruses could be generated by the ISA method, viral
populations rescued through this system are often more diverse
than that derived from an infectious clone (Mohamed Ali et al.,,
2018; Driouich et al., 2019). Therefore, generation of a more
infectious clone is still necessary for studying the pathogenic
mechanism of FIPV. In this study, we have further improved
yeast-based TAR system by shorting the construction steps, and
the construction of infective cDNA of FCoV could be completed
in 1 week. Overall, we provide a rapid, reverse genetics system for
assembling an infectious clone of FCoV via a yeast-based TAR
which would benefit for the FCoV vaccine development and
pathogenetic mechanism research.
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2. Materials and methods

2.1. Cells and virus general culture
conditions

Crandell-Rees feline kidney (CRFK) cells were available in our
laboratory. Baby Hamster Kidney cell clone (BSR-T7/5), which stably
expresses T7 RNA polymerase (T7 pol), was kindly provided by
Zhigao Bu (Harbin Veterinary Research Institute, Chinese Academy
of Agricultural Sciences). Felis catus whole-fetus 4 (FCWF-4) cells
were purchased from the ATCC. All cells were maintained in
Dulbeccos modified Eagle’s medium (DMEM; Sigma Aldrich,
D6429) with 10% FBS (Clark, FB25015) at 37°C in an atmosphere of
humidified air containing 5% (v/v) CO.,.

2.2. Bacterial and yeast strains

TransforMax Epi300 cells (Lucigen) were used to propagate the
plasmid. All yeast transformation experiments were performed using
Saccharomyces cerevisiae VL6-48N (MATa trpl-Al ura3-Al
ade2-101 his3-A200 lys2 met14 cir®), which was provided by Vladimir
Larionov (Laboratory of Biosystems and Cancer, National Cancer
Institute, Bethesda, Maryland, 20,892, USA; Wach et al, 1994;
Kouprina et al,, 1998; Noskov et al., 2002). Yeast cells were first
cultured in YPDA broth (Takara Bio, 630,306), then transformed cells
were placed on a minimum synthetic definition (SD) agar without
histidine (SD-His; Takara Bio, Clontech, 630,415,630,411).

2.3. Virus strains

Full-length nucleotide (nt) sequences of FIPV I Black, FIPV II
DF-2, and FECV I MGS893511 (GenBank accession numbers
EU186072.1, JQ408981.1, and MG893511.1, respectively) were
independently used for the construction of each infectious cDNA
clone using the TAR system. The FIPV II DF-2 were purchased from
the ATCC. FIPV Black is a culture-adapted serotype virus (Black,
1980). But the ability to induce Symptomatic FIP is lost in cats (Thiel
etal, 2014). FIPV DF-2 is a culture-adapted type II strain and has a
strong pathogenic ability to cats (Balint et al., 2014). Serotype I FECV
(FECV I MG89351) cannot be propagated in standard cell culture
and causes an asymptomatic but persistent infection in cats (Ehmann
etal., 2018).

2.4. Viral genome assembly in yeast

The plasmid of pCC1BAC-His3 was used for TAR cloning. The
sequence of yeast centromere (CENG6), yeast replication origin
(autonomously replicating sequence (ARS)), and yeast selectable
marker (His3) shown in Supplementary Table 3 were synthesized by
Comate Bioscience Company Limited (Gibson et al., 2010) and cloned
into the pCC1BAC vector to produce the pCC1BAC-His3 vector. The
cDNA fragments were amplified by PCR, using primers that
overlapped at least 50 bp with segments containing the 5" or 3" ends of
different viral genomes (Supplementary Table 1). Amplification was
performed using KOD DNA polymerase (TOYOBO, KOD-401)
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according to the manufacturer’s instructions. The template used to
generate the cloned TAR fragment is shown in Table 1.

Yeast conversion was performed using a high-efficiency lithium
acetate/SS vector DNA/PEG method. Briefly, yeast cells were grown with
agitation in a YPDA-rich medium at 30°C and activated twice until the
optical density reached 1.0 at 600 nm before 3 ml of the culture was used
for each transformation event. Transformation was carried out using a
DNA mixture with a total concentration of 1 pg for all fragments. The
following transformation yeast cells were plated on SD-His plates and
incubated at 30°C for 48 h. Transformants were picked and suspended in
3ml SD-His liquid medium and incubated overnight at 30°C, with
shaking. For the preparation of crude, genomic DNA from transformants,
aliquots (1ml) of each culture were centrifuged, and the resulting cells
pellets were resuspended in 200 pL TE Buffer (10mM Tris-HCI, 1 mM
EDTA. pH 8.0 [Amresco; Solarbio Life Sciences]) before being heated to
100°C for 10min and then placed on an ice bath for 10min. These
genome preparations were used as templates for the identification by
PCR of yeast transformants containing appropriately assembled FCoV
DNA fragments using primers designed to amplify all fragment junctions
(Supplementary Table 2). Clones harboring plasmids shown to contain
all the expected overlapping junctions were identified, and plasmids were
extracted from 20 ml cultures of those clones using the Yeast Plasmid Kit
(OMEGA) according to the manufacturer’s instructions but with the
following modifications: (1) buffer YP I (500 pL) was supplemented with
40 pL of enzymolysis solution (10 mg/ml enzymolysis 20-T; 50 mM Tris—
HCI pH 7.5; 50% (v/v) glycerol) and 100 puL f-mercaptoethanol, and (2)
the mixture was incubated at 37°C for 1h prior to the addition of buffer
YP II. Then the plasmids were purified according to the instructions.

2.5. Transformation of yeast plasmids into
Escherichia coli

Purified recombinant yeast plasmids containing the appropriately
assembled, full-length viral genome were transformed into E. coli
Epi300 cells. Yeast plasmid (30 ng) was transferred into EPI300 cells.
After shaking, copycontrol inducer (1:1000) was added to the bacteria
and the recombinant plasmid was purified from 200ml bacterial
culture using the QIAfilter Plasmid Midi Kit (QIAGEN).

2.6. Recovery of viruses

T7 or CMV promoters were added to the 5" end of the viral
genome, and the hepatitis delta virus ribozyme (HDVrz) and bovine
growth hormone (BGH) transcription terminal signals were added
after poly (A) sequences. In short, the recombinant plasmids were
transfected into BSR-T7/5 cells or CRFK cells. The rescued viruses were

TABLE 1 Cloning RNA virus genome using synthetic genomics platform.
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passaged once in CRFK cells and harvested by freezing and thawing
three times. Specific-genome sequencing of the recombinant viruses
was performed before viruses were titrated and stored at —80°C.

2.7. Virus growth kinetics

Virus titration were conducted in 96-well plates. The viruses were
serially diluted tenfold, and 100 pL of each dilution was added to
separate wells and incubated for 2h at room temperature. After
incubation, the serum-free culture medium was replaced with 2%
(v/v) FBS DMEM culture medium, and wells containing visible
cytolytic lesions were recorded. Viral titers were expressed as the
median tissue culture infective dose Log10 (TCIDs,/ml) according to
the method of Reed and Muénch (Pizzi, 1950). The growth kinetic of
rCMV-Black-S was determined with FCWF-4 cells and the CRFK cells
were used for the growth evaluation of the remaining viruses. The cells
were infected with the virus at an MOI of 0.01, and the supernatant
containing virus was collected and titrated at 6h, 12h, 24h, 36 h, and
48h post-infection, respectively. The growth curve of the virus was
generated using GraphPad Prism 8.

2.8. Immunofluorescence assay

CRFK cells were mock infected or infected with rFCoV at an MOI
of 0.1 for 12h and then washed three times with PBS. After washing,
CREK cells were fixed with 4% (v/v) paraformaldehyde (Biosharp,
BL302A) in PBS for 15min and then permeabilized with 0.3% (v/v)
Triton X-100 (Solarbio Life Sciences, T8200) in PBS for 15 min. After
washing, the CRFK cells were incubated with mouse anti-FIPV N
antibody at a dilution of 1:2, 000 at 4°C overnight. Subsequently, Alexa
Fluor 488 (1;10,000)-conjugated Goat Antimouse IgG (Invitrogen,
A11001) was added as a secondary antibody. After washing three
times with PBS, DAPI (SIGMA, D9542-5MG) was added for 15 min.
After washing three times with PBS, fluorescence was observed under
an inverted fluorescence microscope (Zeiss).

2.9. Purification of recombinant FCoV

The cell culture supernatants (100 ml) were harvested on day 4
post-infection and centrifuged (4,000 x g for 30 min at 4°C) to remove
cell debris. The recombinant FCoV were then pelleted by
ultracentrifugation at 60,000xg for 2h at 4°C. The pellets were
resuspended in Hepes-saline buffer at 4°C overnight and then
purified through a 10-20-30% discontinuous sucrose gradient at
60,000 x g for 4h at 4°C. The FCoV at the bottom of the tube was

Virus Size (kb) Template Fragment Number of Virus rescue
generation fragments

rT7-Black-Spr., 29.2 Synthetic DNA plasmid PCR 8 Yes

rCMV-Black-Sp;., 29.2 Synthetic DNA plasmid PCR 9 Yes

rCMV-MG893511-Spy.» 329 Synthetic DNA plasmid PCR 10 Yes

rCMV-Black-S 293 Synthetic DNA plasmid PCR 9 Yes
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collected. The highly purified virus particles obtained were
resuspended in 100 pL of Hepes-saline buffer.

2.10. Western blotting

For the western blot analysis, rescued viruses were mixed with
4xSDS loading buffer and boiled for 10min. The samples were
analyzed using 12% SDS-PAGE and transferred onto a PVDF
membrane. The membrane was blocked with a blocking buffer
(Thermo Fisher Scientific, Waltham, USA) and incubated with a
mouse anti-FIPV N antibody, at a dilution of 1:2,000, at room
temperature for 2h. After incubation, the membranes were washed
five times with TBST buffer and incubated with DyLight 800-labeled
anti-mouse IgG at a dilution of 1:10,000 for 1h at room temperature.

3. Results
3.1. Design of FCoV genome assembly

The full process for constructing an infectious clone of feline
coronaviruses is shown in Figure 1. The design of different FCoV
fragments and the assembly of a complete genome are indicated in the
individual figures. Each fragment overlaps its neighbor by at least 50
base pairs. The TAR clone vector and FCoV genomic fragments were
co-transferred into yeast cells to assemble the whole virus genome and
the shuttle vector, and the recombinant plasmids in yeast were
transformed into E. coli. Finally, the plasmids were extracted from the
E. coli to rescue recombinant viruses.

3.2. Rescue of an infectious FIPV Black-Sg.
virus strain driven by a T7 promoter

First, we tried to rescue a chimeric virus with a type I S protein
in the FIPV Black backbone, using a T7 promoter and a stable cell line
expressing T7 RNA polymerase (BSR-T7/5). The strategy diagram of
constructing a full-length FIPV T7-Black-Spr, clone in the
pCCIBAC-His3 vector was shown in Figure 2A. PCR was used to
confirm the presence of viral genome segments and segment junctions

10.3389/fmicb.2023.1141101

in DNA isolated from yeast clones. Plasmids from positive clones were
transferred into E. coli, and the presence of a plasmid harboring the
entire FCoV genome was verified by PCR (Figure 2B), restriction
enzyme analysis (Figure 2C), and sequencing. The results indicated
that this chimeric sequence contained only one nucleotide mutation,
which might have arisen as a result of DNA polymerase infidelity
during the PCR amplification step. Transfection of the purified
plasmid into CRFK cells resulted in the visible cytopathic effect of
syncytial fusion about 24 h after transfection (Figure 2D).

The first three generations of the rescued rT7-Black-Spr, strain
were extracted for reverse transcription to give cDNAs, the specific
sequences of which were confirmed by PCR (Figure 2E). Expression
of the N protein of rT7-Black-Spr, was verified by IFA using a
monoclonal antibody. The cytoplasm of typical syncytic cells showed
obvious staining of N protein (Figure 2F). Moreover, western blot
analysis revealed a band that reacted with the monoclonal antibody
against N protein, in rFCoV particles released by transfected cells
(Figure 2G). As shown in Figure 2H, electron microscopy revealed the
presence of virus particles with coronavirus-like morphological
characteristics, including typical spike structures, in the supernatant
of cells. Next generation sequencing verified that the sequence of the
rescued virus was 100% identical to the sequence cloned in the
assembled recombinant plasmid.

3.3. Rescue of virus strain FIPV Black-Spe-2,
FECV MG893511-SDF-2, and FIPV Black
with a CMV promoter

A rescued virus harboring a CMV promoter would not need to
be transcribed in vitro or assisted by T7 pol expression cell lines, which
would make rescuing the virus faster and more convenient. Thus,
we replaced the T7 promoter with the CMV promoter in the
pCCI1BAC-His3 as described above and used it to assemble several
FCoV genomes. The strategy for constructing these clones in the
pCCI1BAC-His3 vector were shown in the Figure 3A (FIPV Black-
Spr.), Figure 4A (FECV MG893511-Spy,) and Figure 5A (FIPV Black
wild type). Correct assembly of the viral genome were screened and
identified by PCR (Figure 3B: FIPV Black-Spg,; Figure 4B: FECV
MGB893511-Spr; Figure 5B: FIPV Black wild type) and restriction
enzyme analyses (Figure 3C: FIPV Black-Spr,; Figure 4C: FECV

Identify junctions of the TAR
cloning vector and fragments by PCR

1

TAR cloning vector

—
Ycp/pCCIBAC \

PCR amplification
(Day 1)

. 4

Q

—

Transform DNA
into E. coli

DNA fragments

S. cerevisiae
VL6-48N

In-yeast FCoV genome
assembly and identify
positive clone (Day 2-4)

FIGURE 1
The full process of viral genome assembly and virus rescue.

Identify junctions of the TAR
cloning vector and fragments by PCR

E. coil
Epi300

Aplification of the plasmid in E.
coli identify positive clone
(Day 5-6)

O
—

Transform DNA
into Cell

*

FCoV Rescue (Day

BSR-T7/5/CRFK 7-10)

Frontiers in Microbiology

22

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1141101
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Caoetal.

10.3389/fmicb.2023.1141101

A B
Genome Sequences (kb)
10 20 30
L 1 1 1 1 1 J 12 13 4 I35 36 J7 18 19
T7
ORF1 ORF3 M N HDVrz
- —
pCCIBAC-His3-T7-Black-Spy., |_ BGH
l l l DF-2-S E lORF7 l
| o | e | ¢ [ 6 | u ]
D E
24h 48h
bp
2000
—>
— 1000
750
) 500
250
100
o
&
F G & & H
Trans FCoV-N DAPI Merge E
kDa
— 55
CrL anti-N =——|
rT7-Black-Spp., anti-
B-actin -
iy g 200 nw
FIGURE 2
The recovery and identification of chimeric FIPV strain Black-SDF-2 driven by a T7 promoter. (A) Strategy diagram for the construction of pCC1BAC-
His3-T7-Black-SDF-2. (B) Identification of fragment interfaces of the plasmids recovered from bacteria. (C) Enzyme digestion of pCC1BAC-His3-T7-
Black-SDF-2 plasmid (Notl and Nhel). (D) Significant cytopathic effects (CPE) were observed at 24 and 48h after infection with CRFK cells. (E) PCR
identification of the rescued recombinant virus. (F) and (G) rT7-Black-SDF-2 virus infected CRFK cells for 12h was identified by IFA (Scale Bar, 275um)
and WB. (H) Electron microscopy examination of the purified virus.

MG893511-Spy,; Figure 5C: FIPV Black wild type). The plasmids were
then transfected into CRFK cells using PEI transfection reagent. After
48h, the cells were freeze-thawed once. The resulting supernatant was
placed on CRFK cells and cultured for 24 h. Cytopathic effects could
be observed for all the three viruses (Figure 3D: FIPV Black-Spy
Figure 4D: FECV MG893511-Spy,; Figure 5D: FIPV Black wild type).
The rescued virus was further identified by PCR (Figure 3E: FIPV
Black-Spy; Figure 4E: FECV MG893511-Spyp; Figure 5E: FIPV Black
wild type), western blotting (Figure 3F: FIPV Black-Spy,; Figure 4F:
FECV MG893511-Spg,; Figure 5F: FIPV Black wild type), IFAT
(Figure 3G: FIPV Black-Spr,; Figure 4G: FECV MG893511-Spr.,;
Figure 5G: FIPV Black wild type), and electron microscopy
(Figure 3H: FIPV Black-Spr,; Figure 4H: FECV MG893511-Spr.,;
Figure 5H: FIPV Black wild type). All recombinant viruses with
serotype II S protein could replicate properly, the rescued viruses
displayed growth characteristics similar to those displayed by serotype
II FCoV strain DF2 and reached peak titers at 24h after infection
(Figure 31: FIPV Black-Spy.,; Figure 41: FECV MG893511-Spy,). There
is no significant difference in the titer of rescued viruses with either a
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T7 promoter or a CMV promoter. The recombinant FIPV Black with
wild type S protein could replicate in FCWF-4 cells with high MOI
which was similar to previous study as shown in Figure 51 (Tekes
et al., 2008).

4. Discussion

The emergence of FIPV poses a serious global threat to cat health.
Consequently, research is required to improve our understanding of
the biology and pathogenesis of this virus, and this should provide a
basis for the development of intervention strategies. Currently, there
is no definitive test to diagnose FIP. Although antibody levels or titers
of coronaviruses can be measured, they cannot clearly distinguish
FECV from FIPV. A positive result simply means the cat has
previously been exposed to coronavirus but not necessarily to
FIPV. FCoV infection usually causes mild or asymptomatic infection
in cats, but mutants with increased pathogenicity may emerge during
infection (Chang et al., 2011; Kipar and Meli, 2014; Pedersen, 2014;
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FIGURE 3
The recovery and identification of the chimeric FIPV strain Black-Sp., driven by a CMV promoter. (A) Strategy diagram for the construction of
pCC1BAC-His3-CMV-Black-Sp-.. (B) Identification of fragment interfaces in bacteria. (C) Enzyme digestion of pCC1BAC-His3-CMV-Black-Sp-, plasmid
(Notl and Nhel). (D) Significant cytopathic effects (CPE) were observed at 24 and 48h after infection with CRFK cells. (E) PCR identification of the
recombinant virus. (F) and (G) rCMV-Black-Sg., virus infected CRFK cells for 12h was identified by IFA (Scale Bar, 275um) and WB. (H) Electron
microscopy examination of the purified virus. (1) Growth kinetics of rT7-Black-Sp¢.,, rCMV-Black-Spe.., and WT FIPV Il DF-2 after infection of CRFK cells
at an MOI of 0.01. wt, wild type.

Tekes and Thiel, 2016). It is estimated that FIPV conversion occurs
in about 5% of cats persistently infected with FECV (Chang et al.,
2011; Felten and Hartmann, 2019). FIPV is thought to be a mutation
of FECV that is prevalent in individual cats (Vennema et al., 1998).
However, the nature of the mutation that results in the switch from
FECV to FIPV is currently unknown (Kipar and Meli, 2014). To
address this core problem, a reverse genetics system for both highly
and weakly virulent FCoV is urgently needed.

The yeast-based TAR system has been used to construct
coronaviruses (Thao et al., 2020). The system could further improve
because the large quantities of yeast extraction is costly and complex,
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it also requires in vitro transcription, and the effect of RNA
electrotransfer is not as good as that of DNA transfection. In this study,
we assembled infective cDNA clones of FCoV using a pCC1BAC-His3
vector and amplified them through a copy-controlled system in E. coli.
In addition, T7 promoter was replaced by CMV promoter which does
not require in vitro transcription, and thus the experimental process is
short and convenient. Consistent with previous reports, without the
need for tedious cloning processes, the construction of infective cDNA
of FCoV could be completed in 1 week.

Type I FCoV causes about 80% of the natural infections of
cats worldwide, while the other 20% are due to type II FCoV. To

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1141101
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Caoetal.

10.3389/fmicb.2023.1141101

FCoV-N

DAPI

CTL

rCMV-MG893511-Sp.,

ol & TCMV-MG893511-S;.,
;% 8 - WT FIPV II DF-2
O
LS
g4
7
g 2
&

0 +—71— : - )

0 6 12 24 36 48

hours p.i.

FIGURE 4

A B
Genome Sequences (kb)
0 10 20 30
1 1 1 1 1 J JUoJ2 13 J4 )5 J6 J7 )8 J9 Jio JII M
CMV ORF1 ORF3 M N HDV
- .
L] BcH
pCCIBAC-His3-CMV-MG893511-Sp,  DF-2-S E  ORF7
AT B8 T c¢c T Dol €T F T 6 [ #w T 1 T 7 1]
5
c ¥
o
&
bp
15608
7500 D E
24h 48h
5000
2500
—_—
—
1000
250
G
F

anti-

B-actin

The recovery and identification of the chimeric FECV strain of MG893511-Sp.,. (A) Strategy diagram for the construction of pCC1BAC-His3-CMV-
Black-Spe,. (B) Identification of fragment interfaces of the plasmids recovered from bacteria. (C) Enzyme digestion of pCC1BAC-His3-CMV-MG893511-
Spr.2 plasmid (Bglll). (D) Significant cytopathic effects (CPE) were observed at 24 and 48h after infection with CRFK cells. (E) PCR identification of the
rescued recombinant FCoV virus. (F) and (G) rCMV-MG893511-Sy., virus infected CRFK cells for 12h was identified by IFA (Scale Bar, 275pm) and WB.
(H) Electron microscopy of the purified virus. (I) Growth kinetics of rCMV-MG893511-Sp:., and WT FIPV Il DF-2 after infection of CRFK cells at an MOI

of 0.01. wt, wild type.

date, most research on FCoV has focused on type II viruses,
mainly because they can be easily grown in cell culture
compared to type I FCoV. Here, a culture-adapted type I Black
strain was also rescued through this system. The type I Black
strain is one of the few strains that can grow in cells. Although we
have not introduced Black strain successfully due to the
COVID-19 epidemic, but the recombinant FIPV Black with wild
type S protein in our study displayed growth characteristics
similar to previous study (Tekes et al, 2008). The successful
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establishment of reverse genetics of this strain based on our TAR
system will further facilitate the study of the pathogenesis of type
I FCoV. In addition, the S gene used in the previous reverse
genetic systems was derived from the type II strain 79-1,146. The
author found that substituting S gene of this strain could not
induce biotype conversion of avirulent viruses to pathogenic ones.
Therefore, it will be interesting to evaluate the pathogenesis of a
virus carrying a S gene from a different type II FIPV, for example,
the viruses carrying S gene of DF II strain rescued in this study.

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1141101
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Caoetal.

10.3389/fmicb.2023.1141101

A B
Genome Sequences (kb)
0 10 20 30
L 1 1 L L L J NoR B oM OJ5 I 1 8 I J0 M
[eYAY ORFI ORF3 M N HDVrz bp
»_' 2000
[] BaH 1000
pCCIBAC-His3-CMV-Black-S  Black-S E ORF7 500
250
EEEEEEEEENR
[al sl clpopJeJrJcl]u 1]y ]
&
5 &
N
Ao
C &g §
bp bp
s iy P E
6834 200 24h 48h
5000 bp
4261
353 ; 2000
Ry ) ; 1000
2500 S 750
2128 i A — s
7 250
1638
- 100
1000
F G i H
55
CTL anti-N
43 '_
55 - * Mo
anti- .
rCMV-Black-S B-actin
s
|
8 —
= 6
<
a
o
S 4+
E
0 T T T 1
0 6 12 24 36 48
hours p.i.
FIGURE 5
The recovery and identification of culture-adapted wild-type | FIPV Black strain. (A) Strategy diagram for the construction of pCC1BAC-His3-CMV-Black-S.
(B) Identification of fragment interfaces of the plasmid recovered from bacteria. (C) Restriction enzyme digestion of the positive plasmid (Ncol) purified
from E. coli. (D) Significant cytopathic effects (CPE) were observed at 24 and 48h after infection with FCWF-4 cells. (E) PCR identification of the rescued
virus. (F) and (G) rCMV-Black-S virus infected FCWF-4 cells for 12h was identified by IFA (Scale Bar, 275pm) and WB. Electron microscopy of the purified
virus. (H) Electron microscopy examination of the purified virus. (I) Growth curve of rescued rCMV-Black-S virus on FCWF-4 cells with original MOI of 0.1.

The ability to systematically exchange genome fragments from
FECV with matching fragments from FIPV, as described in this study,
will enable mapping of the genetic changes required to convert a
FECV biotype into a FIPV biotype. Such a reverse genetic system
would be helpful not only in the study of culture-adapted
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coronaviruses but also in that of wild-type I coronaviruses, for which
there are currently no suitable cell culture systems. In conclusion, the
virulent and attenuated full-length cDNA clones of FCoV described
here provide a powerful tool for studying the transmission and
pathogenesis of FCoV, and evaluating FIP vaccines and therapeutics.
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Background: Increasing evidence suggests that people with Coronavirus Disease
2019 (COVID-19) have a much higher prevalence of Acute Myocardial Infarction
(AMI) than the general population. However, the underlying mechanism is not yet
comprehended. Therefore, our study aims to explore the potential secret behind
this complication.

Materials and methods: The gene expression profiles of COVID-19 and AMI were
acquired from the Gene Expression Omnibus (GEO) database. After identifying the
differentially expressed genes (DEGs) shared by COVID-19 and AMI, we conducted
a series of bioinformatics analytics to enhance our understanding of this issue.

Results: Overall, 61 common DEGs were filtered out, based on which
we established a powerful diagnostic predictor through 20 mainstream machine-
learning algorithms, by utilizing which we could estimate if there is any risk in a
specific COVID-19 patient to develop AMI. Moreover, we explored their shared
implications of immunology. Most remarkably, through the Bayesian network,
we inferred the causal relationships of the essential biological processes through
which the underlying mechanism of co-pathogenesis between COVID-19 and
AMI was identified.

Conclusion: For the first time, the approach of causal relationship inferring was
applied to analyzing shared pathomechanism between two relevant diseases,
COVID-19 and AMI. Our findings showcase a novel mechanistic insight into
COVID-19 and AMI, which may benefit future preventive, personalized, and
precision medicine.

COVID-19, acute myocardial infarction, diagnostic biomarkers, machine learning, causal
relationship, bioinformatics
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Introduction

The emergence of the novel coronavirus 2019 (COVID-19) has
triggered a global pandemic and posed unprecedented pressure on
healthcare systems worldwide (Haldane et al., 2021; Lal et al., 2021).
Today, it is well-realized that the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) is the pathogen virus that causes
COVID-19 and can further worsen it into severe lower respiratory
tract infections in many mammals. Recently, many studies have
pointed out that since the main target of the SARS-CoV-2 virus is the
ACE receptor, a broadly existing surface receptor on diverse cell types
across the whole human body, patients with COVID-19 infection are
seemingly at a much higher risk of various life-threatening disease
onset, such as cardiomyopathy, neuropathy, etc. (Kuderer et al., 2020;
Lee et al., 2020; Rugge et al., 2020; Grivas et al., 2021; Li E et al., 2021;
Safiabadi Tali et al., 2021). However, although increasing evidence has
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shown that COVID-19 patients have an increased risk of sudden heart
attacks, its connections with acute myocardial infarction (AMI) have
not yet been identified to date. In fact, myocardial infarction, a heart
muscle’s inability to receive enough oxygen and nutrients due to
sudden blockage of the arteries, is one of the significant invisible
hands of such heart diseases (Roth et al., 2017; Tsao et al., 2022).
Statistically speaking, it is estimated that up to 8.3% of COVID-19-
infected individuals may develop acute myocardial infarction, which
is more than twice the incidence in the general population (Kumar
etal,, 2021; Toscano et al., 2021). Given the potential risk of AMI onset
in the COVID-19-positive population, understanding such
mechanisms is crucial. Hence, we investigated the shared
pathomechanism between COVID-19 and AMI in the present study.
We obtained gene expression profiles from the Gene Expression
Omnibus (GEO). Having identified differentially expressed genes
(DEGs) shared by COVID-19 and AMI, we performed a series of
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bioinformatics analyses to enhance the current understanding of this
issue. We even developed a strong AMI diagnostic predictor for
COVID-19-positive patients. From this end, we first attempted to
identify the in-depth causal relationship between the two diseases
based on their shared pathomechanism. As a result, our findings may
provide further insight into future research and clinical practice
regarding COVID-19 and AMI.

The general design of the present study is visualized in
Graphical abstract.

Materials and methods

Data acquisition, preparation, and statistic
management

GEO' is an extensive gene expression database for various diseases
that is freely available in the public domain. For COVID-19, we used
the GSE164805 for analytics (Zhang et al, 2021). For AMI,
we integrated GSE29111, GSE60993, GSE109048, GSE29532,
GSE19339, GSE48060, GSE66360, and GSE97320 as a merged dataset
(Silbiger et al., 2013; Suresh et al., 2014; Park et al., 2015; Muse et al,,
2017; Gobbi et al., 2019). The normalization and calibration were done
through the “normalizeBetweenArrays” function of the R package,
both  COVID-19 AMI
(Supplementary Data S1). The analyses above were conducted by

“limma,” for and datasets
different R software packages and the integrative Python package
“sklearn” (Pedregosa et al., 2011). If not specifically mentioned, the
statistic test used in the analytics is the Wilcoxon rank sum test.
Notably, within some figures, *, **, and *** may occur, indicative of a

p-value < 0.05, 0.01, and 0.001, respectively.

Identification of common DEGs between
COVID-19 and AMI

In the present study, differential expression analysis was
performed using the R package, “limma” (Ritchie et al., 2015). To
avoid omission, DEGs were screened at a threshold of p-value < 0.05
and Log2 [fold change|>1.00. After screening out the DEGs for
COVID-19 and AMI, we crossed them to find common DEGs.

Machine learning

The selection of feature genes to build the diagnostic predictor is
crucial. In the present study, we first used the “RFE” algorithm to
determine the ideal number of genes for formal modeling. Then
we combined the linear algorithm, “LASSO,” with the non-linear
algorithm, “Random Forest,” to narrow the list of potential genes of
interest. As a result, the selected feature genes would be processed to
construct the formal model (i.e., the AMI diagnostic predictor for
COVID-19 patients).

1 www.ncbi.nlm.nih.gov/geo
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For formal modeling, the whole AMI merged dataset was
randomized and then separated into a training set and a test set at a
ratio of 7.5:2.5. According to the “no-free-lunch” theorem, if one
machine learning algorithm outperforms the others on a specific
assessment, it should sacrifice certain points on the other assessment
measurements (Wolpert and Macready, 1997). In short, nothing is
perfect. However, through the exhaustive try-in of the mainstream
machine learning algorithms and elucidation of different algorithms,
we were able to choose the best one in general. Therefore, in the
present study, 20 machine-learning algorithms, including Linear
Regression, Ridge Regression, RidgeCV, Linear LASSO, LASSO,
ElasticNet, BayesianRidge, Logistic Regression, SGD, SVM, KNN,
Naive Bayes, Decision Tree, Bagging, Random Forest, Extra Tree,
AdaBoost, GradientBoosting, Voting, and ANN, were compared
and evaluated.

Decision curve analysis

Usually, clinical models are absolutely and mathematically
evaluated by the values of ROC-AUC, Accuracy, Precision, Recall, and
F1-score without considering clinical outcomes. To overcome this
disadvantage, Decision curve analysis (DCA) is used to compare the
clinical benefits gained by employing different diagnostic predictors
(Vickers and Elkin, 2006; Vickers et al., 2019). The more superior the
curve localizes, the better prediction it outputs from the clinical aspect.

Analysis of the immune microenvironment

CIBERSORT? was used to assess the abundance of various
infiltrating immune cells (Chen et al., 2018; Craven et al,, 2021).
Overall, 22 immune cell types were quantified. Correlation analysis
between the immune cell types and GLS and SLC31A1 was done by
the Pearson method. The visualization was created by the R package

“ggplot2”

Functional enrichment analysis

Functional enrichment analysis included Gene Ontology (GO)
terms and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways. The R package, “clusterprofiler” was used to carry out the
functional enrichment analysis based on the common DEGs (Wu
et al., 2021). The borderline criteria for selecting top enriched GO
terms and KEGG pathways was with a significant adjusted
p-value < 0.05.

Causal relationship inferring

When studying gene expression profiling, inferring gene
regulatory networks’ causality is crucial for investigating underlying
molecular mechanisms. Herein, based on functional enrichment,

2 https://cibersort.stanford.edu/
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FIGURE 1

Identification of common DEGs between COVID-19 and AMI. (A,B) Volcano plots demonstrated the upregulated and downregulated DEGs of the
COVID-19 dataset and merged AMI dataset. (C) Venn diagram shows the 61 common DEGs.
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we leveraged an advanced Al-essential R package, “CBNplot” to
uncover the hidden secrets between COVID-19 and AMI (Sato
etal., 2022).

Results

Identification of common DEGs between
COVID-19 and AMI|

For the GSE164805 dataset, 3,421 DEGs were found, among
which there were 1,527 genes upregulated and 1,894 genes
downregulated (Figure 1A). For the merged AMI dataset, we identified
1,091 DEGs, including 483 upregulated genes and 608 downregulated
genes (Figure 1B). By taking the intersection of DEGs of the
GSE164805 dataset and the merged AMI dataset, there were 61
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common DEGs found, which were visualized by Venn diagrams
(Figure 1C; Supplementary Figure S1).

Pre-modeling: Integrative approach for
feature genes selection

Since the mathematical relationship between the predictors
and the outcome was unknown, we combined both linear (i.e.,
LASSO) and non-linear (i.e., Random Forest) methods to filter
out the most promising genes for formal modeling after
determining the ideal number of genes that the RFE algorithm
should use. As a result, 5 genes were believed to be the best option
since, after this point, the RMSE-value fluctuated on a tiny scale,
suggesting only little changes in the predictive powerfulness
occurred (Figure 2A). On the other hand, the Random Forest
algorithm ranked the importance of each top 20 genes, in which
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Integrative Approach for Feature Genes Selection. (A) Scree plot demonstrating the fluctuation of the RMSE value against the number of variants (i.e.,
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(E) Bubble plot showing the importance of each top 20 feature genes by LASSO.

Formal modeling: Establishing an AMI
diagnostic predictor for COVID-19 patients

THBD, IL1R2, GCA, KBTBD7, and KMT5B were the uppermost
(Figure 2B). Furthermore, the LASSO narrowed down the
binormal deviance to the minimum (Figure 2C) and allocated a
coefficient to each gene (Figure 2D), also showing the top 20 most Herein, we attempted 20 different machine learning methods
weighted genes (Figure 2E). After that, we selected the overlapping
genes from the top 20 genes given by the Random Forest algorithm

and the LASSO for formal modeling.

currently under service in the field so that the data, in terms of the
predictive performance and property, could be fit as optimally as
possible. Consequently, Extra Tree exerted the maximum performance
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FIGURE 3

Multifaceted evaluation of 20 mainstream machine-learning diagnostic predictors. (A—D) The Radar plot demonstrates accuracy, recall, and F1-score
measurement in the train and test sets, respectively. (E) Receiver Operative Curve (ROC), in which each predictor's Area Under Curve (AUC) value was
compared. Generally, an AUC value over 0.7 was considered a good predictive performance. (F) ROC of the cardiac troponin.

regarding the Accuracy, Precision, Recall, and F1-score, followed
immediately by Random Forest, and then SVM (Figures 3A-D;
Supplementary Figure S2). In addition, the value of ROC-AUC of
Extra Tree was the highest among the candidates, up to 0.892 in the
test dataset (Figure 3E). Meanwhile, cardiac troponin, a gold standard
biomarker for AMI, only possessed a ROC-AUC value of 0.62.
Therefore, it was deemed that the Extra Tree algorithm was much
superior (Figure 3F).

Frontiers in Microbiology

Exploration of the feature genes’
implications in immunology

With the help of the CIBERSORT platform, it was observed that
in COVID-19-positive patients, Plasma Cells, Activated CD4 Memory
T Cells, CD8 T Cells, both Activated and Resting Dendritic Cells, MO
Macrophages, and Neutrophils were statistically different from that in
COVID-19-negative patients (Figure 4A). Interestingly, besides
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FIGURE 4

Immunological implications of the feature genes. (A) Comparison of
infiltrating immune cells in patients who were COVID-19-positive
and-negative. (B) Comparison of infiltrating immune cells in patients
with AMI and healthy controls. (C) Correlation analysis of feature
genes and the 5 shared differentially regulated immune cells.

Resting Dendritic Cells, CD8 T Cells were less abundant in COVID-
19-positive patients. For AMI, Plasma Cells, Activated CD4 Memory
T Cells, CD4 Naive Cells, both Activated and Resting Dendritic Cells,
both Activated and Resting Mast Cells, both Activated and Resting
NK Cells, Macrophage M2, Eosinophils, and Neutrophils were
statistically different from that in healthy controls (Figure 4B). Then,
the 5 shared differentially regulated immune cells (i.e., Plasma Cells,
Activated CD4 Memory T Cells, both Activated and Resting Dendritic
Cells, and Neutrophils) were screened out. They underwent a
correlation analysis with the feature genes (Figure 4C). Subsequently,
it was found that the GCA gene was statistically associated with all 5
shared differentially regulated immune cells, and Neutrophils were
statistically associated with all the feature genes. However, except for
Resting Dendritic Cells, the GCA gene was negatively correlated with
the other shared differentially regulated immune cells, hindering it

Frontiers in Microbiology

10.3389/fmicb.2023.1153106

might serve as an inhibitor in the immune system activation in the
shared pathomechanism of COVID-19 and AMI.

Functional enrichment analysis and causal
relationship inferring

First, a traditional functional enrichment analysis was performed,
in which we identified 6 statistically significant GO terms and 1 KEGG
pathway. The enriched GO terms included “hyaluronan metabolic

» . »

process;” “interleukin-1-mediated signaling pathway,” “regulation of

» <«

heterotypic cell-cell adhesion,” “activation of immune response,” and
“positive regulation of heterotypic cell-cell adhesion” (Figure 5A). The
KEGG pathway was “Fluid shear stress and atherosclerosis” from
which the more precise subpathway was “Atherogenesis” (Figure 5B).
Then, we employed the R package “CBNplot” to infer the causal
relationships between them, the results of which could be verified
through probabilistic inferring and classification according to the
explanation of Sato et al. (Figure 5C). Herein, we found that “activation
of immune response” served as a core within the interactive network
and exhibited the most robust causal relationship with the
“interleukin-1-mediated signaling pathway,” indicative of their
significance in the co-pathogenesis of COVID-19 and AMI. The
direction was from “activation of immune response” to “interleukin-
1-mediated signaling pathway” The details are visualized in
Figures 5D,E. By observing the genes involved and the directions of
the vectors, it was thought that IL1B seemingly played the most
critical role.

Discussion

Cardiovascular disease is an essential cause of the global burden
of death, far exceeding cancer. Most of these deaths were due to acute
myocardial infarction (AMI; Roth et al., 2017; Tsao et al., 2022). At the
same time, with the gradual severity of the epidemic, like similar
epidemic diseases, COVID-19 has also brought more adverse
complications (Anastasiou et al., 2012; Del Sole et al., 2020; Li et al.,
2020, 2022; Lippi et al., 2020; Li X. et al., 2021; Ramphul et al., 2021a,b;
Chai et al,, 2022). Accumulating evidence shows that the prevalence
of AMI in COVID-19 patients is much higher than that in the
uninfected population (Kumar et al., 2021; Toscano et al., 2021). This
compels us to look for the mechanisms underlying the interaction
between these two diseases and to explore the potential behind this
complication. As a result, we found potential drug targets for
COVID-19 and its related AMI, leaving a theoretical basis for
diagnosing and treating related diseases.

We obtained gene expression data for COVID-19 and AMI from
the GEO database. On this basis, 61 shared differentially expressed
genes (DEGs) were screened out, and a series of systematic and
bioinformatics analyzes were performed. We also developed a robust
predictor from 20 mainstream machine-learning algorithms to
estimate the risk of AMI in COVID-19 patients. Most notably, we infer
causal relationships among the most important biological processes
through Bayesian networks. Through these processes, we identified
mechanisms underlying the co-pathogenesis of COVID-19 and AML

Among all DEGs, THBD, IL1R2, GCA, KBTBD7, and KMT5B
were found to be most important in the LASSO and the Random
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FIGURE 5
Functional Enrichment Analysis and Causal Relationship Inferring. (A) Interactive network demonstrating the interactions between the feature genes

and the enriched GO terms and KEGG pathways. (B) Detailed KEGG pathway, “Fluid shear stress and atherosclerosis,” activated genes are marked in
red. (C) Interactive network demonstrating the interactions between the different GO terms and KEGG pathways with directions. The directions of the
arrows indicate the causal relationship. (D,E) Complex causal relationship inferred within the enriched GO terms, “activation of immune response” and
“interleukin-1-mediated signaling pathway.”

Forest algorithm. THBD and its encoded thrombomodulin play an  closely related to immune infiltration in AMI patients (Zhao et al.,
important role in forming venous thrombosis and vascular  2020). GCA drives coronary ischemia and promotes the development
inflammation (Ireland et al., 1997; Doggen et al., 1998; Anastasiou  of immune cell arterial inflammation (Akiyama et al., 2021). KBTBD7
et al,, 2012). They also have unique roles in other non-thrombotic  is now one of the most promising targets in the AMI. The researchers
cardiovascular diseases such as AMI. Zhao et al. have reasoned that  targeted and regulated KBTBD7 through various measures to inhibit
IL1R2 is a common marker gene of myocardial infarction, especially  inflammation, cardiac dysfunction, and maladaptive remodeling after
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myocardial infarction with weak downstream p28 and NF-xB
signaling. One example of such a complex network is the work of
Yang et al. in 2018, in which they found that MiR-21 suppressed AMI
by targeting KBITBD7 and controlling p38 and NF-«B signaling
pathways (Qian et al., 2011; Liu et al, 2015; Yang et al., 2015).
Interestingly, KMT5B is considered in traditional biological science
to be a key gene regulating stem cell and neurological development
(Chen et al., 2022; Hulen et al., 2022). Only recently has it been
discovered that it plays a vital role in vascular endothelial cell
inflammation and angiogenesis (Guo et al, 2015). The above-
mentioned key DEGs reveal the disease characteristics of AMI caused
by COVID-19 to a certain extent. They may prove that COVID-19
can induce thrombosis and even AMI formation through vascular
inflammation triggered by cell inflammation.

Inspired by the latest advancement in artificial intelligence,
we traversed 20 mainstream machine learning algorithms to fit the
data and improve performance (Wolpert and Macready, 1997; Xie
et al., 2023). We found that Extra Tree had the highest predictive
performance. For further validation, we compared it to cardiac
troponin, a recognized gold standard biomarker for AMI. Interestingly,
we found that the predictive power of Extra Tree (AUC=0.892) was
much higher than that of cardiac markers such as cardiac troponin
(AUC=0.62). This indicates that the Extra Tree predictor has a very
high accuracy for AMI diagnosis in COVID-19 patients, posing a
challenge to traditional biomarkers and inspiring us to mine out more
potential but promising novel biomarkers in the future.

In addition, we explored the immunological association between
these two diseases. We found that the highly active immune cells were
nearly identical in both diseases. Plasma Cells, Activated CD4
Memory T Cells, Activated and Resting Dendritic Cells, and
Neutrophils are key secretory cells of cellular immune factors. It is
believed that the excessive inflammatory response and cytokine storm
induced by the virus can lead to myocardial injury, which may be one
of the key factors in the occurrence of AMI after COVID-19.

The highly active “activated immune response” and “interleukin-
1-mediated signaling pathway” verified our previous findings to a
certain extent. Both DEGs and immunoassays confirmed that the
disease of COVID-19 and AMI is immune-focused and can even
be specific to the activation of IL1-related immune pathways. In the
post-coronavirus epidemic era or the long coronavirus era, we can
start from this immune pathway to explore the key damage pathways
of COVID-19 in the circulatory system and then find new
preventive measures.

A limitation of this study is that we could not model COVID-19
and AMI disease in animals due to the level of laboratory safety
required by COVID-19. However, as an exploratory pioneer study, for
the first time in history, we have applied a causal inference approach to
studying the shared pathogenesis of COVID-19 and AMI. Our findings
demonstrate novel mechanistic insights into COVID-19 and AMI that
may aid future prevention, personalized and precision medicine.
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Avian orthoreovirus (ARV) is among the important viruses that cause drastic
economic losses in the Egyptian poultry industry. Despite regular vaccination
of breeder birds, a high prevalence of ARV infection in broilers has been noted
in recent years. However, no reports have revealed the genetic and antigenic
characteristics of Egyptian field ARV and vaccines used against it. Thus, this
study was conducted to detect the molecular nature of emerging ARV strains in
broiler chickens suffering from arthritis and tenosynovitis in comparison to vaccine
strains. Synovial fluid samples (n = 400) were collected from 40 commercial broiler
flocks in the Gharbia governorate, Egypt, and then pooled to obtain 40 samples,
which were then used to screen ARV using reverse transcriptase polymerase
chain reaction (RT-PCR) with the partial amplification of ARV sigma C gene.
The obtained RT-PCR products were then sequenced, and their nucleotide and
deduced amino acid sequences were analyzed together with other ARV field and
vaccine strains from GenBank. RT-PCR successfully amplified the predicted 940
bp PCR products from all tested samples. The phylogenetic tree revealed that the
analyzed ARV strains were clustered into six genotypic clusters and six protein
clusters, with high antigenic diversity between the genotypic clusters. Surprisingly,
our isolates were genetically different from vaccine strains, which aligned in
genotypic cluster I/protein cluster |, while our strains were aligned in genotypic
cluster V/protein cluster V. More importantly, our strains were highly divergent
from vaccine strains used in Egypt, with 55.09-56.23% diversity. Sequence analysis
using BioEdit software revealed high genetic and protein diversity between our
isolates and vaccine strains (397/797 nucleotide substitutions and 148-149/265
amino acid substitutions). This high genetic diversity explains the vaccination
failure and recurrent circulation of ARV in Egypt. The present data highlight the
need to formulate a new effective vaccine from locally isolated ARV strains after a
thorough screening of the molecular nature of circulating ARV in Egypt.
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1. Introduction

Avian orthoreovirus is a member of the genus Orthoreovirus,
which belongs to the Spinareoviridae family and Reovirales order,
as classified by the International Committee on Taxonomy of
Viruses*. With regard to its structure, ARV has a unique double-
layered icosahedral capsid that measures about 70-80nm in
diameter without the envelope (Spandidos and Graham, 1976). The
ARV particle has 10 double-stranded genomic RNA segments (1-
4 kbp). The genomic segments are classified by polyacrylamide
gel electrophoresis according to their size into three classes: small
(S1-S4), medium (M1-M3), and large (L1-L3) (Spandidos and
Graham, 1976). Segment S1 encodes three proteins, while each
of the other nine segments translates into a single protein. S1
possesses three open reading frames (ORFs): ORF1 and OREF2
encode P10 and P17 non-structural proteins, respectively, whereas
OREF3 encodes sigma C (3C) structural protein, which is located on
the surface of the viral capsid and acts as a viral attachment protein
and apoptosis inducer, selects specific neutralizing antibodies, and
is considered the major antigenic determinant of ARV (Martinez-
Costas et al., 1997; Shih et al., 2004; Benavente and Martinez-
Costas, 2007). Based on the molecular characterization of sigma C
protein sequences, six ARV genotypes have been identified (Kant
et al., 2003; Ayalew et al., 2017; Palomino-Tapia et al., 2018). Most
reports have stated that there are only six genotypic clusters of ARV
isolated from chickens, while the seventh genotypic cluster is from
wild birds (Kim et al., 2022). However, De la Torre et al. (2021)
detected a new variant strain from poultry and classified ARV into
seven genotypic clusters.

With regard to its evolution, the first report of avian reovirus
being isolated from birds was in 1954 (Fahey and Crawley, 1954).
Consequently, several ARV variants were isolated worldwide with
high antigenic diversity. Most ARV infections are asymptomatic,
and the virus can infect various avian species, causing a wide range
of disease conditions, but broiler and broiler breeder chickens
are the most clinically affected (Rosenberger et al., 1989; Jones,
2000; Davis et al., 2012). ARV is the principal cause of hock
joint and footpad arthritis and tenosynovitis in young broiler
chickens. The affected birds are usually unable to reach food and
water, so their growth can be reduced and their production slow,
and even death can occur with severe ARV infection (Gouvea
and Schnitzer, 1982; Lee et al., 1992; Liu et al., 2003). Other
disease conditions are also caused by ARV infection, including
runting-stunting syndrome, malabsorption syndrome, hepatitis,
myocarditis, pericarditis, enteritis, pneumonia, encephalitis, and
immunosuppression (Robertson, 1986; Van der Heide, 2000).
With regard to the impact, ARV infections in poultry cause
extreme economic losses from increased mortality rates (up to
10%), low feed conversion rate, reduced weight gain, lack of
performance, uneven growth rate, viral arthritis/tenosynovitis,
diminished marketability of diseased birds, condemnation of
affected carcasses, and secondary viral or bacterial infections (Van
der Heide, 2000).

1 ICTV. Available online at: https://ictv.global/taxonomy (accessed 9
September 2022).
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In Egypt, both live attenuated and inactivated ARV vaccines
are available. Attenuated vaccines contain the S1133 or 2177 strain,
while inactivated vaccines contain strains S1133, 1733, 2408, and
SS412. Protection against reovirus mainly depends on the transfer
of maternal antibodies through the yolk to the progeny, thus,
breeding birds are vaccinated three to four times (Rekik and Silim,
1992; Van der Heide, 2000; Zhang et al., 2005). Despite the use of
an integrated vaccination program for breeder birds in Egypt using
both inactivated and modified live virus vaccines, offspring are not
fully protected. ARV was first detected in Egypt in 1984 (Tantawi
et al., 1984), then was identified serologically in several Egyptian
governorates (Zaher and Mohamed, 2009; Abd El-Samie, 2014). It
was then identified by RT-PCR from proventriculitis, tenosynovitis,
and malabsorption syndromes (Kutkat et al., 2010; Ramzy et al.,
2016; Mansour et al., 2018). Then, molecular characterization of
ARV was performed based on the oA-encoding gene (Al-Ebshahy
et al., 2020). It is important to mention that ARV has extreme
inherent genetic variability because of the segmented RNA genome,
which increases recombination and reassortment mutation events
(Liu et al., 2003; Banyai et al., 2011).

The poultry industry worldwide has faced the consequences
of ARV variant emergence since 2011 (Lu et al, 2015; Zhong
et al., 2016; Gallardo, 2017; Sellers, 2017; Egafa-Labrin et al,
2019; Ayalew et al., 2020). The new variants have accompanied
acute tenosynovitis, arthritis, and pericarditis even in broilers and
breeders vaccinated against ARV (Van der Heide, 2000; Davis
etal, 2012). As ARV is unaffected by certain disinfection methods
and can survive for long periods in the environment, variants
can be easily transferred between countries through imported
chickens, processed chicken products, and eggs (Ayalew et al,
2020). In addition, because ARV is unaffected by pH, heat, certain
disinfectants, and proteolytic enzymes, it is difficult to keep the
virus away from chicken farms (Jones, 2000). Consequently, the
best sustainable decision is to control ARV by using proper
genetic and antigenic vaccines. Despite the high prevalence of ARV
infection in Egypt, the genetic and antigenic nature of ARV is not
clear, as no previous studies investigated the ARV sigma C gene in
Egypt. Therefore, the current study aimed to detect the genotypic
properties of emerging ARV strains in broiler chickens suffering
from arthritis and tenosynovitis. To the authors’ knowledge, this is
the first study to carry out a molecular investigation of ARV based
on the sigma C protein to assess genetic variability in comparison
to the vaccine strains used in Egypt.

2. Materials and methods

2.1. Ethical considerations
This study was revised and approved by the Kafrelsheikh

University Animal Care and Use Committee, Kafrelsheikh
University, Egypt (code number KFS-2020/3).

2.2. Clinical samples

Samples (n = 400) were collected from 40 commercial broiler
flocks located in Gharbia governorate, Egypt, during 2020-2021.
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FIGURE 1
Clinical signs of ARV infections in broiler chickens. Broiler chicken with unilateral arthritis, hock joint swelling, and ruffled wing's feather.

Synovial fluid was collected from 10 diseased birds per farm
and pooled, and this was considered one working sample. The
diseased birds thought to be infected with ARV were 10-25
days old. For histopathological examination, samples from the
heart, liver, spleen, and tendons, including synovial membranes,
were freshly collected and fixed in formalin (10%). The studied
flocks were not vaccinated against ARV, but their breeders were
vaccinated at 6 weeks of age and again at 10 weeks of age
using a modified live virus vaccine, then with inactivated reovirus
vaccine at 17 weeks of age. Other pathogens causing arthritis and
other systemic macroscopic and microscopic lesions as Escherichia
coli, Staphylococcus aureus, and Pseudomonas aeruginosa were
excluded from tested samples by multiplex PCR according to

Frontiersin Microbiology

Ammara et al. (2014). Meanwhile, Mycoplasma synoviae and
Salmonella sp. were also excluded by PCR as described elsewhere
(Bencina et al., 2001; Shanmugasamy et al., 2011; Ammar et al.,
2019).

2.3. Histopathological examination

Samples from the heart, liver, spleen, and tendons,

including synovial membranes, were immersed in 10%

buffered neutral formalin for fixation. Then, samples were
subjected to routine tissue techniques, including dehydration,
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FIGURE 2
Avian orthoreovirus postmortem lesions in broiler chickens. (A) Broiler chicks show enlarged orange liver with numerous necrotic pale hepatic foci
and hemorrhagic pericarditis (arrow). (B) Broiler chickens show hepatic necrosis. (C) Broiler chick with enlarged lemon-shaped proventriculus. (D)
Broiler chicken with swelling, edema in the tendon, and full thickness tendon rupture (arrow).

clearance, embedding, and casting. The paraffin blocks
were cut via microtome into 4-5um sections, which were
fixed on glass slides for further staining with hematoxylin

and eosin.

2.4. Molecular identification of ARV

2.4.1. Viral RNA extraction

Synovial fluid was used for the extraction of viral RNAs using a
QIAamp® Min Elut® Virus Spin Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s directions. The extracted RNA was
then frozen at —80 °C until use in sigma C gene amplification.

2.4.2. Reverse transcriptase polymerase chain
reaction

A total of pooled 40 synovial fluids samples were tested for
ARV by the RT-PCR partial amplification of the sigma C gene.
RT-PCR was performed for the partial amplification of the ORF3
of genomic segment S1, which encodes ARV sigma C protein
using a previously constructed primer set (Goldenberg et al,
2010). The oligonucleotide primer sequences were ARV 3C F:

Frontiersin Microbiology

5-TCMRTCRCAGCGAAGAGARGTCG-3’ and ARV 8C R: 5'-
TCRRTGCCSGTACGCAMGG-3'. These primers were synthesized
by Metabion International AG (Steinkirchen, Germany). Qiagen
one-step RT-PCR kit (Qiagen, Hilden, Germany) was used for
RT-PCR according to the manufacturer’s instructions. A Thermal
cycler (T Gradient, Biometra, Germany) was set at an individual
cycle of two steps: 50°C for 30 min and 94°C for 2 min; followed
by 35 triple-step cycles: 94°C for 1 min, 50°C for 1 min, and 72°C
for 1 min; with a single terminal elongation cycle of 72°C for
10 min. The 940 bp PCR products were then examined by agarose
gel (1.5%) electrophoresis and an ultraviolet transilluminator
(Biometra, Germany).

2.4.3. Sequencing and phylogenetic analysis

The PCR products of positive samples with the strongest
bands were selected, and their DNA was agarose gel purified
with QIAquick PCR gel purification kits (Qiagen, Valencia, CA,
USA), following the manufacturer’s guidelines. The obtained
DNA was submitted to Macrogen laboratory, South Korea, for
forward and reverse sequencing. Direct nucleotide analysis was
done according to several previous studies (Ayalew et al., 2017;
Palomino-Tapia et al, 2018; Chen et al, 2019; Egana-Labrin
et al, 2019). The UniProt blast was also used for protein

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1156251
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Mosad et al.

10.3389/fmicb.2023.1156251

FIGURE 3

arrowhead), H&E, bar = 50 pm.

Cardiac, hepatic, and splenic histopathological lesions in the ARV-infected broiler chickens. (A, B) The pericardium of broiler chicks shows
pericarditis associated with intense inflammatory cells infiltration (arrowheads). (C) Myocardium of broiler chicks shows marked atrophy of the
myocardial cells (white arrowheads) and interstitial fibrosis (black arrowhead). (D) Myocardium of broiler chicks show myxomatous changes (white
arrowhead) and severe eosinophilic sarcoplasmic degeneration (black arrowhead). (F) Liver of broiler chicks show periportal heterophilic infiltration
(white arrowheads). (E) Liver of broiler chicks show the congestion of red pulp (black arrowhead) and moderate degree of lymphoid depletion (white

alignment to detect vaccine strain sigma C protein due to its
divergence from our sequence. The protein sequences of the
vaccines were also tracked and get their nucleotide sequence
accession numbers then used in the NCBI nucleotide blast. The
resulting sequences of the nucleotides of selected samples were
then aligned using the BLAST tool in NCBI and then deposited in
GenBank (http://www.ncbinlm.nih.gov/Genbank) with accession
numbers OL741460 (Gharbia/1-20) and OL741461 (Gharbia/2-
20). The sequences were then analyzed by ClustalW2 (https://

Frontiersin Microbiology

www.ebi.ac.uk/Tools/msa/clustalw2/). The resulting files were
analyzed to construct the phylogenetic tree with other reference
sequences using MEGA X software (http://www.megasoftware.
net/) for neighbor-joining phylogenic tree construction with a 1,000
repeat bootstrap test, p-distance substitution model, and pairwise
deletion gap treatment together with other GenBank reference ARV
sequences. BioEdit software version 7.1 was used for nucleotide
and deduced amino acid sequence alignment using ClustalW (Hall,
1999).
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FIGURE 4

arrowhead), H&E, bar= 50 um.

Synovial, tendon, and articular cartilaginous histopathological lesions in the ARV-infected broiler chickens. (A—C) Fibrin foci (black arrowhead) and
marked heterophilic cell infiltration (white arrowheads) within the synovial membrane. (D) Necrosis o the synovial membrane (black arrowhead) and
hypertrophy of synovial cells (white arrowhead). (E, F) Articular tissues showing multifocal necrosis on the surface or within the cartilage (white

3. Results

3.1. Clinical picture, postmortem lesions,
and histopathological examination

The affected birds suffered from severe arthritis/tenosynovitis,
which led to lameness and splay-leg with swelling of the hock
joint and bumble foot (Figure 1). In some cases, the inflammation
spread into the adjacent musculature. Uneven growth and growth
retardation were also recorded, with 6% mortality and 50% culling
rates. Upon the gross examination of affected carcasses, tendons
and tendon sheaths showed marked edema, with tendon rupture

Frontiersin Microbiology

(Figure 2D) and severe hemorrhage; pericarditis (Figure 2A), and
myocarditis were also recorded in some cases. An enlarged lemon-
shaped proventriculus (Figure 2C) with enlarged liver was reported,
along with the orange discoloration of the hepatic parenchyma
and miliary distribution of numerous pale tan necrotic hepatic foci
(Figures 2A, B).

The histopathological features of infected birds are illustrated
in Figures 3, 4. The examined heart sections showed pericarditis
features extending to the myocardium. The pericardial sac
showed massive fibrinous exudation with marked granulation
tissue formation and capillary congestion, associated with
severe inflammatory cell infiltration, including heterophils,
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FIGURE 5
Phylogenetic tree of ARV sigma C gene nucleotide sequences constructed with MEGA X software in which the analyzed sequences are clustered into
six genotyping clusters (genotypic cluster 1-VI) according to Ayalew et al. (2017) ARV classification. Our isolates (red triangles) are clustered in
genotypic cluster V away from all vaccine strains which are clustered in genotypic cluster I.

lymphocytes, macrophages, and occasional syncytial cells. The
myocardium revealed marked atrophy and degeneration rather
than myocarditis. The inflammatory cells within the muscle
layers were extended from pericardial lesions. There was marked
interstitial cell proliferation. The endocardium showed severe
degenerative changes ranging from sarcoplasmic eosinophilia to
myxomatous changes. The liver of diseased birds showed marked
sinusoidal congestion, hepatic degeneration, and periportal
heterophilic cell infiltration. The spleen showed moderate
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to severe lymphoid depletion associated with histocytic cell
infiltration. The synovial membranes showed severe synovitis,
associated with necrosis of the synovial membranes admixed with
fibrin within a granulation matrix and accompanied by severe
heterophil infiltration. The tendons showed necrotic tendonitis
associated with multifocal necrotic foci, with marked infiltration
of inflammatory cells consisting of heterophils, lymphocytes, and
macrophages. The articular surface showed multifocal necrotic

changes in dystrophic calcification lesions.

frontiersin.org

45


https://doi.org/10.3389/fmicb.2023.1156251
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

10.3389/fmicb.2023.1156251

Mosad et al.
<
S
N
8
o -
% §
<
Q x o AL
2, = 2 5 3
2% e EEE ¥
Q 3 9% s § s d f 8 &
% L %Y e EEEEFEES. & o
e Q = §
% % W % 2 % 23883528588 S
% 23 B 5 2 5 2 2 X & o & & '
H 2 D % R = o S 9 &R 5 O O
8, % = = & &5 >
o, % B % G O $:325F585E S
g T, % % % n% 3 325588 FfFF & o
) 4 S B B B S O P o s s L F S D
o % % B Ry 2 B G E2 852 205 §9 F & & &
) “b. % G ,)) . @ Q 53 ~SFf Sy F & .F N & a
S T T B G 97 D SESSSE 08 O o 98 N
o “, 2. B % UL Q%G SEIRL LY ¥ O & ¢ &
©) Sose, e o oy R g, & ESSLSNLESN LS & & @& &
& B O R JE2SFHP SR & ¢ & &
Ay Py e ey T 2 B9 B L3368 LS F L o
<04 o /%%%9 Tgks@%@o\é\ R A 92
LG TR N ¢ S N P oN
Qg /$2, W S5 f ¢ & W %93\1
<96, 0y, oo})e @« ° _\e,\\\) be'l’ P\\Cb“
. Vo, 0y, 77 & aP Vi
Ass,, e, e, e PP S
a1, sy, e, 08 P OV o8
Q:c,n ‘97733 b 7)3 7 b.%b‘ 9&0\ \3§P~9 @‘\ O
R 2960 Pt /o,,sra/eo,a e 6\6@\%“ : NQ@OQ‘ 2
773 72 A0k AtV 207
ALJge7, 2l 21 &2077/20% Nt i 954” 2013 %
4Brojjg SOy, © N groter 7419 =
; /2019 1480 Jor Chicke ol
AKT04251,B,Q,WUSA/ /01335, 13 Pmme;em\ 'kenlUsN01224b[201A <
04455/13, /Layer cKic!
014 NBZ7T0Y
ASAB93, i A 5 4
22/Broil &r/Canada/SK-R27/2014 alll AMB37204/Layer Chicke WUSA/01224 B/201
5 70
AFZ384 16/chicken/U SA// GA/1 22,72‘1;(2)21____‘ AKT04277/Layer Chicken/USA/07830/2014
4 60 AJ »
ABJ0965Y/ Ch'ckenIUSNGP;:ISK—Rﬂ 2013 ASZ;;? 7/Chicken/USA/101343/5915
‘erlcaﬂa 20\4\/ % 12/Bro;
Asago320 B! KRN A7y MK Ry
o] " UO\\Q\"C?“ aIS‘('Rﬁq_Q\A £ Q Ksgo, Brojlg, breey 772014
— 6 ¥ \ - 0B, er/|
5 e L s, o"Con 100557,
3} pe93" e 187 o g, M, Ya/Ds,, 1
D N 55 I Ao 20 Pery, 1q
2\ pKT 0ot ok 5'7:5?) 4, 0“2) Ok, Rt "y,
&) et SR 55, 2y, iy 22
@ \ oW o I 7 0
) - @ X 6 sy Ug ¥
19 o P s, e Y, 4 07
S ST 3 ° 0y O e, S, /‘9;‘180 ’
w@% g@\m & o»&b & s}\?‘?’ oyézo O%%g% Tre, O, o P0m, 203
© S 3 % % Tt s, 7.
& dg’& s g & ) L\ 28098 % %, 7% O‘g’é y/"% =
Ll @&Qﬂ’bgﬁéqﬁ > LA D B % B, %
w F &Ly ‘k‘@?m&ﬁ%"%%%‘%%@%% % S P9,
S NS FeEL22E 598 % % . 4 W, R
F R T ELFFFEeEE8R -
N F s 58528 =2
S D O F O §F§FFL &8 O
i) S S VN EFFITTI99
> TS TS fSsagzs
S Yg- & S & L R Yo ¥ 23
9, F &S & FSLE52858 2
S S S L FEF T
70 g & S o 5L 575
¥ EH S o L2 8§ 8 56
¥ O & 8 5 L e =
¥ @& 8 & 2 g =86
T F & 8 FTR 2D
T & 8 8 &4 &
S 2 8 8§ R R
< & &8 8 B
g8 ® 5§
& S 2
2 (%))
Q]SHK)
A 1093010
FIGURE 6
Phylogenetic tree of ARV sigma C gene deduced amino acid sequences constructed with MEGA X software in which the analyzed sequences are
clustered into six antigenic clusters (antigenic cluster |-VI) according to Ayalew et al. (2017) ARV classification. Our isolates (red triangles) are
clustered in the antigenic cluster V away from all vaccine strains which are clustered in the antigenic cluster I.

3.2. RT-PCR, sequencing, and phylogenetic

analysis
In the present study, RT-PCR successfully amplified the 940 bp

fragment of the ARV sigma C gene from the 40 tested samples
(100%). The Sigma C gene is usually used for genotyping and

classifying ARV into protein clusters, as it is considered to be
positioned in an extremely variable genomic region (Attoui, 2011;
Kim et al, 2022). To study the genotypic properties of ARV,
phylogenetic analysis of sigma C gene nucleotide sequences from
our two selected isolates was performed together with 83 other
sequences of reference field and vaccine strains retrieved from
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GenBank. Generally, the phylogenetic tree revealed that all 85  (Ayalew et al,, 2017), all vaccine strains were clustered in cluster
strains involved in the phylogenetic analysis were classified into six 1. Surprisingly, our isolates were genetically different from vaccine
genotypic clusters (I-VI) (Figure 5). Based on ARV classification  strains and were clustered in genotypic cluster V with other
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isolates from Israel (the same geographic location). In addition,
phylogenetic analysis of the deduced amino acid sequences from
the sigma C gene of our two selected ARV isolates and the
83 reference strains from GenBank (the same strains used in
nucleotide sequence analysis) was performed to study the deduced
sigma C protein relatedness. All ARV strains were clustered into
six clusters (I-VI) (Figure 6); the vaccine strains were in cluster I,
while our isolates differed from those and were in cluster V with
other isolates from Israel.

The diversity among the six deduced sigma C protein clusters
was calculated with MEGA X software, which revealed high protein
diversity among the six genotypic clusters. The lowest detected
diversity was 13.21% between cluster V (ISR-5241) and cluster IV
(LCYG-160916). Shockingly, the highest deduced protein diversity
(57.65%) was between cluster V (including our strains) and cluster
I (including the vaccine strains). The highest deduced protein
diversity was between the ISR-5242 and S1133 vaccine strains.
The diversity within clusters ranged from 0 to 39.62%; specifically,
the ranges for clusters I-VI were 0.0-2.64%, 0.0-34.72%, 2.26-
20.38%, 0.0-7.92%, 0.38-13.64%, and 0.0-39.62%, respectively
(Supplementary Table 1). Surprisingly, our strains were highly
divergent from vaccine strains used in Egypt: 55.47-56.23%
between Gharbia/1-20 and vaccine strains, and 55.09-55.85%
between Gharbia/2-20 and vaccine strains.

To detect the genetic and deduced sigma C protein diversity
between our two isolates and vaccine strains used in Egypt,
the nucleotide sequences of the sigma C gene and its deduced
amino acid sequences were analyzed with BioEdit software using
vaccine strain S1133 (KF741772) as a reference. Nucleotide
sequence analysis revealed high genetic diversity between our
isolates and vaccine strains, with a substitution of 397 out of
797 aligned nucleotides (49.81%), as shown in Figure 7. Amino
acid sequence analysis revealed high diversity between our isolates
and vaccine strains, with a substitution of 149 (Gharbia/1-20)
and 148 (Gharbia/2-20) out of 265 aligned amino acids (55.85
and 56.23%, respectively), as shown in Figure 8. On the other
hand, there were few or no substitutions in nucleotide and amino
acid sequences between vaccine strains and reference strain S1133
(Figures 7, 8). Our two isolates (Gharbia/1-20 and Gharbia/2-20)
are genetically similar, with five nucleotide substitutions (A191G,
G425A, A445G, T801C, and C875T) leading to two amino acid
substitutions (Q148R and Y267H).

4. Discussion

Despite regular vaccination of breeder chickens against ARV
in Egypt, pathogenic ARV infection remains a great challenge
to the poultry industry, causing severe economic losses. The
ineffectiveness of conventional vaccines and the recurrence of
emergent pathogenic strains are alarming and threaten the broiler
poultry industry. Moreover, ARV infection in broiler chickens
at poultry farms that use uncommon ARV vaccinations has
been increasingly observed in Egypt. As there are scarce studies
on such an important disease in Egypt, genetic and antigenic
characterization of emerging ARV strains is essential.

In the present study, 40 pooled synovial fluid samples were
collected from 40 unvaccinated commercial broiler flocks, but
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their breeders were vaccinated (three doses of ARV vaccine).
However, ARV is included in many pathological syndromes; the
only major ARV-related clinical presentations are viral arthritis
and runting-stunting syndrome (Jones and Guneratne, 1984;
Rosenberger et al, 1989). Our samples were collected from
birds suffering from arthritis/tenosynovitis and runting-stunting
syndrome, which commonly affects broiler chickens infected with
ARV (Robertson, 1986; Benavente and Martinez-Costas, 2007;
Avyalew et al., 2017). In the present study, we observed bilateral
arthritis in most studied chickens with marked swelling in both
hock joints, while in previous studies (Jones and Guneratne, 1984)
either unilateral or bilateral arthritis could be observed in ARV
infection. The most characteristic clinical signs and postmortem
evidence of runting-stunting syndrome observed in this study
were stunted growth and enlarged lemon-shaped proventriculus
with reduced gizzard size, as described elsewhere (Page et al,
1982; Hieronymus et al., 1983). In relation to microscopic lesions,
as shown in our study, tenosynovitis, myocarditis, and hepatitis
were the most common pathological lesions associated with ARV
in the affected birds. The noticed lesions were consistent with
previously reported data (Souza et al, 2018; Choi et al.,, 2022).
Similarly, the experimental infection of ARV showed an interesting
finding regarding the appearance of the ARV lesions, and footpad
infection demonstrated earlier hock lesions mostly after 2 days
of infection (Chen et al,, 2015). In relation to systemic infection,
it was accompanied by pericarditis, hepatitis, pancreatitis, and
bursal atrophy. Lymphocytes and macrophages were the most
components of the infiltrate. Taken into consideration, the bursa
and intestinal mucosa may be a site for the initial replication of
ARV, while the joints were the most serious consequence of viral
replication (Jones, 2000). Importantly, the macrophages play a key
role in viral replication and transmission (Mills and Wilcox, 1993).
In the present study, the hepatic lesion showed multifocal yellowish
foci, which is consistent with several previous reports (Choi et al.,
2022). The foci consisted mostly of mononuclear cells consisting of
lymphocytes and macrophages. In certain cases, lympho-histocytic
infiltration and polykaryocytes appearance were reported (Mandelli
et al., 1978). Interestingly, the main sites of the lesions as the hock
joint, tendon, and lymphoid organs were the most organs used for
viral isolation (Choi et al., 2022).

Along with the observed clinical signs, microscopic findings,
and postmortem changes, the RT-PCR results confirmed the
presence of ARV in all studied chickens, indicating that the arthritis
was almost certainly ARV related. RT-PCR partial amplification of
the sigma C gene was sensitive, and detected the virus in 100% of
tested samples, while another study (Tang and Lu, 2016) concluded
that some false-negative results could occur with sigma C gene
amplification, as the sigma C sequence is highly variable. Even
though the sigma C protein is within the most hypervariable region
of ARV proteins (Liu et al., 2003), some other conserved sequences
were identified within the sigma C protein (Goldenberg et al,
2010). Molecular characterization and genotypic correlation studies
contribute to our understanding of the epidemiology, source, and
evolution of emergent viral variants (Kant et al., 2003; Kort et al.,
2015). Such studies mainly depend on the sequence of the extremely
variable sequence in the ARV genome (sigma C gene), which
is usually used to genotype ARV and classify it into antigenic
clusters (Liu et al., 2003; Calvo et al., 2005; Goldenberg et al., 2010;
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Kortetal., 2015; Lu et al., 2015; Ayalew et al., 2017). As the efficacy
of a vaccine mainly relies on its genetic and antigenic relatedness
to field strains, an analysis of the genetic variability of Egyptian
field ARV strains in comparison to vaccine strains depending on
the sigma C protein sequence was performed to gain a better
understanding of the antigenic variability among circulating ARV
strains in Egypt.

Phylogenetic analysis of the sigma C gene nucleotide and
deduced amino acid sequences from our two selected isolates was
performed, together with sequences of reference field and vaccine
strains retrieved from GenBank. Generally, the phylogenetic trees
revealed that all strains included in the phylogenetic analysis
were genetically diverse and clustered into six genotypic clusters
and six sigma C protein-based clusters, as described elsewhere
(Liu et al., 2003; Kort et al., 2015; Lu et al., 2015; Sellers, 2017;
Palomino-Tapia et al., 2018). De la Torre et al. (2021) detected
seven genotypic clusters from poultry, and Kim et al. (2022)
characterized six genotypic clusters from poultry and an additional
seventh genotypic cluster from wild birds. The genetic diversity
between established ARV strains and new variant strains may be
due to accumulated mutations and numerous reassortment actions
(Ayalew et al., 2020). Surprisingly, all vaccine strains were clustered
in genotype I and deduced protein cluster I, and our isolates were
genetically different, clustered in genotype V and deduced protein
cluster V with other isolates from Israel (the same geographic
location), suggesting that the genotype V and deduced protein
cluster V strains might have the same epidemiological origin.
Several studies (Kant et al., 2003; Liu et al., 2003; Goldenberg et al.,
2010) reported that it was not possible to relate ARV infection
to geographic location, but another study (Ayalew et al., 2020)
reported that there was widespread geographic intermixing of ARV,
with the non-specific distribution of the six ARV genotypes in
different countries around the world, which suggests that effective
ARV prevention cannot be achieved without a vaccine formulation
that contains the proper antigens from all ARV genotypes.

Our results revealed high genetic diversity among the six
clusters (13.21 to 57.65%), similar to a previous report (Goldenberg
et al., 2010) that recorded 50% diversity among studied isolates.
Despite the regular vaccination of breeder chickens against ARV,
there have been recurrent ARV outbreaks in different localities
in Egypt, and the vaccines are based on strains isolated in the
USA. The parent strains of these vaccines (S1133, 2177, 2035,
2408, and 1733 vaccine strains) were developed in the late 1970s
and early 1980s (Van der Heide et al., 1983; Rosenberger et al.,
1989). Therefore, the failure of ARV vaccination together with
the increased incidence of ARV infections may be due to the
newly emerging strains, which are genetically divergent from
the vaccine strains. This may explain the observed vaccination
failure associated with traditional vaccines, and it significantly
increases the complication and difficulty of controlling and
preventing ARV infections effectively. These suggestions were
supported in previous studies (Ayalew et al., 2017). The vaccine
strains have been shown to be ineffective at protecting against
ARV infection because the RNA nature of this virus causes
different mutation events, generating new variant strains that
are incompletely neutralized by the antibodies produced against
classical vaccine strains. Therefore, prompt characterization and
genotyping of the strains causing disease in the field is needed, then
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autogenous vaccines based on the field strains can be formulated
(Goldenberg et al., 2010; Lublin et al., 2011; Sellers et al., 2013;
Troxler et al., 2013).

Our results revealed up to 39.62% diversity within the deduced
sigma C protein clusters, while another study (Chen et al,
2019) recorded 45.7-51.4% amino acid diversity between their
field isolate and vaccine strains. Surprisingly, our strains were
highly divergent from vaccine strains used in Egypt, showing
55.09-56.23% diversity, which explains the vaccination failure and
recurrent circulation of ARV. These results were confirmed by a
study (Palomino-Tapia et al, 2018) that stated that an effective
autogenous vaccine program would require at least 95% amino
acid similarity between this vaccine strain and the circulating
field strains. Some countries have begun to formulate autogenous
ARV vaccines from local field strains, such as in Israel, where an
autogenous inactivated ARV vaccine was formulated from local
field strain 641 to achieve a better immune response (Goldenberg
et al., 2010). The present study has some limitations which
include the limited number of sequenced samples and the use of
degenerated primer set targeting the sigma C protein coding ORF
which is a high variable gene.

5. Conclusion

Our results suggest that ARV variants can evade the immunity
of commonly used vaccine strains, as our field strains highly
diverged from the vaccine strains used in Egypt. These findings
reflect the necessity of formulating a new effective vaccine from
locally isolated ARV strains, following a thorough screening of
the molecular nature of circulating ARV strains in Egypt. These
findings provide novel baseline information about the genetic
information of the virus.
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Bovine parvovirus (BPV) is a pathogen responsible for respiratory and digestive
tract symptoms in calves and abortion and stillbirth in pregnant cows. In this
study, we developed a colloidal gold immunochromatographic (GICG) strip with
an enhanced signal for detecting BPV according to the double-antibody sandwich
principle and an enzyme-based signal amplification system to amplify the signal.
This system utilizes horseradish peroxidase reacting with a substrate solution
containing 3,3’,5,5’-tetramethylbenzidine and dextran sulfate to obtain insoluble
blue products on the test and control lines. We optimized different reaction
conditions, including the amount of monoclonal antibodies (mAbs), pH of the
colloidal gold solution, coating solution, blocking solution, sample pad treatment
solution, antibody concentration in the control line, and antibody concentration
in the detection line. The sensitivity of the signal-enhanced GICG strip showed
that the minimum amount for detecting BPV was 102 TCIDs,, 10 times higher than
that of the traditional GICG strip. The results of the specificity test showed that the
signal-enhanced GICG strip had no cross-reactivity with BRV, BVDV, or BRSV. The
results of the repeatability test showed that the coefficient of variation between
and within batches was less than 5%, showing good repeatability. Moreover, for
validation, PCR and the signal-enhanced GICG strip were used to detect 280
clinical bovine fecal samples. The concordance rate compared with PCR was
99.29%. Hence, the developed strip exhibited high sensitivity and specificity
for the detection of BPV. Therefore, this strip could be a rapid, convenient, and
effective method for the diagnosis of BPV infection in the field.

bovine parvovirus, monoclonal antibody, signal enhancement, colloidal gold
immunochromatography, antigen dectection

1. Introduction

Bovine parvovirus (BPV) is a member of the genus Bocaparvovirus of the family Parvoviridae
(Qiu et al, 2017). It is the smallest icosahedral virus, with no envelope and a diameter of
approximately 23 nm. The BPV genome consists of single-stranded DNA with a length of 5,491 nt
(Kailasan et al., 2015), with three open reading frames (ORFs). ORFl encodes a
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729-amino-acid-long protein, the non-structural protein NS1. ORF2
encodes a 255-amino-acid-long protein, the non-structural protein
NP1. The viral structural proteins VP1 and VP2 are encoded by ORF3.
The molecular weights of VP1 and VP2 are 75 and 61 kDa, respectively.
At the same time, VP3 is produced after the hydrolysis of the VP2
protein, which is involved in BPV DNA replication and virion assembly.
BPV infection mainly causes reproductive dysfunction in pregnant
cows and respiratory and gastrointestinal diseases in newborn calves.
BPV can be transmitted in several ways, and the initial clinical
symptoms of infection are not obvious (Zhang et al., 2020), making it
difficult to diagnose and prevent infections. Traditionally, BPV
detection is mainly based on serological, etiological, and molecular
methods. Most traditional methods require a long time and special
laboratory diagnosis equipment (Wang et al., 2019a; Gong et al., 2020).
Therefore, a rapid, specific, and convenient method for field detection
is of practical significance for the prevention and control of
BPV infections.

Since colloidal gold has been introduced into the field of
immunochemistry, this technology has developed and matured.
Specifically, the colloidal gold immunochromatographic (GICG) strip
is a fast and convenient detection method that is especially suitable for
on-site detection. The reaction of gold-labeled antibodies with their
corresponding antigens can result in a visible color reaction (Vilela
etal., 2012). The distinctive advantages of colloidal gold particles are
that they can be directly observed, and visible results can be obtained.
Therefore, GICG strips have been widely used in various applications,
ling the diagnosis of viral infections and the detection of bacteria and
drug residues in food (Wu et al., 2017; Lin et al., 2020; Pan et al., 2020).
Their rapid analysis and simplicity of operation provide promising
diagnostic methods for various applications. However, their detection
sensitivity is low, limiting their application in clinical diagnosis.
Hence, improving the sensitivity of GICG is an important research
direction (Guo et al., 2019, 2021).

Currently, strategies to improve immunochromatographic
technologies mainly focus on developing new solid-phase carriers or
the addition of novel labeling molecules. Some studies combined
newer technologies with strip detection, such as photoelectric sensing
and microchip technologies. One strategy to improve sensitivity is to
combine an enzyme signal amplification system with colloidal gold-
labeled antibodies. Colloidal Au particles can be used to combine
antibodies and enzymes. Moreover, horseradish peroxidase (HRP) can
be conjugated to colloidal gold-labeled antibodies and improve the
color depth of the strip (Parolo et al., 2013; Cho et al., 2015). Hence,
enzyme signal amplification systems can effectively improve the
detection sensitivity of GICG strips.

In this study, a signal-enhanced GICG strip for detecting BPV was
developed using purified monoclonal antibodies (mAbs) and
polyclonal antibodies (pAbs) against BPV. This method is specific,
rapid, and sensitive for the detection of BPV, which is suitable for
pathogen diagnosis in the field.

2. Materials and methods
2.1. Ethics statement

All animal experiments and animal maintenance procedures were
performed according to the Ethical Committee for Animal Sciences
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of Heilongjiang Province and international recommendations for
animal welfare. This trial was conducted in accordance with the
regulations governing laboratory animals and the Charter of the
Ethics Committee for Laboratory Animals of Northeast Agricultural
University (Protocol code NEAU2018024).

2.2. Cells and virus strains

The myeloma (SP2/0) cells line was purchased from the China
Center for Type Culture Collection (Wuhan, China). Bovine
parvovirus(BPV; ATCC strain VR-767), Bovine rotavirus (BRV; strain
NCDV), Bovine viral diarrhea virus (BVDYV; strain BA), and Bovine
respiratory syncytial virus (BRSV; strain 391-2), were stored in our
lab. Bovine turbinate (BT) cell lines.

2.3. Animals

Specific pathogen-free BALB/c mice and New Zealand rabbits were
purchased from Changsheng Biotechnology Limited (Liaoning, China).

2.4. The culture and purification of BPV

Maintain BT cells in culture flasks containing cell maintenance
medium in an incubator at 37°C with 5% CO,. Trypsinize a confluent
flask of BT cells, and then trypsin was discarded. After adding 3% v/v
serum cell maintenance solution, and cultured it in an incubator for
6-12h. After that, BPV was inoculated into BT cells. When the
cytopathic effect reached 80%, the virus culture was collected, which
was centrifuged at 4°C and 10,000 r/min for 2min. The supernatant
fluid containing virus was collected and used to immunize animals.

2.5. Preparation of pAbs and mAbs

New Zealand rabbits were administered with purified BPV (500 jig)
after emulsification in complete Freunds™ adjuvant (Sigma, St. Louis,
MO, United States) for the first injection and the same dose after
emulsification in incomplete Freunds” adjuvant (Sigma) given as two
boosters every 2 weeks. Sera were collected 7 days after the last booster.
Immunoglobulins were precipitated using standard ammonium sulfate
precipitation. Briefly, an equal amount of saturated ammonium
persulfate solution was dropped into the mixed serum, stirring on ice
until a precipitate was formed. The mixture was centrifuged at 12,000 x g
for 30 min. The deposits were dissolved in PBS, dialyzed against PBS,
and the protein concentration was determined. The pAbs were analyzed
using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and an indirect immunofluorescence assay (IFA). In the IFA test,
monoclonal or polyclonal antibodies were used as primary antibodies,
and FITC-labeled goat anti-rabbit IgG (Sigma) or FITC-goat anti-
mouse IgG (Sigma) were used as the secondary antibody.

BALB/c mice were administered purified BPV (100ng) after
emulsification in complete Freund’s adjuvant for the first injection and
the same dose after emulsification in incomplete Freund’s adjuvant for
two boosters every 2 weeks. After BALB/c mice were immunized with
BPV, the splenocytes were harvested and fused with SP2/0 myeloma
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cells. After fusion, hybridoma cells were screened using an indirect
enzyme-linked immunosorbent assay (ELISA).

BALB/c mice were pretreated with liquid paraffin and then
injected intraperitoneally with hybridoma cells secreting antibodies
against BPV. Ascites were collected after 2 weeks. A double-antibody
sandwich ELISA was used to detect ascites titers. Hybridoma cells
with the highest titers and affinities were selected to prepare ascites
and purify mAbs for use in subsequent experiments. Ascites were
purified using a HiTrap Protein G HP (GE Healthcare, Milwaukee,
United States) according to the manufacturer’s instructions. The
activity of the mAbs was analyzed via SDS-PAGE and IFA
identification. MAbs isotype was detected by using an Monoclonal
antibody isotyping kit (Sigma). Bovine Parvovirus protein reacting
against mAbs was detected by Western blotting. The BT cell culture
was as negative control.

2.6. Preparation of colloidal gold

Gold particles with an average diameter of 20 nm were prepared
according to the method described by Wang et al. (2014). In brief, a
suspension of gold particles was prepared under reflux conditions
where 100mL of a gold chloride solution (0.01%) was heated to
boiling. Approximately, 1.0 mL of trisodium citrate solution (1%) was
then added rapidly to the gold chloride solution while stirring. The
resulting solution was boiled for another 5-10 min until the color of
the mixture changed to wine red. The gold particles were detected
using transmission electron microscopy (TEM) after cooling. Finally,
0.05% sodium azide (as a preservative) was added to the gold particle
solution and then stored at 4°C.

2.7. Conjugation of anti-BPV mAbs with
colloidal gold

Complexes of mAbs conjugated with colloidal gold were prepared
according to a previous method (Shukla et al., 2011). In brief, the pH
of the colloidal gold solution was adjusted to 8.0-9.0 with 0.2M
K,CO;. The following procedure was conducted to estimate the
minimal amount of mAbs required to stabilize colloidal gold particles.
First, 1 mL of colloidal gold solution was added quickly to 100 pL of
serial dilutions of mAbs at increasing concentrations (10-100 pg/mL).
After 5min, 100 pL of 10% NaCl solution was added to the mixture
and was left to stand for another 2h. When the amount of mAbs
added exceeded the minimum required to stabilize colloidal gold
particles, the color was unchanged or changed from reddish to blue.
The optimum concentration of mAbs added was 130% of the lowest
concentration needed for labeling. One hundred microliters of mAbs
at the optimum concentration were then added to each tube and
mixed. After 5min, 100 puL of a 10% NaCl solution was added to the
mixture. After 2h, the color of the solution was observed. The
optimum pH of the colloidal gold solution was the minimum pH at
which the solution remained reddish.

To conjugate anti-BPV mAbs with colloidal gold, the optimum
concentration of mAbs which determined by the above method was
rapidly added to 20 mL of the colloidal gold solution and incubated
for 30 min after rapid stirring. The mixture was then stabilized with a
5% BSA solution (the final concentration of BSA was 1%) and stirred
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for 30 min. After incubation for 1 h, the supernatant was discarded via
centrifugation at 10,000 x g for 30 min at 4°C. Twenty milliliters of a
2% BSA solution (containing 0.01 M sodium borate) was then used to
resuspend the precipitate, which was centrifuged again at 10,000 x g
for 30 min at 4°C to clean off the unlabeled mAbs. Finally, 4mL of a
TB solution (containing 3% sucrose, 3% BSA, 0.05% sodium azide,
and 0.01 M sodium borate) was used to resuspend the precipitate. The
solution of colloidal gold-labeled mAbs was stored at 4°C. The
conjugation of colloidal gold with mAbs was confirmed using UV-
visible (UV/Vis) spectroscopy (Ultropec 2100 pro UV; Amersham
Pharmacia, Sydney). The gold-labeled mAb solutions were stored at
4°C until use.

2.8. Preparation of colloidal gold and
enzyme-labeled antibody conjugates

Horseradish peroxidase was used as the labeling enzyme.
HRP-labeled mAbs were prepared by diluting the mAbs to 1 mg/mL
following the instructions of an antibody-conjugated HRP kit (Abcam,
Shanghai, China). ELISA was used to identify the effect of antibody
conjugation with HRP. Briefly, the plates were coated with BPYV,
incubated overnight at 4°C, and blocked with PBS containing 2%
BSA. Then, 100 pL of a 1:100 dilution of the enzyme was added to label
the mAbs, which were incubated for 1.5h at 37°C. After washing,
100l diluted HRP-labeled goat anti-mouse secondary antibodies
(Sigma-Aldrich, United States) were added to the plates and incubated
at 37°C for 1.5h. The plates were washed by deionized water and
100 pL of 3,3’,5,5"-tetramethylbenzidine (TMB) color development
solution (Sigma) was added. After incubating at 37°C in the dark for
10 min, 50 pL of a 10% of sulfuric acid was added, and the absorbance
was measured at 490 nm using a microplate reader.

Complexes of enzyme-labeled mAbs conjugated with colloidal
gold were prepared according to a previous method (Shukla et al.,
2011). The prepared HRP enzyme-labeled mAbs were conjugated with
colloidal gold particles under the same conditions as previously
described, which was placed in the conjugate pad. The conjugation of
colloidal gold with mAbs was examined using UV/Vis spectroscopy.

2.9. Optimizing the reaction reagents

It is necessary to optimize the reaction reagents to improve the
performance of signal-enhanced test strips. Here, 0.01 M phosphate
buffer (PB, containing 0.6% NaH,PO,2H,0 and 2.2%
Na,HPO,-12H,0), PBS, and 20mM Tris-Cl were used as coating
solutions to treat the antibodies. Control and test lines were used to
analyze the effects of these coating solutions. Moreover, 3% BSA, 5%
BSA, 3% skim milk, and 5% skim milk were used as blocking
solutions, respectively. The background color and sample
chromatography time were determined to analyze the effects of
blocking. The sample pads were soaked in solution A (0.05% Tween-
20, 5% sucrose, 0.3% Triton X-100, and 1% BSA), solution B (0.05%
Tween-20, 5% sucrose, 0.5% Triton X-100, and 0.5% BSA), solution C
(5% sucrose, 0.3% Triton X-100, and 1% BSA), and solution D (5%
sucrose, 0.5% Triton X-100, and 0.5% BSA) at 25°C for 30 min.
Afterward, the sample pads were dried at 37°C for 3h and stored at

room temperature. Test lines were used to analyze the effects of the
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FIGURE 1
Structure chart of colloidal gold immunochromatographic (GICG) strip. (A) The test result is positive when both the test line and the control line are
red. (B) When only the control line is red, the test result is negative. (C) The test result is invalid when there is no strip color. (D) The detection result is
invalid only when the test line is red

different treatment solutions. The detection procedure was as follows.
First, 50 uL of a sample was added to the sample pad. TMB substrate
was added to the sample pad, and the NC membranes were rinsed
with deionized water. After 10 min, the result was judged using the
naked eye. If the sample contained detectable particles, they formed
complexes with the enzyme-labeled mAbs conjugated with colloidal
gold. If the test line showed a weak color or color, the test result was
weakly positive or positive, respectively. If the sample did not contain
detectable particles, the test line would be colorless, indicating that the
test result was negative. The color of the control line was used as a
standard to evaluate whether the prepared strip was valid (color) or
invalid (colorless; Figure 1). The goat anti-mouse IgG with a
concentration of 1 mg/mL g was coated on the control line. The mAb
in the conjugate pad bound with the colloidal gold and HRP conjugate
to color the control line during testing.

2.10. Sensitivity and specificity of the
prepared signal-enhanced test strips

Under the optimized conditions, enzyme-labeled signal-enhanced
test strips and conventional test strips without enzyme labeling were
prepared simultaneously. The sensitivity of the two test strips was also
tested. Samples containing different concentrations of BPV (10°
TCIDs,/0.1 mL) were diluted in a series of 1, 1:10, 1:100, 1:1,000, and
1:10,000. The sensitivity of the signal-enhanced test strip was evaluated
by detecting BPV at different concentrations, and the results were
evaluated using the naked eye. The procedure was repeated thrice.

The specificity test was conducted with standard negative samples,
standard positive samples, and samples containing bovine rotavirus
(BRV), bovine viral diarrhea virus (BVDV), or bovine respiratory
syncytial virus (BRSV) under optimized conditions to evaluate the
specificity of the signal-enhanced test strip. Briefly, 50 pL of the
samples were added to the sample pad and the results were observed
after 10 min using the naked eye. The procedure was repeated thrice.

Frontiers in Microbiology

2.11. Detection of clinical samples

A total of 280 fecal samples from different farms where diarrheal
disease occurred (Jilin Province, Liaoning Province, and Heilongjiang
Province in China) were collected, placed in sterile polyethylene tubes,
numbered, and transported to the laboratory using a car freezer (4°C).
The fecal sample of 2 g was dissolved in 0.5mL of sterile PBS solution,
which was centrifuged for 10min at 1,000r/min, and then the
supernatant was dropped in the sample hole of the developed strip. The
results were observed after 10 min using the naked eye. The samples
were then analyzed via PCR, conventional strip test, and the developed
strips. We use a DNA extraction kit (Sigma-Aldrich, United States) to
extract DNA from fecal samples. Specific primers were designed based
on the conserved regions of the BPV VP2 gene in GenBank. The
primers for PCR were designed using the Oligo6.0 software based on
the conserved regions of VP2 gene. The amplicon sizes were 206 bp.
The forward primer sequence is 5-GCTGGCACTGCCGGGT-3’, and
the reverse primer sequence is 5’-CTCCCTCTATTCCTCGGCTCT-3".
The reaction conditions were as follows: 95°C for 5min followed by
30cycles of 94°C for 305, 45°C for 30, and 72°C for 30s and a final
extension at 72°C for 10 min. Products were visualized on 2% agarose
gels. The detection results of the signal-enhanced test strips were
compared with those obtained using PCR.

3. Results

3.1. Quality evaluation of purified
polyclonal antibodies and monoclonal
antibodies

Mouse sera were collected 7 days after the last immunization.
After purification using standard ammonium sulfate precipitation,
aliquots were analyzed via SDS-PAGE. The results showed that the
IgG protein was effectively purified. The light and heavy chains of
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FIGURE 2

SDS-PAGE analysis of purified antibodies. (A) SDS-PAGE analysis of purified pAbs. Lane M: standard protein marker; Lane 1: unpurified pAbs; Lane 2:
purified pAbs. The IgG protein was purified effectively. The light chain and heavy chain of IgG were clear and visible, and the sizes of them were 54 and
24kDa, respectively. (B) SDS-PAGE analysis of purified mAbs. Lane M: standard protein marker; Lane 1: unpurified mAbs; Lane 2: purified mAbs; the
mAbs were purified effectively. The light chain and heavy chain were clear and visible, and the sizes of them were 55 and 25kDa, respectively.

FIGURE 3

as primary antibody.

The indirect immunofluorescence identification results of antibodies were observed by fluorescence microscope. (A) BPV polyclonal antibody as
primary antibody; (B) negative serum for primary antibody; (C) BPV monoclonal antibody as primary antibody; and (D) SP2/0 cell culture supernatant

IgG were both clear and visible ( ). The purified BPV pAbs
were identified using IFA ( ). The results showed that green
fluorescence could be detected in cells treated with BPV pAbs
( ), while no fluorescence was observed in the negative

Frontiers in

control ( ). The protein concentration was measured to

be 10.52 mg/mL using a trace protein concentration meter. The
pAbs against BPV was coated on the test line as a capture antibody.
The pAbs coated on the test line was 10.52 mg/mL.



https://doi.org/10.3389/fmicb.2023.1174737
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Yuetal. 10.3389/fmicb.2023.1174737
1.2 .
.. ® Y le s 7
0 e . . .
1.0 2 . . . °
L) ° “ =
. o
. * .
0.8 . o . : v
E o o X ® .' . .
K L » . o 7 -
2 0.6 . Sl e N
g s i s . s . L4
0.4+ . . PRl ”*
- Y ) e .
. L SR . .. %
0.2 B o . -
o ° . P
. . .
: 3 . .
0.0- & e L S T
lgG1 1gG2a IgG2b 1gG3  IgA IgM R ————— e
FIGURE 4 FIGURE 6
Subclass determination of the monoclonal antibody cells. The results Transmission electron microscopy image of gold nanoparticles.
showed that the subtype of monoclonal antibody was IgG2b Transmission electron microscope observation showed that particles
subtype. had varying sizes and shapes with an average diameter of 25-15nm.
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FIGURE 5

The identification of mAbs by Western blot. M: Protein molecular
weight marker; 1: Negative control; 2: Purified BPV.

The purified mAbs were further analyzed using SDS-PAGE and
IFA. The results showed that mAbs were effectively purified as both
light and heavy chains were clear and visible (Figure 2B). The purified
BPV mAbs were further evaluated using IFA. Specific green
fluorescence was observed in cells treated with mAbs (Figure 3C),
while no fluorescence was observed in the negative control
(Figure 3D). The protein concentration was determined to be 3.12mg/
mL as measured using a trace protein concentration meter. The results
showed that the subtype of mAbs was IgG2b (Figure 4). Western blot
analysis showed that the band size was about 61kDa, which was
consistent with the size of the VP2 protein of BPV (Figure 5).

3.2. Characterization of colloidal gold
particles

The results showed that the prepared colloidal gold particles were
well-dispersed and uniform in size (Figure 6). Colloidal gold particles
were spherical, with an average diameter of 18.8-22.5nm. No
aggregation of colloidal gold particles occurred, indicating that
colloidal gold particles were stable in the solution. Colloidal gold
particles exhibited good stability, and no precipitation occurred within
2months. The absorption peak was at 520 nm according to the UV/
Vis spectra because of the surface resonance of the colloidal gold
particles. The peak width was narrow (Figure 7), meeting the standard
for using colloidal gold as a probe.
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3.3. Optimization and characterization of
antibody-gold conjugates

The optimum pH value of the colloidal gold solution was the
minimum pH value at which the solution remained reddish, which
was 8.5 (Figure 8A). At pH 8.5, the optimum concentration of the
purified antibody was determined. The result showed that the
minimum concentration of purified mAbs to maintain the reddish
color of the solution was 39.06 ug/mL (Figure 8B). The optimum
concentration of mAbs to be added was 130% of this minimum to
stabilize the solution. Hence, the optimum concentration of purified
mAbs for conjugation was 50.78 pg/mL.

3.4. Characterization of colloidal gold and
enzyme-labeled antibody conjugates

Horseradish peroxidase-labeled mAbs against BPV were detected
via direct ELISA, and their OD,;s, values were determined (Figure 9).
The results showed that HRP-labeled BPV mAbs were successfully
prepared. Similarly, the UV/Vis absorption peak was at 520 nm because
of the surface resonance of the colloidal gold particles (Figure 10).

3.5. Optimization of reaction reagents

According to the hybridization method mentioned above, the
results showed that 0.01 M PB was the most effective coating solution in
treating antibodies. The bands of the control line and the test line were
more clearly visible after treating the antibodies with 0.0l MPB
(Figure 11A). Furthermore, 3% BSA, 5% BSA, 3% skim milk, and 5%
skim milk solution were used as blocking solutions (Figure 11B). The
background was lighter when 3% BSA and 5% BSA solutions were used
for blocking compared to the other solutions. Furthermore, the blocking
time was shorter when using 3% BSA compared to 5% BSA, which was
more suitable for rapid testing. The sample pads were soaked in different
treatment solutions. The results showed that the test line was most
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UV-visible spectra of mAbs labeled colloidal gold particles. The peak of the colloidal gold curve was at 520nm due to surface resonance of the
colloidal gold particles. The peak width was narrow and met the standard of colloidal gold to use as probes.
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FIGURE 8

The optional pH of colloidal gold in labeling. (A) The colloidal gold
solution was added into different tubes (1,000pL/tube) and the pH
values of the colloidal gold solution were adjusted to (1) 7.0, (2) 7.5,
(3) 8.0, (4) 8.5, (5) 9.0, (6) 9.5, and (7) 10.0 with 0.2M K2CO3,
respectively. (8) Colloid gold solution without pH adjustment. (B) The
optimum amount of gold-labeled antibodies. (1) Colloid gold
solution. The 1ImL of colloidal gold solution was added quickly into
100pL of (2) 312.5pg/mL, (3) 156.25ug/mL, (4) 78.13pg/mL, (5)
39.06pg/mL, (6) 19.53ug/mL, (7) 9.77pg/mL, and (8) Opug/mL of mAbs,
respectively.

clearly visible when the sample pad was soaked in solution A (0.05%
Tween-20, 5% sucrose, 0.3% Triton X-100, and 1% BSA; Figure 11C).
Based on these results, solution A was used to soak the sample pads.

3.6. Sensitivity and specificity evaluation

After preparing the conventional test strips, the sensitivity test
results showed that the minimum amount of BPV they detected was
approximately 10° TCIDs, (Figure 12A). In contrast, the sensitivity test
results of the signal-enhanced test strips showed that the minimum

Frontiers in Microbiology

oo Monoclonal antibody-HRP of BPV

= Negative control

0D450nm
)
i

BT cell supernatant

FIGURE 9
Identification of HRP labeled mAbs against BPV by direct ELISA.

amount of BPV they detected was approximately 10> TCIDs,
(Figure 12B). These results indicate that the sensitivity of the signal-
enhanced test strip was 10 times higher than that of an conventional
test strip.

The specificity test results showed no cross-reaction when
detecting BRV, BVDYV, and BRSV using signal-enhanced test strips,
showing good specificity (Figure 13). These results suggest that the
signal-enhanced test strips showed good reactivity and specificity in
detecting BPV.

3.7. Clinical sample testing
Two hundred and eighty fecal samples were collected from

different farms (Jilin, Liaoning, and Heilongjiang provinces).
Each sample was detected using the signal-enhanced GICG strip
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FIGURE 10
UV-visible spectra of conjugate of mAbs with HRP labeled colloidal gold particles. The peak of the colloidal gold curve was at 520nm due to surface
resonance of the colloidal gold particles. The peak width was narrow and met the standard of colloidal gold to use as probes.
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FIGURE 11

Optimization of reaction reagents. (A) Different coating solutions were used to treat the antibodies. (1) 0.01MPB; (2) PBS, and (3) 20mM Tris-Clin
treating the antibodies. (B) Different blocking solution. (1) 3% BSA; (2) 5% BSA; (3) 3% skim milk, and (d) 5% skim milk. (C) The sample pads were soaked
in different solutions, respectively. (1) Containing 0.05% Tween-20, 5% sucrose, 0.3% Triton X-100, and 1% BSA; (2) containing 0.05% Tween-20, 5%
sucrose, 0.5% Triton X-100, and 0.5% BSA; (3) containing 5% sucrose, 0.3% Triton X-100, and 1% BSA; (4) containing 5% sucrose, 0.5% Triton X-100, and
0.5% BSA.
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Sensitivity of enzyme-labeled signal-enhanced test strips.

(A) Sensitivity of traditional GICG test strip. (B) Sensitivity of signal
enhanced GICG test strip. BPV of 10° TCIDs,/0.1ml was diluted in (1)
1, (2) 10, (3) 100, (4) 1000 and (5) 10000 fold, respectively.
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FIGURE 13

Results of specificity test of enzyme-labeled signal-enhanced test
strips. (1) BPV; (2) BRV; (3) BVDV; (4) BRSV; (5) BT cell culture; (6) PB
buffer solution.

(Figure 14A) and PCR (Figure 14B). Fourteen positive samples
were detected using the signal-enhanced GICG strip. Twelve
positive samples were detected using the conventional GICG
strip, while 16 positive samples were detected by PCR. The test
results for the signal-enhanced GICG strip and PCR were then
compared (Table 1), showing that the concordance rate between
the signal-enhanced GICG strip and PCR was 99.29%.The test
results for the conventional GICG strip and PCR were then
compared (Table 1), showing that the concordance rate between
the conventional GICG strip and PCR was 98.57%. These results
indicate that the sensitivity of the signal-enhanced test strip was
higher than that of an conventional test strip.
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4. Discussion

Bovine parvovirus infections can cause abortions in pregnant
cows and affect herd reproduction rates (Barnes et al., 1982).
Calves infected with BPV show respiratory and digestive symptoms
such as dyspnea, cough, and diarrhea. After pathological
examination of their respiratory and digestive tracts, lesions of
different degrees were observed. BPV infection can be transmitted
vertically and horizontally. Pregnant cows can directly infect fetal
cattle during pregnancy (Liggitt et al., 1982). The seroprevalence
of BPV in cattle herds is high owing to multiple transmission
routes. Moreover, the initial clinical signs are not obvious as
recessive infections (Storz et al., 1978), making early diagnosis and
prevention difficult.

Some etiological and serological techniques have been developed
for detecting BPV infections, such as virus isolation and identification,
electron microscopy, PCR, fluorescence quantitative PCR (FQ-PCR),
serum neutralization tests, IFA, and ELISA. Most of these methods
need to be performed in the laboratory and require technicians or
special instruments (Mengeling et al., 1986; Joon et al., 2019; Wang
etal, 2019b). Therefore, these methods are unsuitable for field testing.

As a rapid and simple detection method, GICG technology has
been increasingly used to detect various infectious pathogens (Song
etal,,2016; Yuetal, 2019). BPV-infected cattle can shed viral particles
in their feces; therefore, it is possible to detect antigens in fecal
samples. In the present study, we developed a signal-enhanced GICG
containing mAbs and pAbs against BPV to detect fecal antigens.
Colloidal gold particles can initially adsorb protein antibodies (Pollitt
et al., 2015). Many studies have shown that colloidal gold particles
approximately 20nm in diameter are suitable for mAb labeling.
Hence, colloidal gold particles of approximately 20nm in diameter
were prepared in this study, which were dispersed and uniform in size.
The dispersed colloidal gold particles flowed easily through the
membrane. Moreover, the prepared colloidal gold particles had good
stability, and no precipitation occurred within 2 months. The reaction
conditions of the immunochromatographic test strip are important
parameters affecting its quality (Ge et al., 2018; Li et al., 2020). Here,
we optimized different reaction conditions, including the amount of
mAbs, pH of the colloidal gold solution, coating solution, blocking
solution, sample pad treatment solution, antibody concentration in
the control line, and antibody concentration in the detection line. The
method we developed is based on the double-antibody sandwich
ELISA principle. Polyclonal antibodies, as capture antibodies, can
recognize a variety of antigen epitopes. The mAbs against BPV are
conjugated to HRP as the detection antibody, which can amplify the
detection signal.

Most GICG tools for pathogen detection are based on the
generation of color signals from colloidal gold tracers that are visible
to the naked eye. These methods often exhibit low sensitivity. New
materials have been introduced to improve the sensitivity of these test
strips. Parolo et al. (2013) developed a GICG with a detection
antibody modified with HRP, which amplified the detection signal.
Cho et al. (2015) developed an enhanced enzyme-labeled GICG
system. The detection limit of this system for Escherichia coli O157:H7
was 100 CFU/mL, which increased approximately 1,000-fold due to
signal amplification (Cho et al., 2015). In this study, enzyme-labeled
mAbs were used instead of mAbs on the test line to improve the
sensitivity of the strip test. We used mAbs and enzyme-labeled mAbs
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FIGURE 14
Clinical sample test results. (A) Positive sample test results of enzyme-labeled signal-enhanced test strips. N: Negative control; 1: Heilongjiang No.10;
2: Heilongjiang No.41; 3: Heilongjiang No.36; 4: Heilongjiang No.52; 5: Heilongjiang No.6; 6: Heilongjiang No.5; 7: Heilongjiang No.66; 8: Heilongjiang
No.50; 9: Neimenggu No. 36; 10: Jilin No.8; 11: Jilin No.6; 12: Jilin No.22; 13: Heilongjiang No.235; 14: Heilongjiang No.231; and 15: Positive control.
(B) The detection result of positive samples by PCR. M: DNA Marker; 1: Positive control; 2: Heilongjiang No.41; 3: Heilongjiang No.61; 4: Heilongjiang
No.36; 5: Heilongjiang No.52; 6: Heilongjiang No.6; 7: Heilongjiang No.5; 8: Heilongjiang No.3; 9: Heilongjiang No. 66; 10: Heilongjiang No.50; 11:
Neimenggu No.36. 12: Jilin No.8. 13: Jilin No.6. 14: Heilongjiang No.10; 15: Jilin No.22; 16: Heilongjiang No.235; 17: Heilongjiang No.231; and 18:
Negative control. (C) Positive sample test results of enzyme-labeled signal-enhanced test strips. N: Negative control; 1: Heilongjiang No.10; 2:
Heilongjiang No.41; 3: Heilongjiang No.36; 4: Heilongjiang No.52; 5: Heilongjiang No.6; 6: Heilongjiang No.5; 7: Heilongjiang No.66; 8: Heilongjiang
No.50; 9: Neimenggu No. 36; 10: Jilin No.8; 11: Jilin No.6; 12: Jilin No.22; 13: Heilongjiang No.235; 14: Heilongjiang No.231; and 15: Positive control.

TABLE 1 Test results of clinical samples by signal-enhanced GICG strips and PCR.

Negative samples

Compliance rate

Detection result Hos iR Pl

Number of : of signal compliance rate of conformity rate of
Test method (negative/ . .
samples Sl enhanced GICG signal enhanced signal enhanced
P strip GICG strip GICG strip
The signal enhanced GICG strip 280 266/14
PCR 280 264/16 99.29% 87.5% 100%
The conventional GICG strip 280 268/12 99.29% 85.71% 100%

to prepare the signal-enhanced colloidal gold test strips. The limit of
detection for BPV was 10> TCID,,/0.1 mL using the developed test
strip. These results indicate that the sensitivity of the signal-enhanced
test strip was 10 times higher than that of an ordinary test strip. TMB
was used as an insoluble blue-violet chromogen, which was deposited
in the control and test lines. The TMB introduced in this test did not
require the use of a professional luminescence analyzer, and the
improvement in sensitivity could be observed with the naked eye.

Frontiers in Microbiology

The validation assay revealed that the prepared test strip showed high
specificity and no cross-reactivity with other clinical pathogens. To detect
clinical samples, we compared the results of the test strip and PCR. The
two methods showed good correspondence. Moreover, the test strips
exhibited good specificity. Although PCR has a higher sensitivity and
lower detection limit, the test strip is both simple and rapid. Unlike
methods, colloidal gold-based
immunochromatographic strips can be easily used without special

conventional detection
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equipment and only require simple visual judgment. Therefore, the
colloidal gold immunochromatographic method established in this study
not only improves the sensitivity of test strips but also does not require
special detection instruments for diagnosing BPV infections. In the
future, the GICG strip developed in this study may be more suitable for
practical production, particularly for large-scale field analyses.
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Introduction: Homologous recombination is an effective way to generate
recombinant viruses for vaccine research such as pseudorabies virus (PRV) and
adenovirus. Its efficiency can be affected by the integrity of viral genome and the
linearization sites.

Methods: In the study, we described a simple approach to isolate the viral DNA
with high genomic integrity for large DNA viruses and a time-saving method
to generate recombinant PRVs. Several cleavage sites in the PRV genome were
investigated by using the EGFP as a reporter gene for identification of PRV
recombination.

Results: Our study showed that cleavage sites of Xbal and Avrll are ideal for
PRV recombination which showed higher recombinant efficiency than others. The
recombinant PRV-EGFP virus can be easily plaque purified in 1-2 weeks after the
transfection. By using PRV-EGFP virus as the template and Xbal as the linearizing
enzyme, we successfully constructed the PRV-PCV2d_ORF2 recombiant virus
within a short period by simply transfecting the linearized PRV-EGFP genome
and PCV2d_ORF2 donor vector into BHK-21 cells. This easy and efficient method
for producing recombinant PRV might be adapted in other DNA viruses for the
generation of recombinant viruses.

KEYWORDS

pseudorabies virus, homologous recombination, linearization, efficient, PCV2d

Introduction

Pseudorabies virus (PRV) is a causative agent of Aujeszky’s disease or pseudorabies that
can cause reproductive failure characterized by abortion, embryonic death, mummification,
and stillbirths. It also causes central nervous system problems, respiratory distress,
and weight loss in pigs (Card et al., 1995; Guerin and Pozzi, 2005; Yin et al., 2012;
Deng et al., 2022; Zheng et al., 2022). The virus belongs to the Herpesviridae family
and has a double-stranded linear DNA genome. The genome of PRV is approximately
141-145kb long which encodes at least 70 different proteins. A total of 11 different
envelope glycoproteins of PRV have been identified, namely, gB, gC, gD, gE, gG, gH,
gl, gK, gL, gM, and gN (Dietz et al, 2000; Klupp et al., 2004). The glycoproteins gB
gD, gH, gL, and gK were identified as the essential proteins of PRV that are necessary
for virus attachment to the host cell surface. The other glycoproteins such as gC, gE,
¢G, gl, gM, and gN are considered non-essential for viral entry and replication in
which foreign genes can be inserted stably (Schmidt et al., 2001; Vallbracht et al., 2018).
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It has been reported how attenuated PRV can be a useful vector
to develop recombinant vaccines for protection against both
pseudorabies and other diseases (Thomsen et al., 1987; Freuling
etal., 2017; Feng et al., 2020; Tong et al., 2020; Zheng et al., 2020).
PRV Bartha-K61 is an attenuated PRV vaccine strain in which
complete gE and partial gl genes have been deleted. The vaccine
strain was developed in Hungary and produced by extensive
passage in vitro. It can grow well in pig kidney cells (PK-15
cells), baby hamster kidney fibroblast cells (BHK-21 cells), chicken
eggs, and chicken embryo fibroblast cells (CEF cells) (Dong et al.,
2014). As a marker vaccine, the Bartha-K61 vaccine has played a
significant role in the prevention of PRV and differential diagnosis
of wild-type viruses from vaccine strain due to its safety and
immunogenicity in pig vaccination (An et al., 2013; Wang et al,,
2014; Delva et al., 2020). It is still widely used in many countries,
including China. To date, there are several ways to generate
recombinant PRV, co-transfection of plasmid DNA containing
homologous arms and virus or viral genome directly (Tong et al.,
2020; Zheng et al., 2020; Tan et al,, 2022) and CRISPR/Cas9-
mediated homologous recombination (Tang et al., 2016; Feng
et al., 2020). Although conventional homologous recombination
methods provide a convenient way to produce recombinant
viruses and recombinant vaccines, the efficiency of recombination
including the plaque purification of the recombinant virus requires
several rounds of screening and will likely consume valuable time.
In the present study, we described an easy and efficient method
for the isolation of PRV genome DNA intact and the construction
of recombinant PRV Bartha-K61 virus.
application of the established method, the capsid protein gene

To demonstrate the

(ORF2) of PCV2d (a variant strain of porcine circovirus type 2,
characterized by severe respiratory disease complex in pigs, which
has become a predominant genotype circulating in swine herds in
many countries) was amplified and inserted into the genome of
PRV Bartha-K61.

Materials and methods

Cells and virus

PK-15 and BHK-21 cells were purchased from the American
Type Culture Collection (ATCC, VA, United States) and cultured
in Minimum Essential Medium (MEM; Gibco, MA, United States)
or Dulbecco’s modified Eagle’s medium (DMEM; Gibco, MA,
United States), supplemented with 10% fetal bovine serum
(FBS; Atlanta Biologicals, GA, United States) and 1x antibiotic-
antimycotic (Gibco, MA, United States) at 37 °C within a 5% CO;
incubator. PRV Bartha-K61 strain was kindly provided by Professor
Enquist (Princeton University). It was propagated in PK-15 cells
and kept in liquid nitrogen until use.

Extraction of viral DNA

To obtain a complete viral genome, PK-15 cells were plated
in a T75-mm flask at a concentration of 5 x 10° cells/flask and
grown overnight to a confluence of 80-90%. The growth medium
was replaced with 12ml of fresh maintenance medium (MEM
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containing 2% FBS), and the cells were infected with PRV at
a multiplicity of infection (MOI) of 0.5 PFU/cell. At 24h post-
infection, the culture medium was removed, and the cells were
washed three times with 10 mL phosphate buffered saline (PBS).
An additional 5mL of PBS was added to the flask, and the cells
were scraped into a 15-ml tube. After centrifugation at 2,000 x g for
20 min at 4°C, the cell pellet was resuspended in 1 ml lysis buffer
solution (0.5% SDS, 10 mmol/L Tris-HCl pH 7.8, 5 mmol/L EDTA,
10 pg/ml RNase, and 50 pg/ml proteinase K) and incubated at 37°C
in a water bath for 2-3 h. After centrifugation at 2,000 x g for 20 min
at 4°C, the supernatant was collected in a new tube. The viral
DNA in the supernatant was extracted with equal volumes of the
UltraPure™ phenol:chloroform:isoamyl alcohol solution (25:24:1,
v/v/v, Thermo Fisher Scientific, MA, United States) three times.
The clear upper phase was transferred to a new 5-mL tube. In total,
2 volumes of ice-cold 100% ethanol and 1/10 volume of 3M sodium
acetate (NaAc) at pH 5.2 were added to the tube, which was mixed
by inverting the tube gently 8-10 times. The tube was then placed
on ice for 10 min to separate the genomic DNA. A white floccule
was obviously observed in the tube, which was the viral DNA. We
carefully took the DNA using a sterile pipette tip or disposable
inoculation loop and blotted the excess liquid, allowing it to dry for
5-10 min at room temperature. The viral DNA was resuspended in
200-500 1l TE buffer and maintained at 4°C for later use.

Construction of plasmids

The pUC-gG-MCS (pUG) vector was constructed by Jens
B. Bosse (Professor Enquist Lab, Princeton University). It was
derived from pUC57 plasmid by inserting 850 bp of homology
into the surroundings of the PstI site in the gG gene locus of
the PRV Becker strain. For convenient insertion of exogenous
genes, a pCMV-IE-MCS-SV40pA cassette was inserted between
the two recombinant arms (Figure 1A). To verify the recombinant
plasmid system and facilitate plaque visualization, the EGFP gene
was cloned into pUG between the restriction sites of Agel and
Kpnl to generate the plasmid pUG-EGFP. To further confirm the
system and generate the recombinant virus, another plasmid pUG-
PCV2d_ORF2 holding the PCV2d ORF2 gene was constructed.
The PCV2d ORF2 gene was inserted into the same sites as the
EGFP gene.

Generation of recombinant virus

To investigate the efficiency of generation recombinant viruses
and the chances of productive integration, different restriction
enzymes were used to linearize the viral DNA according
to the analysis of the viral genome (Figure 1B). Six groups
with different transfection strategies were compared separately
(Table 1). All linearized viral DNA and plasmids were precipitated
with ethanol/NaAc as per the above description before the
transfection step.

For transfection, BHK-21 cells were seeded into 6-well plates
at 5 x 10° cells/well so that the monolayers could be 80-90%
confluent on the following day. In total, 3 pg of digested plasmid

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1206021
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Ren et al.

10.3389/fmicb.2023.1206021

A
pUC-gG-PCV2d-ORF2
4922 bp
Sv40 pAl-
(3051) KpnI
(123,625) Avrll
9G hom 2
B Agel (2336) (116,437) EcoRV
(114,218) Avrll Xbal (128,031)
(0) Start  EcoRV (2134) AfIIT (58,569) (94,583) EcoRI‘ (109,812) Xbal End (137,764)
25,0007 50,0007 75,0007 100,0007 125,007
]
PRV Bartha
137,764 bp 96 hom 1
FIGURE 1
The map of the pUC-gG-MCS vector and the genome of PRV Bartha. (A) gG hom1 and gG hom?2 are the two recombinant arms in the gG locus of
PRV Becker. (B) Restriction enzyme analysis of the PRV Bartha genome, unique and dual cutters were listed and used in this study.

TABLE 1 Different groups of the transfection.

Linearization of viral DNA

Linearization of plasmid

Transfection complex mixture

A EcoRI HindIII Linearized viral DNA + linearized plasmid
B EcoRV HindIII Linearized viral DNA + linearized plasmid
C Xbal HindIII Linearized viral DNA + linearized plasmid
D AvrIl HindIII Linearized viral DNA + linearized plasmid
E Xbal - Linearized viral DNA + plasmid

F - HindIII Virus + linearized plasmid

Viral genomes and plasmids were treated or non-treated with different restriction enzymes.

pUG-EGFP was co-transfected with 1.5 ug of linearized PRV
genomic DNA using Lipofectamine 3000 (Thermo Fisher Scientific,
MA, United States), according to the manufacturer’s instructions.
Fluorescent EGFP and CPE of the cells were checked daily under a
fluorescent microscope with an objective lens of 20 x magnification.

Plaque purification

After 1 or 2 days of incubation at 37°C, the single plaques
were marked on the underside of the 6-well plate using a fine-tip
marker pen under a fluorescence microscope. For the generation
of the recombinant PRV, either viral plaques with fluorescence
were selected (PRV-EGFP) or viral plaques without fluorescence
signals were selected (PRV-PCV2d_ORF2). All marked plaques
were picked separately from a 1.5-ml tube containing 200 pl
DMEM using a sterile Pasteur pipette, and then the viral plaques
were labeled and stored at —80 °C as stocks for the next passage.
After 2 to 3 rounds of plaque purification, the selected plaques were
passaged on PK-15 cells, and the cultured recombinant viruses were
subjected to further analysis.

Frontiersin Microbiology

RT-PCR

Total cellular RNA of different plaque isolates was extracted
using the commercially available viral nucleic acid extraction kit
(IBI Scientific, IA, United States). The first-strand cDNA was
prepared using a ProtoScript™ first strand cDNA synthesis kit
(New England Biolabs, MA, United States), according to the
manufacturer’s instructions. To confirm the recombinant virus
PRV-PCV2d_OREF?2, the inserted fragment of ORF2 was verified
using PCR with the PCV2d OREF2 special primers (Forward
primer: 5'-ACCGGTGCCACCATGACGTATCCAAGGAGGCG-3/,
reverse primers 5'-GGTACCTCACTTAGGGTTAAGTGGGG-3').

Immunofluorescence assay

PK-15 cells were dispensed into a 96-well plate and infected
with PRV-PCV2d_ORF2 at an MOI of 1 in a final volume of 200
pl for 24 h. The cells were washed three times with PBS and fixed in
cold methanol for 20 min at —20 °C. After fixation, the cells were
permeated with 0.1% Triton X-100 at room temperature for 15 min
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and incubated with 5% FBS for 1h at 37 °C. The cells were then
incubated with anti-PCV2 capsid MAb (RTI, PA, United States)
for 2h at 4°C. After three washes with PBS, the cells were
subjected to immunofluorescence staining with Alexa Fluor 488
goat anti-mouse IgG secondary antibody (Thermo Fisher Scientific,
MA, United States) for 1h at room temperature. Following three
washes with PBS, the fluorescence signal was detected under a
fluorescent microscope.

Western blot

PK-15 cells were inoculated with PRV-PCV2d_ORF2 for
24h in a 6-well plate. Cell lysates were separated using SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) with a gradient
concentration of acrylamide (12%) followed by transfer onto
nitrocellulose membranes. The membrane was blocked with 5%
non-fat milk in PBS for 1h and incubated with a mouse anti-
PCV2 capsid MAb (RTI, PA, United States) overnight at 4°C.
The following day, the membrane was incubated with a solution
of horseradish peroxidase-conjugated rabbit anti-mouse IgG
(Thermo Fisher Scientific, MA, United States) in PBS containing
1% non-fat milk for 1 h at room temperature. After incubation with
SuperSignal West Pico chemiluminescent substrate (Thermo Fisher
Scientific, MA, United States) for 5min, the blots were analyzed
with an imaging system.

Results

Generation of recombinant virus PRV-EGFP

Viral DNA was extracted from PRV Bartha-Ké1 strain-infected
PK-15 cells. To facilitate plaque visualization, we cloned the EGFP
gene into the pUC-gG-MCS (pUG) vector between the restriction
sites of Agel and Kpnl to generate the plasmid pUG-EGFP. Co-
transfection of the Xbal/AvrlI linearized viral DNA and HindIII
linearized pUG-EGFP into BHK-21 cells can produce obvious CPE
and fluorescence signal at 24 h post-transfection (Figure 2G). The
plaque purification of the recombinant viruses can be performed
directly after the transfection. After two or three rounds of plaque
picking, we successfully obtained the recombinant virus PRV-
EGFP.

Selection of cleavage sites significantly
affects the efficiency of recombination

To investigate the impact of cleavage sites on the efficiency
of recombination, we linearized the viral DNA by different
restriction enzymes. Co-transfection of linearized viral DNA
with non-linearized plasmid pUG-EGFP caused an observable
EGFP signal after transfection (Figure 2E). However, most of
the fluorescence disappeared after the second round passage.
When co-transfecting linearized viral DNA with linearized plasmid
pUG-EGFP, expression of EGFP in cells can be observed in
the EcoRI or EcoRV-treated viral DNA group. However, CPE
or viral plaques were not easily detected after transfection
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(Figures 2A, B). Most interestingly, only the viral genome that
was digested by Xbal or AvrIl can cause obvious CPE and
plaques after co-transfection with the linearized plasmid pUG-
EGFP (Figures 2C, D). The recombinant efficiency of the Avrll-
treated viral genome is higher than that of the Xbal-treated viral
genome, which can produce more viral plaques. This indicates
that the closer the linearized incision is to the ends of the
recombination arm, the higher the recombination efficiency that
will be generated.

Generation of the recombinant virus
PRV-PCV2d_ORF2

The strategy to efficiently construct recombinant virus PRV-
PCV2d_ORF2 is using the genome of the PRV-EGFP virus as
the template and replacing the EGFP gene with PCV2d_ORF2
using the homologous recombination approach. We inserted the
PCV2d ORF2 gene into the vector pUG to generate plasmid
pUG-PCV2d_ORF2. As expected, plaques formed 24h post-
transfection by co-transfecting of Xbal-treated (compared with
Avrll, Xbal is an economical site) genome DNA of PRV-
EGFP virus and HindIII-treated plasmid pUG-PCV2d_ORF2 into
BHK-21 cells. After two rounds of viral plaque purification
(Figure 3A), the purified viruses without bring fluorescence
were passaged on PK-15 cells (Figure 3B). RT-PCR (Figure 3C),
sequencing, IFA, and Western blot (Figures 3D-F) results showed
that we successfully obtained the recombinant virus PRV-
PCV2d_ORF2.

Discussion

Homologous recombination is a type of genetic recombination
in which the genetic material of the virus, eukaryote, or
bacteria is exchanged naturally between two molecules of DNA
that contain similar recombinant arms. Over the past few
decades, it has been used extensively in the construction of
recombinant adeno-associated virus (Fisher et al., 1997; Jacob
et al, 2020), poxvirus (Fisher et al, 1997; Wryatt et al,
2015), and herpesvirus (Wilkinson and Weller, 2003; Boscheinen
et al, 2019). It is a powerful tool to precisely manipulate
the genome for producing a new gene or virus according
to the experimental need. There were a variety of ways to
produce recombinant PRV according to the previous reports
(Takashima et al., 2002; Lin et al., 2005; Lerma et al., 2016;
Tang et al, 2016). However, it is very time consuming to
generate recombinant PRVs by using the limited dilution method.
The strategy mentioned in this report, i.e., makes the plaque
purification possible by monitoring EGFP which can be replaced
in the future, significantly shortening the time for constructing
recombinant PRVs.

Previous studies have reported that linearizing viral DNA at the
desired insertion site before transfection can enforce homology-
directed repair (HDR) by recombination with the co-transfected
plasmids. To achieve this, a transfer virus expressing EGFP must
be generated first by co-transfecting plasmid with PRV or PRV
genome. Two unique restriction sites were designed and flanked
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FIGURE 2

Transfection results of different treated viral DNA and plasmids (200x). Co-transfection of EcoRlI-treated viral DNA + Hindlll-treated pUG-EGFP (A),
EcoRV-treated viral DNA + Hindlll-treated pUG-EGFP (B), Xbal-treated viral DNA+ Hindlll-treated pUG-EGFP (C), Avrll-treated viral DNA +
Hindlll-treated pUG-EGFP (D), Xbal-treated viral DNA + pUG-EGFP plasmid (E), and virus + Hindlll-treated pUG-EGFP (F) into BHK-21 cells,
respectively. At 24 h after transfection, the expression of EGFP was observed in each group, but virus plaques were detected only in groups C and D.
(G) The recombinant virus PRV-EGFP was obtained by plaque purification (200x).

on both sides of the EGFP-coding sequence, then the unique
restriction sites could be used between the plasmid expressing
a gene of interest and the PRV-EGFP genome (Klingbeil et al.,
2014). However, the step for preparing recombinant virus PRV-
EGFP may require several rounds and weeks of plaque purification
(Zhao et al, 2020). In recent years, the CRISPR/Cas9 system
has also been widely used in homology-directed repair (HDR),
this approach can be used to introduce desired sequences by
homologous recombination (Hirohata et al., 2019). Undeniably,
the CRISPR/Cas9 technology has emerged as a powerful tool
that enables ready modification of the mammalian genome and
accelerates biological and medical research in vivo. However, the
efficiencies of CRISPR/Cas9-mediated homologous recombination
are still limited by the sizes of targeted chromosomal regions
and donor DNAs. DNA repair may cause deletion, insertion
and mutation in CRISPR/Cas9 target sites for homologous
recombination, and to avoid this, sgRNA should be designed at
uncritical regions, such as introns (Zhang et al., 2020). In addition,
promiscuous cleavage of off-target sites remains a major concern
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in the application of the CRISPR/Cas9 technology (Lin et al., 20165
Rose et al.,, 2020). In this study, the viral DNA was digested with
restriction enzymes cleaving at one (EcoRI) or more sites (AvrIl,
EcoRYV, and Xbal) in the genome. After transfection, we can restore
the infectious full-length genome, which is quite efficient.

Previous studies have found that the topology of DNA can
affect transfection efficiency. Although linearized DNA may have
a lower efficiency of transfection compared with the circular DNA,
it can improve the efficiency of generating stable transfected cells
and enhance the recovery of recombinant viruses (Kitts et al,
1990; von Groll et al., 2006; Hsu and Uludag, 2008; Stuchbury and
Munch, 2010). The efficiency of the recombination was up to 10-
fold higher than that of co-transfections with circular DNA when
using linearized plasmids to produce recombinant baculovirus
(Kitts et al., 1990). However, the site of cleavage also played an
important role in both transient and stable transfection efficiency
(Stuchbury and Munch, 2010). In the present study, we compared
the effects of cleavage sites on recombination efficiency. The sites
of Xbal and Avrll were close to the recombinant arms and had
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FIGURE 3

Generation and identification of recombinant PRV-PCV2d_ORF2. The recombinant PRV-ORF2 was purified by plaque picking from BHK-21 cells
(200 x) (A), and the purified virus was then propagated in PK-15 cells (B). RT-PCR (C), IFA (D), and Western blot (F) were used to confirm the
expression of PCV2d capsid protein. Cells infected with PRV-PCV2d_ORF2 developed immunofluorescence and the expression of capsid protein
could be detected by PCV monoclonal antibody, and cells infected with Bartha did not show immunofluorescence (E).

86 bp pCMV-IE +705 bp

15 F

high recombination efficiency when using these sites to cut the viral
genome, which suggests that the closer to the recombinant arm,
the higher the obtained efficiency will be. The different outcomes
of transfection experiments with EcoRI, EcoRV, Xbal, and AvrII-
digested PRV DNA might be due to the different relevance of
the affected genome positions and their sensitivity to erroneous
NHE] (non-homologous end joining) repair. Xbal and AvrlI cut
sites within the inverted repeat regions (IR-S and TR-S) of the
genome and possibly correct repair of one copy might be sufficient
to restore infectivity.

Furthermore, the integrity of the viral genome is crucial for
producing recombinant viruses. We have tried multiple methods
to isolate the whole viral genome including commercially available
viral nucleic acid extraction kits (IBI Scientific, IA, United States)
and different ways to precipitate the virus particles including the
PEG precipitation. None of them was able to obtain an intact
viral DNA genome. The method described here was the most
convenient and did not require a special reagent or instrument.
We also provide insight that this method can be used for
adenovirus, poxvirus, and other herpesviruses for large viral DNA
genome isolation.
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Immune protection against avian
influenza infection
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Introduction: Prophylactic vaccination is regarded as the most effective means
to control avian flu infection. Currently, there is a need for a universal vaccine
that provides broad and long-lasting protection against influenza virus. Meanwhile,
although yeast-based vaccines have been used in clinic, studies are still required
to further understand the molecular mechanism of yeast-based vaccines under
physiological conditions.

Methods: We generated a yeast-based vaccine against influenza hemagglutinin
(HA) of H5, H7 and H9 using surface displaying technology and evaluated the
protective efficacy of chickens after exposure to HON2 influenza virus.

Results: Oral yeast vaccine provided less clinical syndrome, reduced viral
loading and alleviated airway damage significantly. Compared to the commercial
inactivated vaccine, yeast vaccine stimulated the activation of splenic NK and
APCs cells and boosted TLR7-IRF7-IFN signaling in spleen. Meanwhile, y8 T cells
in the bursa of Fabricius were activated and the innate lymphoid cells (ILCs) in
the bursa of Fabricius promoted the CILPs to differentiate to ILC3 cells in oral
yeast birds. Moreover, the reshaped gut microbiota and a suppressed Th17-1L17-
mediated inflammation in intestine was observed in oral yeast chickens, which
might facilitate the recovery of intestinal mucosal immunity upon virus infection.
Collectively, our findings suggest that oral yeast based multivalent bird flu vaccines
provide an attractive strategy to update host defense function via reshapes of
multi-systemic immune homeostasis.

KEYWORDS

avian influenza virus, Saccharomyces cerevisiae, innate immunity, vaccine, chicken

Introduction

Avian influenza virus (AIV) is an acute and highly contagious zoonotic pathogen that
poses a serious threat to public health and the poultry industry. Avian influenza virus
subtypes H5N8 and H7N9 are highly pathogenic avian influenza (HPAI) and can cause
severe mortality, while HON2 is a low pathogenic avian influenza (LPAI), which does the
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same. The first epidemic of HPAI occurred in Guangxi province
and quickly spread to 16 provinces of China in 2004, and it
resulted in great economic losses and was accompanied by a
high mortality rate from human influenza in China (Swayne
et al,, 2014; Chen et al.,, 2018). Vaccination is considered an
efficient strategy to control AIV infection, and massive vaccination
programs were launched to fight against bird flu infection since
then. Usually, combined H5N8, H7N9, and HIN2 inactivated
vaccines were widely used in poultry (Allen et al., 2019; Christensen
et al., 2019). However, the commercial inactivated influenza
vaccines offer little protection against pandemic influenza virus
strains (Bajic et al., 2019). Meanwhile, the vaccination procedures
of inactivated vaccines were time-consuming and relied on
hand labor.

Hemagglutinin protein (HA) of influenza A viruses, a
homotrimeric glycoprotein in architecture, is the only antigen
present on the viral surface and contains several glycosylation sites
(Bangaru et al., 2019; Vahey and Fletcher, 2019). Crystallographic
studies have shown that HA forms a trimer embedded on the
viral envelope surface, and each monomer consists of a globular
head (HA1) and a rod-like stalk region (HA2). Moreover, the latter
HAZ2 region is more conserved among different HA subtypes, and
it is considered the primary target for universal vaccines (Xuan
et al, 2011). Recombinant HA protein subunit vaccines were
evaluated for their safety and efficacy in humans and chickens
in previous studies (Wu et al., 2010; Kim et al., 2017; Lei et al,
2020). Several universal influenza vaccines including a limited
number of antigens that have epitopes that are conserved across
different influenza virus subtypes are in development to provide
protection against diverse influenza virus subtypes (Arevalo et al.,
2022). Continued efforts to further characterize the phenotype and
function of these vaccines will guide the development of more
effective vaccines, which provide long-lasting protective efficacy
against both seasonal and pandemic influenza viruses (Cho and
Wrammert, 2016).

Recently, gut microbiota (GM) modulation approaches are
considered one of the most promising strategies to improve
animal health and welfare in commercial poultry production. The
immune system of avian species, such as chickens, is thought
to be very different from mammalian species (Kaiser, 2010).
Unique features, such as cecum tonsils (the largest lymphoid
aggregates in the bird’s gut) and the bursa of Fabricius (a B-
cell powerhouse), both of which are located in the distal region
of the intestinal mucosa, make the avian gut-associated immune
system a very specific anatomical and immunological landscape
compared to that of mammals. Therefore, modulation of the
chicken gut microbiota might provide a stronger positive effect
on chicken health, and there is a great need to understand
the influence of GM modulation on the chicken gut-associated
immune system.

Yeast is considered to be a simple and cost-effective protein
expression host, and yeast-based vaccines have gained popularity
due to their rapidly engineered and manipulated characteristics
to express foreign antigens and viral epitopes (Kiflmariam
et al., 2013; Jiang et al, 2014; Guan et al., 2015; Sen and
Mansell, 2020). A yeast displaying influenza H7N9 oral vaccine
provides protection against the lethal H7N9 virus challenge
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in mice (Lei et al, 2020). Recent studies demonstrated that
oral recombinant Saccharomyces cerevisiae successfully introduced
recombinant protein and DNA into rabbit dendritic cells
(Franzusoft et al., 2005). Meanwhile, yeast is preferred in GM
modulation approaches because of its multiple effects as a
probiotic, including anti-toxin, resistance to intestinal pathogens,
and maintenance of the integrity of the intestinal epithelial mucosa.
However, the influence of yeast-based vaccines on gut-associated
immune systems and GM modulation of chickens were not
fully understood.

In this study, we try to present an alternative strategy for
inducing universal immunity against distinct influenza virus
strains. Instead of focusing on immunogens to elicit antibodies
against epitopes that are conserved among many different
influenza virus strains, we designed a novel trivalent recombinant
protein yeast surface display-based vaccine, which simultaneously
expressed the HA regions of H5N8, H7N9, and HIN2 subtypes
and lineages. The immunogenicity and protective efficacy of
this vaccine were tested by using the chicken model, and our
experimental results demonstrated that the yeast vaccine is safe,
efficient, and inexpensive for commercial production. Further
studies revealed that our triple yeast vaccine can selectively
activate immune organs (bursa of Fabricius and spleen), suppress
parenchymal organ inflammatory responses, promote tissue-
resident ILC3 cell proliferation, exert protective functions in bursa,
and lead to differentiation of ILCs, NKs, and y3T cells in different
tissues, all of which collectively contributed to the defense response
against influenza virus infection of vaccinated chickens.

Results

Construction of a trivalent recombinant S.
cerevisiae strain expressing HA proteins of
subtypes H5N8, H7N9, and HON2

To meet the requirements of developing safe and effective
influenza oral vaccines, we developed a trivalent recombinant
HA protein vaccine by vyeast surface display manner using
Saccharomyces Cerevisiae strain (MATa agal his3A200 leu2A0
lys2A0 trplA63 ura3A0 metl5A0) as shown in Figure 1A.
The positive transformed yeast clones were further confirmed
by analyzing yeast genomic DNA for correct insertion. The
recombinant S. Cerevisiae strain expressing HO/HA was named
ST1814G/Aga2-H9, and the recombinant S. Cerevisiae strains
expressing HA proteins of H5N8, H7N9, and HIN2 were named
ST1814G/Aga2-H579 in this study. The Western blot results
indicated that the HA proteins of H5N8, H7N9, and HIN2 strains
were all expressed successfully in our engineered yeast strains
(Figure 1B). Immunofluorescence assay and flow cytometry assay
demonstrated that HA proteins from both ST1814G/Aga2-H9
and ST1814G/Aga2-H579 were expressed on the yeast surface
successfully (Figures 1C, D). Overall, these results indicate that the
trivalent HA proteins were successfully expressed and located on
the cell surface of our engineered yeast vaccine cells.
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FIGURE 1

Analysis of HA protein expression in recombinant Saccharomyces cerevisiae strains. (A) Schematic diagram of yeast construction (Left) and animal
evaluation experiments (right). (B) The Western blot analysis of HA expression in recombinant S. cerevisiae. Lane M. Blue Plus IV Protein Maker
(10-180 kDa); Lane 1. ST1814G; Lane 2. ST1814G/Aga2-H5; Lane 3. ST1814G/Aga2-H7; Lane 4. ST1814G/Aga2-H9; Lane 5. ST1814G/Aga2-H579.
(C) ST1814G/Aga2-H9 cells and ST1814G/Aga2-H579 cells were incubated with mouse anti-His-tag antibody followed by fluorescein isothiocyanate
(FITC)-conjugated anti-mouse 1gG. Treated yeast cells were fixed on glass slides, and the localization of HA was analyzed by fluorescence
microscope. (D) The expression profile of recombinant protein was also determined by flow cytometry. The gray lines (dark shades) represent
ST1814G cells, the red line stands for ST1814G/Aga2-H9 cells, and the yellow line stands for ST1814G/Aga2-H579 cells.

Effects of oral yeast vaccines on body
weight, organ indices, specific antibody
production, and virus challenge of chickens

To monitor the safety of our engineered yeast vaccines, the
weight of the whole body and different organs was recorded during
the three immunization procedures. As shown in Figures 2A,
B, oral-engineered yeast vaccines had no negative effect on the
growth of the chickens but rather tend to mildly increase the
weight of chickens. The organ index results showed a considerable
disturbance of the liver by the inactivated vaccine, which may
trigger a strong inflammatory response or macrophage infiltration
that leads to relative liver enlargement. In contrast, the oral yeast
vaccine group, including ST1814G/Aga2-H9 and ST1814G/Aga2-
H579, did not cause liver enlargement, suggesting that the oral
yeast vaccine could reduce the potential for further damage to
the organism.

To detect the special antibodies production of HA protein by
ST1814G/Aga2-H9 and ST1814G/Aga2-H579, the levels of IgG
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in sera and IgA in anal swabs were determined by the ELISA
assay (Figures 2C, D). The levels of specific IgG and IgA were
significantly higher in oral yeast vaccine and inactivated vaccine
groups than those in the ST1814G or YPD groups as early as 5 days
after the first immunization, and the specific antibody levels were
increased progressively with the immunization times. The results
indicated that, in comparison with the control group, both the oral
yeast vaccine and the traditional inactivated vaccine were able to
stimulate a strong humoral immune response against the antigen
HA protein in chickens.

At 5 days after the third immunization, the chickens were
challenged with HIN2 (A/Hebei/218/2010), and the survival rate
was recorded as in Figure 2E. Only 53% of chickens survived in the
YPD and ST1814G groups, and 71% of chickens survived in the
inactivated vaccine group; the ST1814G/Aga2-H579 group had a
high survival rate of 86%, and the ST1814G/Aga2-H9 group was
able to provide 100% protection for the chickens. It indicated that
oral administration of ST1814G/Aga2-H9 yeast or ST1814G/Aga2-
H579 yeast provided better protection for chickens after HON2
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Effect of oral yeast vaccine on the relative mRNA expression of cell factors associated with NK cells, y3T cells, and ILCs. (A, B) The mRNA expression
of the NK cell surface receptor BNK21 and its secreted IFNG in the five groups of the liver, spleen, bursa of Fabricius (BF), and cecum tonsils (CF). (C,
D) The mRNA expression of the APC cell surface receptor CD80 and CD86 in five groups of the liver, spleen, bursa of Fabricius (BF), and cecum
tonsils (CF). (E, F) The mRNA expression of the gamma and delta chains of T-cell TCR in the five groups of the liver, spleen, bursa of Fabricius (BF),
and cecum tonsils (CF). (G) Transcript levels of ILCs-related factors in the five groups of the bursa of Fabricius, including marker molecules,
transcription factors, and secreted cytokines. The differences were compared among groups, respectively, and the data in the figures were obtained
from three independent experiments and represent the averages + SD. The significance of differences was determined by a two-way analysis of
variance (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 or ns, no significance)
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virus infection. Consistent with the survival rate experiments, virus
titer experiments, which were measured in the blood of each group
at 4, 7, and 10 days after the HON2 infection, also indicated that
oral administration of ST1814G/Aga2-H9 yeast or ST1814G/Aga2-
H579 yeast could additionally decrease the virus titer of chickens
(Figure 2F).

We further checked the histopathological lesions of each group
(Figure 2G). Compared to the group without virus infection,
the ST1814G group showed significantly higher airway lesions
and pneumonia symptoms that are characterized by interstitial
lung congestion with hemorrhage and massive infiltration of

Frontiers in Microbiology

lymphocytes, macrophages, and granulocytes. In contrast, the
lung tissue of the other three immunization groups had only
scattered lymphocyte infiltrates. Meanwhile, the main liver lesions
were characterized by intrahepatic erythrocytosis with lymphocytic
infiltration around the vessels in the ST1814G group, whereas the
immunized groups showed only scattered lymphocytic infiltration
or no symptom in the liver tissue. Spleen histology showed
blurred boundaries between the red and white marrow in the
ST1814G group and the inactivated vaccine group, suggesting that
an inflammatory response occurred in the spleen, whereas the red
and white marrow were more clearly defined in the oral yeast
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Evaluation of CD4"T-cell and CD81T-cell levels after three immunizations. The mRNA expression levels of the five groups of CD4 (A) and CD8 (B) in
the liver, spleen, bursa of Fabricius (BF), and cecum tonsils (CT). The data in the figures were obtained from three independent experiments and
represent the averages + SD. The significance of differences was determined by a two-way analysis of variance (*p < 0.05; **p < 0.01; ***p < 0.001;

immunization groups. Taken together, these results showed that
the oral yeast vaccines were effective in defending against and
clearing viruses and hence protecting immunized chickens from
deadly injuries.

Oral yeast vaccine regulates tissue-resident
innate immune cell abundance to protect
chickens from lethal viral damage

Previous studies reported that the oral yeast vaccination was
able to activate innate immune cells, such as macrophage and NK
cells (Jensen et al., 2007; Liu et al., 2021; Walachowski et al., 2022).
To test whether our engineered yeast vaccines could influence
innate immune cell abundance, we determined the expression
level of molecule markers of important innate immune cells in
different groups.

BNK21 is an important molecule marker of natural killer
(NK) cells, and IFNy is the main product of the NK cells, so the
expression level of both of them indicated the NK cell abundance
to some extent (Yang et al, 2014; Neulen et al, 2015). Our
experimental results suggested that both BNK21 (Figure 3A) and
IFNy (Figure 3B) were upregulated in the spleen and cecum tonsils
after immunization by inactivated vaccine and oral yeast vaccine,
suggesting that NK cells might accumulate in the spleen and cecum
tonsils and produce IFNY in large quantities after immunization
with oral yeast vaccine, which are immediately effective in fighting
against virus invasion and removing damaged cells.

To monitor the abundance of antigen-presenting cells
(APCs), such as macrophage and dendritic cells, we checked
macrophage-specific protein CD80 and CD86 and dendritic
cell-related chemokine ligand (CX3CL1) and receptor (CX3CR1).
Our experimental results suggested that both CD80/CD86
(Figure 3C) and CX3CL1/CX3CR1 (Supplementary Figure 1A)
were upregulated in the spleen after immunization by oral yeast
vaccine, suggesting that antigen-presenting cells might accumulate
in the spleen, which potently activated the NK cells, NKT cells, and
T cells, facilitating cytotoxic T-cell responses.
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vd T cells, as tissue-resident T cells, also serve as the first
line of defense for immunity and are capable of generating a
rapid response to pathogen invasion. To monitor the y8 T-cell
abundance, we analyzed the transcription levels of genes encoding
the gamma and delta chains of the T-cell receptor (TCR) in different
organs of chickens. As shown in Figures 3D, E, the genes were
increased in the bursa of Fabricius, suggesting that y3 T cells might
accumulate in the bursa of Fabricius as a primary immune organ.

Innate lymphoid cells (ILCs) are reported to regulate tissue
immune homeostasis, resist pathogenic infection, and enhance T-
and B-cell-mediated acquired immune responses in humans and
mice, however, chicken ILC-like cells have not been fully verified
right now. To explore the possibility, we first analyzed and selected
the critical and specific homologous genes for human and mouse
ILCs and we found that 92.3% of them were cloned successfully
(primers for cloning genes showed in Supplementary Table 1),
suggesting that chickens, as evolutionarily original animals, are
likely to have ILCs. Meanwhile, the transcription factors (GATA3
and 1d2), the differentiation-dependent factor IL7, and specific
surface markers (CD127 and CD117) of the oral yeast group were
all upregulated (Figure 3F, Supplementary Figure 2B) compared
to those in the ST1814G group. These are critical factors that
regulate the transformation of common ILC precursors (CILPs)
to ILCs (Zhong and Zhu, 2017; Zhu, 2017), suggesting that
oral yeast-immunized chickens were likely to stimulate more
ILC formation by the differentiation of CILPs in the bursa
of Fabricius.

Oral yeast vaccine promotes innate
immune signaling pathway in the spleen

In addition to innate immune cells, there are also some
important innate immune signaling pathways that constitute the
first line of defense against pathogen invasion and mediate the
activation of immune cells. To further analyze the protective
mechanisms of yeast vaccine-elicited innate immunity, we first
examined the transcript levels of factors involved in intracellular
innate immunity in different groups (Figure 4A). We found that,

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1153922
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

10.3389/fmicb.2023.1153922

Zhang et al.
A B
ns ns
E3 YPD E3 YPD
* B3 ST1814G 5 B3 ST1814G
EJ Inactivated vaccines - EJ Inactivated vaccines
B3 STI814G/Aga2-H9 & . E3 ST1814G/Aga2-H9
600, =
” . ST1814G/Aga2-H579 & ST1814G/Aga2-H579
2 g !
g S
- &
= =
S 400 T 3
4 =3
g ¥
=
<
=
2
200 2
&
& %\»" & ,\gzﬁ s;\“ & Qu(’ & ,\?23 &
& o & & & N &
& ° o & K &
& N & & N &
& S N & S N
S S
C D
Other
. . . Moraxella
weighted-unifrac NMDS stress: 0.0375 s YPD . ey
. z o ST1814G Kaistobacter
3 : . i
o Inactivated vaccines I Ralstonia
2 o STI1814G/Aga2-H9  _ .Llctncoccus
3 Sphingomonas
o ST1814G/Aga2-H579 - | Arthrobacter
D < g M Brevibacterium
e ¥ £ Facklamia
o 5 © 2 W Jeotgaticoceus
E < o H Brachybacterium
z 0 S s Pseudomonadaceae Pseudomonas
4 H [ Escherichia
- 0.3 8.
4 < 02 H [ Bifidobacterium
. 01 [] Corynebacterium
< 0.0 Al Staphylococeaceae Staphylococeus
- 0.1 "?j$ Enterococcus
< -02 BN M streptococeus
. 03 v.;" B unclassified
3 04 B Lactobacillus
0.04 -0.02 0.00 002 004 -0.8 0.6 -04 02 0.0 0.2 04 0.6 0.8
NMDS1
Axis.1 (55.6%)
E
2
i1 a
a 2 a a a8 2 2a 2 a a
Y da al a a2, b al 2 | al af ,a al
s b b " b6 b b b b a b
] b b l b
2o b
H bc l; T
< b b
b F b
o . 4 f [ | . ¢ o I a M yep
-1 T I T i ] i T T I ST1814G
[ I Inactivated vaccines
B ST1814G/Aga2-HY
2 ST1814G/Aga2-H579
g ¥, F ¢t 2 ¢t & p F ¥ 8¢ ¢ 57 35 : E £ 5. § g
3 25 5 s 2 s g =2 3 s 2e § g2 ¥, = . i 2F 3 2
£ 8= £ g £ g £ = £ = =& =SE SE £ =1 £ £ S= k] =
2 ge 2 @ 2 @ = E - 73 2o & 28 3 22 8 H g< = S
H R I 2 = 2 3 2F Ty 8 SE g8 5 2@ 8§ ¢ . i g Zg
H £3 35 ® £, B ¢ SE Sz L, pES L7 ZF £5 $: Ezx R Euw £ 2%
] S S 2 o@s 2 2 oy Z< £z TEE £ 1= =1 ss S 29 T8 = £=
2 85 E£ & SZ % 2 =& 2% $f $SE 3 g =& §E ZE =§ 15 = 53
¥z =T 23 ¢ 22 £ E =% %2 g&ET pZ 2& s £% T & 95 & =R
g8 <5 & 5 CE & 5 £8 &8 g3 @ & ~= ES&  ®F 0z
=] = = - B - & £3 e =
53 o £ &8 g3 =
<2 i’ &3
FIGURE 6
Relative abundance and intergroup diversity of gut microbiota in chickens post-immunization. The alpha diversity index reflects species diversity in
the five groups of samples, (A) the Chaol index reflects the species abundance of the 5 groups, (B) the Shannon index assesses the species diversity
of the 5 groups, (C) beta diversity, including NMDS analysis and PCoA analysis, assesses differences in microbial community structure in the five
groups of samples. (D) Species distribution histogram of chicken gut microbiota in each group at the genus level. (E) Analysis of functional
differences between groups in the KEGG pathways: Twenty signaling pathways including antigen processing and presentation, estrogen signaling
pathway, and GABAergic synapse. The data in the figures were obtained from three independent experiments and represent the averages + SD. The
significance of differences was determined by a two-way analysis of variance or Dunnett’s test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001
or ns, no significance).

compared to the ST1814G group, the factor expression levels
were mostly upregulated in cecum tonsils in oral yeast vaccine
groups, suggesting that cecum tonsils play an important role

Frontiersin Microbiology

79

in the efficacy of yeast vaccine in chickens. The spleen plays
an important role in immune function in the organism, and
we found that oral administration of yeast vaccine stimulated
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TLR7-TRIF-IRF7-dependent interferon signaling pathway in the
situation of HIN2 influenza virus infection in the spleen
(Figures 4B-F; Supplementary Figure 2A), whereas the expression
level of MyD88 was not influenced (Supplementary Figure 1B).
Therefore, we concluded that the innate immune signaling
pathway might be activated after oral administration of yeast
vaccine in the cecum tonsil, which is an important immune
organ for fighting against pathogen invasion. Especially, the
interferon signaling pathway was triggered a in TLR7-TRIF-
IRF7-dependent manner upon virus infection in the oral yeast-
immunized chickens.

Oral yeast vaccine has various effects on
different tissue-resident T cell

As mentioned above, the oral yeast vaccine might cause the
accumulation of APCs, such as macrophages and dendritic cells,
in the spleen, which implied that the function of T cells might
be influenced in the oral yeast vaccination group. Both CD4 and
CD8 are characteristic molecule markers of T cells. CD4™ T cells
mainly perform cellular regulatory functions, promote downstream
T helper (Th) cell and regulatory T (TREG) cell differentiation,
and achieve a regulatory effective immune response to pathogens.
CD8™ T cells mainly exert cellular immune functions and secrete
perforin and granzyme through MHC-I-dependent processes to
protect the organism against intracellular threats such as viruses
and bacteria, as well as neoplasms. To explore whether the function
of T cells is influenced by the oral yeast vaccine, we next checked
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the expression levels of CD4 and CD8 in different immune organs
and lymph nodes. As shown in Figure 5, the expression levels of
both CD4 and CD8 are upregulated in the liver and cecum tonsils.
In particular, CD4 is significantly upregulated in the spleen while
CD8 is significantly upregulated in the bursa of Fabricius. These
results indicated that both CD4™ T cells and CD8™ T cells might
play important roles in the liver and cecum tonsils, which was
consistent with our above results that the cecum tonsils might be
a primary influenced immune organ in the situation of oral yeast
vaccination (Figure 4A). In addition, CD4™ T cells might dominate
immune regulatory responses in the spleen, and CD8' T cells
might dominate cytotoxic T-cell responses in the bursa of Fabricius.

Oral yeast vaccine improves the gut
microbiota and suppresses the Thl7 cell
differentiation and IL17-mediated cellular
inflammation

It is known that yeast is probiotic to colonize the intestinal
microenvironment, and thus, gut microbiota and intestinal
mucosal immunity might be changed due to the influence of
oral yeast (Zhang et al., 2022b). To further explore the protective
mechanism of oral yeast vaccine, we next performed 16S rRNA-
amplicon sequencing to analyze the change of gut microbiota in
different groups.

The alpha diversity index indicates species diversity, namely
the abundance and evenness of species composition, of the sample.
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TABLE 1 Experiment design of chicken immunization.

Number of chickens

10.3389/fmicb.2023.1153922

Immunization

Dosage per chicken

Route
YPD 13 1mL 3 Oral administration
ST1814G 13 1 x 10° CFU 3 Oral administration
Inactivated vaccines 13 0.2mL 1 im.
ST1814/Aga2-H9 13 1x10° CFU 3 Oral administration
ST1814/Aga2-H579 13 1 x 10° CFU 3 Oral administration
The Chaol index and Shannon index analysis reflected that there ~ [DISCUSSION

were no significant differences in species abundance and diversity
between the oral yeast vaccine groups and the other groups
(Figures 6A, B). The beta diversity index is used to compare
species composition between different samples using statistical
methods, such as non-metric multidimensional scaling (NMDS)
and principal coordinate analysis (PCoA). As shown in Figure 6C,
the two oral yeast vaccine groups were much closer to each other,
whereas the inactivated vaccine group was closer to the YPD group
and ST1814G group, suggesting our oral yeast vaccine indeed had
different species composition compared to the yeast vehicle group
and the inactivated vaccine group, which might stand for the
protective function of oral yeast vaccine in chickens.

Next, we analyzed the relative abundance of species at the
genus level of gut microbiota, using the species abundance table
from the operational taxonomic unit (OUT) clustering analysis
(Figure 6D). Among the eight high abundance genera, compared
to the yeast vehicle group and inactivated vaccine group, oral
administration of yeast vaccines could increase the abundance of
probiotic bacteria (Bifidobacterium and Lactobacillus), decrease the
abundance of pathogenic bacteria (Escherichia, Corynebacterium,
and Staphylococcus), and maintain normal intestinal bacteria
(Enterococcus and Streptococcus). These changes in gut microbiota
indicated that oral administration of yeast vaccines improved
the intestinal microenvironment, which might further influence
intestinal mucosal immunity through the adjustment of microbial
metabolic product.

The different species abundance lists of different groups were
further processed for an enrichment analysis based on the KEGG
Ontology databases to obtain functional annotations. Notably,
among the many different signaling pathways between the oral
yeast vaccine group and ST1814G group, the IL17 signaling
pathway and T helper 17 (Th17) cell differentiation signaling
pathway attracted our attention. The Th17 cells are essential for
controlling extracellular bacterial and fungal infections, and they
also trigger autoimmune responses by secreting pro-inflammatory
cytokine IL17 (Sandner et al, 2021). It is reported that the
dynamic balance of the gut microbiome is critical for maintaining
Treg/Th17 homeostasis in the intestine, which is important for
the susceptibility to inflammatory bowel disease (Omenetti and
Pizarro, 2015). The relative abundance of microbiota involved
in regulating these two signaling pathways was lower in the
oral yeast vaccine group than those in the ST1814G group,
suggesting that oral yeast immunization could suppress the
Th17 cell differentiation and IL17-mediated cellular inflammation
(Figure 6E).
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Current strategies for developing and manufacturing the avian
influenza vaccine have safety and production issues, are time-
consuming, and are somewhat limited in the ability to quickly
generate a vaccine matched with mutate virus (Lei et al., 2020).
In this study, we successfully developed an oral yeast vaccine
candidate that expressed three HA proteins simultaneously for
preventing different avian influenza virus subtype infections. Our
experimental results suggested that it provided desired protective
effect without side effects for chickens. To better understand
the protective molecular mechanisms of oral yeast vaccines, we
detected the effects of oral yeast vaccine on congenital lymphocyte
subsets of different tissues and gut microbiota in different treated
groups, such as ST1814G vyeast vehicle, traditional inactivated
vaccine, and our engineered oral yeast vaccines.

The S. cerevisiae surface display system successfully expressed
HA proteins, but the measured protein molecular weights were
larger than predicted (H5 74.5 kDa, H7 71.5 kDa, and H9 69 kDa).
Based on studies reporting that glycosylation in yeast increases
the molecular weight of the protein (Liu et al., 2022), we presume
that glycosylation occurred during post-translational modification
in yeast in this study. It has been proposed that glycosylation
can enhance immunogenicity and thermal stability (Maciola et al.,
2017) and also can lead to a decrease in protein expression (Peraino
etal, 2012). We consider that protein glycosylation in yeast is very
complex cellular engineering, and whether it affects various aspects
of the biological activity of HA proteins remains to be explored.

The oral yeast vaccine alters the activation dynamics of
congenital lymphocyte subsets in different tissues. S. cerevisiae is
an ideal vehicle for delivering protein subunit and nucleic acid
vaccines. B-glucan (Torosantucci et al., 2000) and mannans (Liu Y.
N.etal, 2021) from yeast cell walls are the main active components,
and the diameter of yeast further facilitates the recognition by
antigen-presenting cells of organisms (Silva et al., 2021; Feng et al.,
2022). In our study, we found that, compared to the ST1814G
yeast vehicle group, oral administration of HA present on the
surface of S. cerevisiae could upregulate chemokines and the
abundance of tissue-resident NK cell, APCs, y3 T cell, and ILCs.
In particular, the NK cells might mainly accumulate in the spleen
and cecum tonsils while the APCs mainly accumulate in the spleen.
In contrast, y8 T cells and ILCs might mainly accumulate in the
bursa of Fabricius (Supplementary Figure 2B). Those changes in
several immune organs and the predominant immune cells in
oral yeast birds indicated that the spleen and cecum tonsils could
recognize the signaling of HA-displaying yeasty and then continue
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TABLE 2 Primers for qRT-PCR.

10.3389/fmicb.2023.1153922

Gene name Primer sequence(5/-3/) Size (bp) References

(chicken)

HY-HA F:CAGAACAAGAAGGCAGCAA 199 GenBank: KC296446.1
R:AATGTGATGACCATTGCATGG

CD4 F:AGGATTGTGGAACTGTCACCTC 174 GenBank: DQ202315.1
R:CTGCCACCTCATACCAGTGATT

CDS8 F:AGCCACAACAACAGCAGCAC 177 GenBank: AY519197.1
RTACAAGGAGCACGAGGCAGA

CDS80 F:CAGCAAGCCGAACATAGAAAGA 270 NM_001079739.2
R:AGCAAACTGGTGGACCTGAGA

CD86 F:AAGGATACCAGATACCCTCCCT 189 XM_046908563.1
R:AGGGTGATTGCCAGAAAGCC

CX3CLI FTCTCCAGATCCCGTTTGCAC 241 GenBank: AM398231.1
R:CACGATCTTCTCCACCCACG

CX3CRI1 F:ACCACAGGGAGTCGCATTTA 198 XM_040696048.2
RTCCAGCAAGTGCGGTTACTTT

ILI-B F:CCAGAAAGTGAGGCTCAACATTG 114 GenBank: HQ329098.1
R:GACATGTAGAGCTTGTAGCCCTT

IL10 FTTCTTCCCGTAACCACGTCC 193 NM_001004414.4
R:AGGCAGTCATGCGTTGTTTG

IL6 F:CCTGTTCGCCTTTCAGACCT 171 GenBank: HM179640.1
R:GGGATGACCACTTCATCGGG

IL8 F:ATTCAAGATGTGAAGCTGAC 196 GenBank: DQ393272.2
R:AGGATCTGCAATTAACATGAGG

TNE-A F:CCGCCCAGTTCAGATGAGTT 130 GenBank: AY765397.1
R:GCAACAACCAGCTATGCACC

TGF-B F:GGTGCCCCATCGGAGTTATT 186 XM_040694846.2
RITGCTGAGGATTTGACCCCG

BNK21 F:GGGAAGGCAAAGAGCATCCA 138 XM_046928526.1
R:CTCCAGAAATGCTCCCGAGG

TARP FTGCCTACTGGGAGTCACGAT 195 NM_001318455.1
R:TCATCGGTCCATTTCACCCG

TCRD F:GGTACCGTCAGACACTCGAT 154 GenBank: AF175433.1
RTACAGGGCACGTAGAGACAGA

1d2 F:CTGACCACGCTCAACACAGA 272 NM_205002.2
R:GTTAGCGTGGATTCCTCCCC

GATA3 F:GTTCGGGTGCAAATCACGAC 272 XM_046908458.1
R:GATCGCCGTTGGCATTTCTC

L7 F:GGACCATGTCCCATGCCTT 156 GenBank: AJ852017.1
R:GCTCTTCGATGTCATGGCTG

cD127 F:AGGATCAAGCCTGTCGTGTG 158 NM_001080106.1
RTCGGCTTTTGCTTGAATGCC

CD117 F:GTTGAAACCAAGCGCCCATT 195 NM_204361.1
R:AATGAATCTCGCTTCCGCCT

TBX21 F:GACCTCTACGACAAGGAGCC 153 XM_040692014.2
R:CTCAGCTCCAGCCCCAGG

RORa F: AGCTCGCATCCCATCTGGA 144 XM_046899012.1
R:CGGAGCGGACTCCATGTTTT

RORyt F:CCACAGACCGCCATGCGAG 270 XM_025143434.2
R:GGACATGCGGCCAAACTTGA

IL5 F:CAGTGCTGGCTCACATTCAG 203 NM_001007084.2
R:CTGTATCCACCCTTCTGCGG
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TABLE 2 (Continued)

10.3389/fmicb.2023.1153922

IL13 F:AGTCCCTGAGCATTTGGGTG 230 NM_001007085.3
R:CAACTGTGGGGATGAAGGCA

IL17 F:GATGCTGGATGCCTAACCCA 257 GenBank: AY744450.1
RTGTTTGATGGGCACGGAGTT

122 F:AGCCCTACATCAGGAATCGC 230 NM_001199614.1
R:CAGGGATGCCAGGAACTGTG

IFNa F: CACCTTCCTCCAAGACAACGATT 130 GenBank: GU119896.1
R:GGCATCCAGCATCTCCTTTC

IFNB F: CCTCAACCAGATCCAGCATT 180 GenBank: KF741874.1
R:GGATGAGGCTGTGAGAGGAG

IENy F: CTGACAAGTCAAAGCCGCAC 230 GenBank: AH009942.2
R:GCATCTCCTCTGAGACTGGC

TLR7 FTGTGATGTGGAAGCCTTTGA 219 NM_001011688.3
RATTATCTTTGGGCCCCAGTC

TRIE F:GGTGCCACATTCTGTGAGGA 173 NM_001081506.1
R:GAAGGTCGCTGGATGGACTC

MyDs88 F:GAAAGAAGGTGTCGGAGGATG 183 NM_001030962.5
R:AATTGTAATGAACCGCAAGATACT

IRE-7 F:AAGTGCAAGGTCTTCTGGGC 172 NM_205372.2
R:GGAAGATGGTGAAGTCGGGG

B-actin F:ATGAAGCCCAGAGCAAAAGA 120 GenBank: L08165.1
R:GGGGTGTTGAAGGTCTCAAA

to trigger signaling pathway of the TLR7-TRIF-IRF7-denpendent
interferon signaling pathway after yeast vaccination in the spleen
(Figure 4). As the primary immune organ in birds, the activation
of innate lymphocytes, such as y3 T cells and ILCs, was observed
in the bursa of Fabricius, which hints at a possible origin of them
from the bursa. The TLR7 can recognize viral single-stranded
ribonucleic acid (ssRNA) and promote IL-1f and iNOS production
in macrophages of H4N6 LPAIV-infected chicken (Annamalai
et al.,, 2015; Abdul-Cader et al., 2018). The boosted TLR7-TRIF-
IRF7-dependent interferon pathway and IL-1B production after the
virus challenge maybe contribute to the deducing viral loading and
good protection observed in our oral yeast vaccine. The existence of
a memory response by oral immunity in birds and how they work
is still a challenging problem.

The oral yeast vaccine prompts ILC3 cell differentiation in the
bursa of Fabricius. The enhanced CILPs differentiated into ILCs
were deduced in the bursa of Fabricius in oral yeast-immunized
chickens and were supported by the upregulation of the specific
transcription factors (GATA3, ID2), essential regulatory cytokine
(IL7), and surface molecule markers (CD127, CD117) (Figure 3G).
To understand which type of ILC cells contributes to it, the
mRNA levels of three subtype-specific molecular markers of ILCs
in the bursa tissues were detected. Both ILC1- and ILC2-related
transcription factors and cytokines (T-bet and IFNy for ILCI;
RORa, IL5, and IL13 for ILC2) (Vivier et al., 2018; De Pasquale
et al., 2021) were suppressed or detected no difference among the
groups. In contrast, ILC3-related transcription factors RORyt were
significantly upregulated (Supplementary Figure 1C). Meanwhile,
IL22 secreted by ILC3 was also significantly increased in the bursa
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of Fabricius. These results suggested that the oral yeast vaccine
elicits ILC3 proliferation to promote the innate immune response,
mucosal repair, and barrier establishment against extracellular
pathogen infection. Certainly, there is an urgent need for the
successful sorting and identification of ILC cells in chickens to
further verify their functions.

Oral HA-present S. cerevisiae is a potent alternative vaccine
causing ideal protective responses and mild inflammatory
responses. Usually, the inactivated vaccine triggers a strong
inflammatory response or macrophage infiltration that leads
to a relatively big liver index. However, this phenomenon was
not induced in the groups of oral yeast vaccine (Figure 2B). To
understand the contribution of the engineered yeast vaccines in
the inflammatory response, the major pro-inflammatory factors,
including IL6, IL8, TNF-a, and TGF-p, and the suppressing
inflammatory cytokine IL10 (Liu Z. et al., 2019) were measured.
The downregulation of all pro-inflammatory factors was observed
in the organs of oral yeast groups compared with those in
the inactivated vaccine group, which was consistent with the
above organ index experiments (Supplementary Figures 3A-D).
Interestingly, IL10 was significantly upregulated in the spleen
after immunization. Considering the accumulation of APCs in the
spleen, we speculated that specific APCs, such as macrophages,
might be dynamically regulated by IL10 to perform the inhibition
role of the inflammation response in vivo. Yeast is able to colonize
the mouse intestine and become the predominant species further
reshaping the microbiota and intestinal microenvironment
(Dong et al., 2022). The functional prediction of gut microbiota
demonstrated a reduced Th17 cell/IL17 signaling pathway in
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the yeast vaccine group, which also decreased the intestinal
inflammation response (Zhang et al., 2022a). Taken together, these
results indicated that oral administration of yeast vaccine might
facilitate the repairmen of gut mucosa damage caused by pathogen
invasion, which elicit the innate intestinal mucosal immunity
to protect the organism from fatal influenza virus infection
(Ravindran and Thornton, 2022; Serafini et al., 2022).

Generally, the roles of oral yeast vaccine in defending avian
influenza virus infection may be performed by altering immune
response in different immune organs or lymph node tissues
(Figure 7). 1. The activation of the APC-indicated chemokines
and TLR7-TRIF-IRF7-dependent interferon signaling in the spleen
indicates the crucial roles of the spleen in response process of
oral yeast immunity. 2. The NK cells, yd T cells, and ILC3 cells
derived from CILPs from the bursa change the cytokine spectrum
and trigger the activation of some immune cells, such as CD4+
T cells in the spleen and CD8+ T cells in the bursa of Fabricius.
3. The oral administration of yeast vaccine alters the structure
of gut microbiota and their metabolites and stimulates a mild
inflammatory response, which is important to the contribution of
their good immune protection.

Further studies will be required to fully elucidate the
mechanisms by which the HA yeast vaccine provides protection.
In most cases, symptoms and severity are greatly reduced, and
the virus is cleared faster in yeast-feeding birds. Our present
findings suggest that protection against IAV infection may be
provided through non-neutralizing mechanisms, such as innate
immune cell function regulation and immune microenvironment
homeostasis remodeling. The deficiency in our study is that, in
order to construct a multivalent yeast vaccine, we constructed an
S. cerevisiae strain of H579, but limited by the existing laboratory
conditions, we only did the attack protection experiment for H9.
We believe that H5 and H7 are also expressed, so they can be
resistant to all three viruses to some extent, but this needs further
testing. Our overall approach will likely be useful for infectious
diseases other than influenza viruses. Multivalent yeast vaccines
may be applied against other variable pathogens. Additional studies
will be required to reveal the function of those novel innate
lymphocytes, such as macrophages, NK cells, y8 T cells, and ILC3
cells, which participated in immune protection and understand
their underlying immunological mechanisms in detail.

Materials and methods

Virus, vaccine, yeast, and plasmids

The HI9N2 subtype avian influenza virus strain (GenBank:
KC296446.1) was isolated and stored in our laboratory. The
avian influenza-inactivated vaccine was bought from YEBIO
Bioengineering Co., Ltd., Qingdao (Qingdao, China). In this
study, yeast strain ST1814G constructed in our laboratory (MATa
agal his3A200 leu2A0 lys2A0 trplA63 ura3A0 metl5A0) was
utilized as the host cell for the surface display system. Plasmids
for constructing recombinant yeast strains include nutrient-
deficient screening markers: PMV- LEU2, PMV- TRP, PMV-
HIS, and homologs chromosome armsPMV-URR1, PMV-URR2
and performed the element assembly as previously described
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(Guo et al,, 2015). The POT-GPD-RFP-ADHI plasmid containing
667 bp GAPDH promoter sequences, 187 bp ADHI terminator
sequences, and RFP selective marker sequence was from
our laboratory.

Construction of transcription units

The chimeric H5/7/9 HA (hemagglutinin) recombinant yeast
vaccine was constructed, the 1404bp sequences of the H5N8 HPAI
virus strain (A/goose/Hebei/HG12/2021), the 1515bp sequences
of the H7N9 HPAI virus strain (A/duck/Jiangxi/3096/2009),
and the 1344bp sequences of the H9N2 LPAI virus strain
(A/Hebei/218/2010) were selected. HA-optimized genes (with the
transmembrane domain and the signal peptide removed) (H5N8
subtype and H7N9 subtype) were cloned from laboratory strains,
and the HA gene sequence of the HON2 subtype of AIV was
obtained from the NCBI website and optimized for synthesis by
GENEWIZ (Beijing, China). Three HA genes were subcloned into
three yeast expression vectors (pGPD-ADHI1-POT with His-tag
at the C terminal and Aga2 signal peptide at the N terminal),
respectively by using a One-step Cloning kit (Vazyme, Nanjing).
These strategies would anchor the recombinant proteins to the
yeast surface and allow tracking of expression by anti-His-tag
specific antibodies. The recombinant plasmids were named pGPD-
H5-ADH1-POT, pGPD-H7-ADHI1-POT, and pGPD-H9-ADHI-
POT, respectively.

Construction of yeast

Using yeast that had completed the construction of the H5-
Leu module on chromosome IV as a substrate, the H7 gene was
constructed into chromosome XVI using the filter tag Trp and
the H9 gene was constructed into chromosome III using the
filter tag His (Figure 1A). Our transcriptional construction unit
refers to a previously published article, briefly described as follows:
Construct pGPD-HA-ADH1-POT vector, Bsal enzyme cleavage
plasmid to obtain linearized transcript; perform BsmBI enzyme
cleavage with screening marker plasmid, URR1, URR2; then T4
ligation, transformation into yeast in LiAc, screen positive clones
corresponding to nutrient-deficient plates, and extract genome for
identification. H5/H7/H9 are all using the same method.

Western blotting

The expression of HA protein in trivalent recombinant yeast
was identified by the Western blotting technique. In total, 2 ml
of yeast cultured overnight at 30°C was taken at 10,000 rpm for
1 min, which was then collected. The pellets were broken with
an equal amount of silica beads of 60 WL protein extraction
buffer (2 % SDS, 100 mmol/L DTT, 125 mmol/L Tris-HCI, pH
6.8). Next, the mixture was centrifuged at 12,000 rpm for 10 min
at 4°C, and the supernatant was carefully obtained into a new
EP tube by adding 5x loading buffer and boiled for 10 min.
Treated samples were resolved on a precast 12% polyacrylamide
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gel and then electrophoretically transferred to the methanol-
activated polyvinylidene fluoride membrane (PVDF) (PALL, USA),
after blocking with TBS-Tween containing 5% skim milk at
room temperature for 2h and then incubated with a rabbit anti-
His antibody (1:5,000 diluted, Yeasen Biotech, Shanghai, China)
at room temperature for 1h. Following three 5-min washes
with TBS-Tween, the membrane was followed by 1:5000 diluted
horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG,
(Yeasen Biotech, Shanghai, China) for 1h and then treated with
three final washes. Specific proteins were visualized with Western
lightning chemiluminescence reagent plus substrate mixture (Bio-
Rad, USA) and imaged using the ChemiDoc imaging system (Gel
DocTM XR + imaging system, Bio-Rad, USA).

Immunofluorescence and flow cytometry

The yeast cells containing the target genes were harvested
and centrifuged. The blank strain of ST1814G was used as a
negative control during this experiment. First, the yeast cells
were centrifuged at 6000 rpm for 1min at 4°C. The cells
were treated with a mouse anti-His-tag and followed by FITC-
conjugated rabbit anti-mouse IgG antibody at 4°C for 1h and re-
suspended with 500 L of sterile PBS. Finally, 5 pL of S. cerevisiae
pellets were used for immunofluorescence assay under an inverted
fluorescence microscope. For flow cytometry analysis, 500 pwL
pellets were analyzed by flow cytometry analysis (BD FACSCalibur,
BD Bioscience, San Jose, CA, USA).

Oral immunization and virus challenge

The animal study was performed following the guidelines
and regulations of the Laboratory Animal Ethical and Welfare
Committee of Tianjin University (permit number, TJUE-2021-
051). A total of 65 (mixed sex) egg-laying chickens (White
Laiheng) were obtained and housed in specific pathogen-free (SPF)
facilities. All birds were given free feed and free access to drinking
water. The chickens were divided into five groups (13 birds per
group) named YPD group, ST1814G group, inactivated vaccine
group, ST1814G/Aga2-H9 group, and ST1814G/Aga2-H579 group.
Immunization methods are presented in Table 1.

At 5 days after each immunization, the weight of three
randomly selected poultry was taken, and blood and anal swab
samples were taken for ELISA assays to detect changes in antibody
titers in each group. On day 5 after the third immunization,
three chicks were randomly euthanized for tissue sampling (liver,
spleen, lung, bursa of Fabricius, and cecum tonsils) to detect the
changes occurring in the different tissues. On day 6 after the third
immunization, seven birds per group (mixed sex) were randomly
selected and challenged intranasally with 100 uL A/Hebei/218/2010
(H9N2) virus (TCIDsg = 10~48/0.1 mL) and observed for 12 days
to record the mortality rate, while blood was collected on the
4th, 7th, and 10th days to determine the virus titer in blood. The
animal immunization and the virus challenge process are shown
in Figure 1B. At the end of the experimental trials, the birds were
humanly euthanized and adequately disposed of.
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Analysis of gut microbiota

Sampling was performed on the 5th day after the end of
immunization, and the intestinal contents were taken from 10 cm
above the junction of the small intestine and the cecum of three
chickens in each group. Samples were sent to Wekemo Tech
Group Co., Ltd. (Shenzhen, China) for 16S rRNA sequencing.
The pair of primers (Forward: 5 -ACTCCTACGGGAGGCAGCA-
3" and Reverse: 5 -GGACTACHVGGGTWTCTA AT- 3') were
obtained according to the V3-V4 conserved region. The amplicon
analysis process is based on Qiime2 software, and amplicon
second-generation sequencing data are de-noised to generate ASV,
taxonomic annotation, species screening, basic statistics, significant
difference comparison, alpha diversity analysis, beta diversity
analysis, correlation analysis, PICRUSt2 functional prediction,
functional statistics, functional difference comparison, etc. Among
Dunnett’s multiple comparison tests, the KEGG Orthology (KO)
abundance table was selected for functional difference comparison,
and the Organismal Systems was selected among the seven classes
of biometabolic pathways. All data were processed using the online
platform of Wekemo Bioincloud (https://www.bioincloud.tech).

Enzyme-linked immunosorbent assay
(ELISA)

HA-specific serum IgG and mucosal IgA antibody levels were
separately determined by ELISA. In brief, 96-well ELISA plates
were coated overnight at 4°C using 0.1 pug of recombinant HA
protein of A/Hebei/218/2010 (HIN2) as the antigen. The wells were
washed three times with PBS containing 0.05% Tween 20 (PBS-
T) and blocked with PBS-T containing 1% BSA for 2h at room
temperature. To the reaction add serum at 1:40 dilution (select
optimal dilution after serial dilutions) or the anal swab in PBS to
the plate and incubate at 37°C for 1h, followed by incubation with
HRP-goat anti-chicken IgG conjugate (Solarbio, Beijing, China)
or goat anti-chicken IgA conjugate (Abcam, USA) at 37°C for
1h, respectively. After incubation with TMB substrate solution
(Solarbio, Beijing, China) for 12 min in the dark, the reaction was
blocked by 2M H,SO4, and the optical density (OD405) of each
well was measured using a microplate spectrometer.

Quantitative real-time PCR (qRT-PCR)

The expressions of chicken immune-related cytokine genes
in the inactivated vaccine group, the oral yeast vaccine group
(ST1814G/Aga2-H9 and ST1814G/Aga2-H579),
ST1814G group, and the blank control YPD group were detected
by quantitative PCR (qPCR). For each group of three, RNA
was extracted from the tissues using the TRIzol reagent (Yeasen

the control

Biotech, Shanghai, China), reverse transcription was performed
using the Hifair®1II 1st Strand cDNA Synthesis SuperMix (Yeasen
Biotech, Shanghai, China), and the concentration of cDNA
generated was ensured at 2,000 ng/ul. For qPCR, primers for
CD4, CD8, CD127, CD117, GATA3, etc., were designed using the
Primer-Blast tool (Table 2). The absolute fluorescence quantitative
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PCR assay was used to quantify the viral titer of HIN2, detecting
primers in Table 2. qPCR was performed in a total volume of 20 pL
per well, using the Hieff® qPCR SYBR Green Master Mix (Yeasen
Biotech, Shanghai, China) and the amplification step consisted
of 40 cycles of pre-denaturation at 94°C for 5min, followed by
denaturation at 94°C for 10s and extension at 60°C for 30s,
followed by melting curve analysis. CT values were determined in
triplicate for each sample using an ABI 7500 real-time quantitative
fluorescence PCR instrument. Data were calculated based on the
2-AACT method. B-actin was used as an internal reference for the
normalization of relative mRNA expression, and the error lines
indicated the standard.

Statistical analysis

A pairwise comparison between treatment and control groups
was performed using statistical tools analysis of variance (ANOVA)
using SPSS software, version 18.0 (SPSS, Chicago, IL, USA). All
the graphs were generated using GraphPad Prism 5.0. (GraphPad
Software, La Jolla, CA, USA) “ns” indicates no significant difference
(P > 0.05). “*) “**” and “***” indicate statistically significant
differences with values of P < 0.05, P < 0.01, and P <
0.001, respectively.
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Generation of a monoclonal
antibody against duck circovirus
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application for native viral antigen
detection

Jinxin Li!, Fengli Liut, Zhihao Ren?, Guanghua Fu?, Jizhen Shit,
Naiyu Zhaot, Yu Huang?* and Jingliang Su'*
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Introduction: Duck circovirus (DUCV) infection is currently recognized as an
important immunosuppressive disease in commercial duck flocks in China.
Specific antibodies against DUCV viral proteins are required to improve diagnostic
assays and understand the pathogenesis of DUCV infection.

Methods and results: To generate DuCV-specific monoclonal antibodies (mAbs),
a recombinant DuCV capsid protein without the first 36 N-terminal amino
acids was produced in Escherichia coli. Using the recombinant protein as an
immunogen, a mAb was developed that reacted specifically with the DuCV capsid
protein, expressed in E. coli and baculovirus systems. Using homology modeling
and recombinant truncated capsid proteins, the antibody-binding epitope was
mapped within the region of 2*4IDKDGQIV>!, which is exposed to solvent in the
virion capsid model structure. To assess the applicability of the mAb to probe the
native virus antigen, the murine macrophage cell line RAW267.4 was tested for
DuCV replicative permissiveness. Immunofluorescence and Western blot analysis
revealed that the mAb recognized the virus in infected cells and the viral antigen
in tissue samples collected from clinically infected ducks.

Discussion: This mAb, combined with the in vitro culturing method, would have
widespread applications in diagnosing and investigating DuCV pathogenesis.

KEYWORDS

duck, circovirus, DuCV, capsid protein, monoclonal antibody, in vitro culturing

1. Introduction

Duck circovirus (DuCV) was first discovered by Hattermann et al. in 2003 from a Mulard
duck exhibiting feathering disorder, poor body condition, and low weight (Hattermann
et al., 2003). Genomic analysis assigned the isolate to the genus Circovirus of the family
Circoviridae. Subsequent DuCV infections have been detected in commercial duck flocks
in the United States, Europe, and Asia (Banda et al., 2007; Cha et al., 2013; Matczuk et al.,
2015; Neale et al., 2022; Tran et al., 2022). DuCV is an important co-factor in duck enteritis
virus, goose parvovirus, and Riemerella anatipestifer infections (Neale et al., 2022), but the
mechanism by which the virus causes the disease is not fully understood. DuCV infection
combined with goose parvovirus increases the prevalence of short beak and dwarfism
syndrome in meat-type ducks (Liu et al., 2020). The disease induced by DuCV may result
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from  virus-induced immunopathological  disorders. In
experimentally infected ducks, DuCV targeted the bursa of
Fabricius, thymus, and spleen, causing extensive damage to
immune organs, and viral DNA was also detected in the liver
and intestines (Hong et al.,, 2018). In the last decade, high rates
of DuCV infection in Chinese commercial duck populations
have been detected by PCR, with a prevalence of 10-81.6% (Liu
et al., 2009; Wang et al., 2011). This high prevalence and the easy
circulation of DuCV are a problem for commercial duck flocks.
Currently, there is no commercially available vaccine or specific
measures to prevent the spread of the disease. Routine diagnostics
of DuCV are required to monitor infection numbers in duck
flocks and advance our understanding of the pathogenesis of
virus infection.

DuCV is a non-enveloped virus with a circular single-stranded
genomic DNA that ranges from 1987 to 1996 nucleotides (nt) in
length (Breitbart et al., 2017; Liao et al., 2022). The DuCV genome
contains at least two major open reading frames (ORFs) encoding
the replication-associated protein (Rep) and capsid protein (Cap).
Initial structural insights detailing the three-dimensional (3D)
structures of circovirus virions used electron microscopy (EM).
These EM images revealed that the members of the genus Circovirus
adopt a similar capsid structure that forms multisubunit virions
with T = 1 icosahedral symmetry (Crowther et al., 2003). The first
high-resolution atomic structure of PCV2 Cap was solved using
X-ray crystallography, showing that the Cap subunits comprise a
single canonical jelly roll domain. The jelly roll domain comprises
two B-sheets, each containing four p-strands. Shorter loops that
connect the B-strands decorate the surface of the capsid, whereas
the longer loops predominantly mediate interactions between
capsids (Khayat et al, 2011, 2019). Cap is the major structural
protein that self-associates to form the capsid of the virus and
represents the primary target for antibodies in infected individuals.
Thus, Cap is the most frequently used antigen for developing
serological diagnostic tests (Liu et al., 2010; Yang et al., 2017).

Monoclonal antibodies (mAbs) against porcine circovirus and
psittacine beak and feather disease virus and mAb-based assays
have been described (Ritchie et al., 1992; McNeilly et al., 2001). The
reported use of mAbs to detect the PCV antigen in cryostat sections
from a pig experimentally infected with the virus enabled the
identification of the sites of replication of PCV. The mAbs for the
psittacine beak and feather disease virus were used to detect PBFDV
by immunohistochemistry in related studies (Allan et al., 1994).
However, no report has yet described the use of a mAb against
DuCV. In this study, a mAb against Escherichia coli-expressed
DuCV Cap was generated and characterized. Furthermore, in
vitro culturing of DuCV using the murine macrophage cell line
RAW?267.4 was investigated. The reactivity of the mAb with native
viral Cap in DuCV-infected RAW cells and tissues from clinically
diseased ducks was evaluated.

2. Materials and methods
2.1. Detection of the DuCV genome by PCR

DNA was extracted from duck spleen tissues using a virus
DNA kit (Tiangen Co., Ltd, Beijing, China). The PCR detection
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primers and thermal cycling were performed as described
previously (Li et al, 2014). One of the DuCV-positive spleen
samples from a Pekin duckling was used to amplify the
full-length genome with overlapping primers DuCV-CX-F (5'-
TGGCTCTCTCGTGCCCGGGGATCT-3') and DuCV-CX-R (5'-
AGGCTCTTCCTCCCAGCGACT-3'). The sequenced genome of
the strain SXD1 was deposited in GenBank.

2.2. Generation and purification of
recombinant DuCV capsid protein in E. coli

There are two reports on the in vitro culturing of DuCV
(Mészaros et al., 2014; Li et al., 2020), both of which employed
methods that require specialized cell lines or techniques.
The yield using either of these methods is low. In contrast,
the high-level expression of full and truncated fragments of
DuCV Cap has been achieved using E. coli and baculovirus-
based expression systems (Xiang et al, 2013; Lu et al,
2014). In this study, a 684-bp DNA fragment of the Cap
encoding gene was amplified with the primers (DuCVorf2-F1:
5'-CGCGGATCCTTTTCCGTAGTGACATATAA-3';  DuCVorf2-
RI1: 5'-CCCAAGCTTCTAGAAGCCCGTGAACTGTCC-3';
underlined text shows the restriction endonuclease sequences),
using viral DNA as the template. The PCR product was digested
with BamHI/HindIIl and cloned into pMAL-C5x and pET-32a
vectors. The recombinant plasmids, designated as pMAL-
CapANLS and pET-CapANLS, were confirmed by sequencing
and transformed into E. coli BL21 cells for protein expression.
The recombinant bacteria were propagated in Luria-Bertani (LB)
medium containing 100 pg/ml of ampicillin at 37°C with orbital
rotation until an ODggg of 0.6 was reached. Recombinant protein
expression was induced by the addition of 1.0 mM isopropyl-b-
D-thiogalactopyranoside (IPTG). Cells were grown for a further
5h at 37°C. Target protein expression was analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and Coomassie brilliant blue gel staining and Western blotting
with a monoclonal antibody against the His-tag. His-tagged
recombinant proteins were purified by immobilized metal
affinity chromatography (Ni-NTA Sepharose) under denaturing
conditions and according to the manufacturer’s instructions
(Solarbio, Beijing, China).

2.3. Generation of a eukaryotic expression
vector of the DuCV capsid protein

The expression system was constructed
by amplifying the 724-bp DNA fragment of the Cap
encoding gene using the primers DuCVorf2-F2 (5-AAAAC
TGCAGGTGGCGGACCGAAATAAAATGTTTTCCGTAGTGAC
ATATAAGG-3') and DuCVorf2-R2 (5'-CCGCTCGAGTCAGTG
ATGATGATGATGATGGAAGCCCGTGAACTGTCCAAATT-3'),
as described above. The amplified fragment was cloned into the

eukaryotic

Pstl/Xhol site of the pFastBac baculovirus transfer vector, as
described previously (Liu et al, 2021). After confirming the
sequence, the pFastBac-CapANLS construct was transformed into
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DHI10Bac competent E. coli cells (Thermo Fisher Scientific Inc.,
MA, United States) to produce a recombinant bacmid, according to
the manufacturer’ instructions. The recombinant bacmid was then
purified and transfected into Sf9 cells to produce a recombinant
baculovirus containing the DuCV cap ANLS gene.

2.4. Generation and screening of DuCV
capsid protein-specific hybridoma

Five BALB/c mice (6-8 weeks old; Beijing Vital River
Laboratory Animal Technology Co., Ltd., Beijing, China) were
immunized subcutaneously with 100 pg of purified E. coli-
expressing capsid protein pMAL-CapANLS with Freund’s
complete adjuvant. The mice were boosted twice at 2-week
intervals with the recombinant capsid protein with Freund’s
incomplete adjuvant. Two weeks after the third immunization, sera
were collected and assessed by indirect ELISA using the following
approach. Mice were injected intraperitoneally with 110 pg of
the purified recombinant capsid protein. After 3 days, mice were
euthanized, and spleen cells were fused with SP2/0 myeloma cells
by adding polyethylene glycol 2000. The fused cells were cultured in
DMEM containing HAT and 15% fetal bovine serum (FBS), with a
layer of macrophage feeder cells collected from a mouse peritoneal
cavity. After 10 days of incubation, the hybridoma supernatants
were screened by ELISA. ELISA-positive hybridoma cells were
then subcloned by limiting dilution. The positive hybridoma clone
was expended in a 6-well plate, and the supernatant of the culture
was collected for immunoglobulin isotyping using the Mouse
Monoclonal Antibody Isotyping Kit (Sigma-Aldrich, St Louis,
MO, USA), according to the manufacturer’s instructions. The
selected hybridoma was inoculated into adult female BALB/c mice
to produce an ascitic fluid antibody.

2.5. Western blotting

Protein samples were first separated by 12% denaturing
SDS-PAGE and visualized by Coomassie brilliant blue staining.
The separated proteins were transferred to a polyvinylidene
fluoride (PVDF) membrane for Western blotting. Membranes were
incubated overnight in blocking solution [1x phosphate-buffered
saline, 0.05% (v/v) Tween-20 (PBST), 5% (w/v) skim milk powder]
at 4°C with gentle rocking. After removal of the blocking solution,
the mouse monoclonal antibody was diluted in PBST and incubated
for 1 h at room temperature. The membrane was then washed three
times with PBST, and HRP-conjugated goat anti-mouse IgG was
added at a dilution of 1:5000. After incubation at room temperature
for 1h, the membrane was washed, and the signal was developed
using the chemiluminescence substrate (ECL reagent; Cwbiotech,
Beijing, China).

2.6. Indirect enzyme-linked
immunosorbent assay (ELISA)

An indirect ELISA was developed to screen the specific
antibodies in the immunized mouse sera and hybridoma

supernatants. In brief, 96-well ELISA plates were coated with
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2pg/ml purified E. coli-expressed DuCV capsid protein pET-
CapANLS overnight at 4°C. The plate was blocked with blocking
solution at 37°C for 2h and washed three times with PBST. The
hybridoma supernatants were added to each well and incubated
at 37°C for 1h. Mouse sera collected before fusion were serially
diluted two-fold from the initial dilution of 1:1250. After washing
three times with PBST, 100 pwl HRP-conjugated goat anti-mouse
IgG (1:5000 in PBST) was added and incubated at 37°C for 1h.
After washing, the substrate TMB (3,3’,5,5 -tetramethylbenzidine)
was added (100 pl/well), and the reaction was incubated in
darkness for 10 min. The reaction was stopped by the addition of
50 l 2M H, SOy, and the absorbance was measured at 450 nm.

2.7. Indirect immunofluorescence assay
(IFA)

mAb binding to recombinant DuCV capsid protein expressed
in baculovirus was examined by the seeding of Sf9 cells (ATCC
CRL-1711) in a 96-well culture plate in DMEM/F12 (Hyclone)
containing 10% FBS and incubating the cells at 28°C. Cells were
infected at 80% confluence with the recombinant baculovirus
containing the DuCV cap-ANLS gene at a multiplicity of infection
(MOI) of 0.1. After 72 h of incubation at 28°C, cells were fixed with
pre-chilled acetone/methanol (1:1) for 20 min at room temperature,
followed by saponin permeabilization for 10 min. The plate was
washed three times with PBST and incubated with a blocking
buffer at 37°C for 30 min. Cell wells were washed, and the diluted
murine ascitic mAb was added. After incubation at 37°C for 1h,
cell wells were washed, and DyLight 488 AffiniPure Goat Anti-
Mouse IgG (H+L; Earthox, CA, USA) was added at a dilution of
1:1000. After incubation at 37°C for 1h, cells were washed three
times and mounted with DAPI. Fluorescence was recorded under a
fluorescence microscope (Olympus Corporation, Japan).

2.8. In vitro culturing of DuCV

The mouse macrophage cell line RAW267.4 (ATCC TIB-71)
was cultured in DMEM supplemented with 10% FBS and 1%
penicillin-streptomycin at 37°C in the presence of 5% CO, to
develop a convenient in vitro DuCV culturing method. The
original DuCV-positive spleen tissue was homogenized in DMEM,
clarified by centrifugation at 8,000 x g for 10 min, and filtered
through a 0.22-pwm membrane filter. The filtered suspension was
inoculated to the cell monolayers with ~80% confluence, and
DMEM containing 1% FBS was added after 1h of incubation
at 37°C. At 96h post-infection, the supernatant was transferred
to freshly cultured cell monolayers. This step was repeated three
times, and the infectivity of DuCV was assessed by real-time
PCR with primers qDuCV-F (5-TTACAAACCACGCGGGAA
GT-3') and qDuCV-R (5-CTGGGCGGGTTCATACTTGT-5),
which are based on the conservative region of the Rep gene of
DuCV SXD1 (GenBank accession No.: 0Q759610). qPCR reactions
were performed in a CFX Connect™ Real-time PCR Detect System
(Bio-Rad, Hercules, CA, USA) reaction solution (20 1) containing
8.0 ul ddH,0, 10 pl 2xRealStar Fast SYBR qPCR Mix (GenStar,
Beijing, China), 1.0 pl template DNA (extracted from RAW cell
lysate), and 0.5 pl of each primer, qDuCV-F and qDuCV-R.
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FIGURE 1

Analysis and identification of recombinant DuCV capsid proteins expressed in E. coli. (A) SDS-PAGE analysis of recombinant CapANLS protein (CP) of
DuCV expressed in E. coli. (B) Western blotting identified the recombinant capsid protein with a monoclonal antibody against the His-tag. (C)
Western blotting identified the recombinant capsid protein with the monoclonal antibody 4A2. M: protein marker; Lanes 1 and 2: lysates of E. coli
with the pMAL-C5x vector and pMAL-CapANLS; Lanes 3 and 4: lysates of E. coli with the pET-32a vector and pET-CapANLS.
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FIGURE 2

Detection of the reactivity of mAb 4A2 with baculovirus-expressed DuCV capsid protein and different viral proteins by Western blotting. (A) IFA
staining of Sf9 cells infected with recombinant baculovirus. Cells were infected with recombinant baculovirus containing the DuCV capsid gene. After
72 h post-infection, cells were fixed and labeled with mAb 4A2 and then by the DyLight 488-labeled secondary mAb (green). Nuclei were stained with
DAPI (blue), and cytomembranes were stained with DIL (red). (B) Western blot analysis of mAb 4A2 with baculovirus-expressed DuCV capsid protein.
Lane 1: positive control of recombinant DuCV Cap expressed in duck enteritis virus; Lane 2: protein from the eukaryotic expression of duck circular
capsid; Lane 3: protein from Sf9 cells. (C) Western blot analysis of mAb 4A2 with different viral proteins. Lane 1: positive control of recombinant
DuCV Cap expressed in duck enteritis virus; Lanes 2 to 5: cell lysates of proteins from duck enteritis virus, goose parvovirus, Tembusu virus, and duck
astrovirus

Thermal cycler conditions were as follows: 95°C for 2 min at stage
1; 40 cycles of 95°C for 155, 60°C for 30s, and 72°C for 30s.
DuCV-infected RAW267.4 cells were also treated for capsid protein
detection by IFA and Western blotting using the mAb and following
the abovementioned steps.

3.1. Expression of recombinant DuCV
capsid protein

The target DNA fragment encoding the truncated Cap protein
of DuCV was amplified successfully using the DNA template

Frontiersin o1

extracted from the DuCV-positive spleen sample. After cloning
and transformation, single colonies were selected, and DNA
sequence fidelity was confirmed by Sanger sequencing. Constructs
transformed into E. coli BL21 and protein expression induced
by IPTG were assessed by SDS-PAGE. Protein bands in the
SDS-PAGE gel corresponding to the expected size (~68.2 kDa
for pMAL-CapANLS and 40.9 kDa for pET-CapANLS) were
). Western blotting showed
the recombinant capsid protein reacted with a monoclonal

observed in the cell lysates (

antibody against the His-tag ( ). His-tagged proteins,
pPMAL-CapANLS and pET-CapANLS, were purified using
Ni-NTA
immunization and plate-coating antigen in ELISA screening

affinity chromatography and wused for mouse

of the monoclonal antibody, respectively.
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FIGURE 3

Epitope mapping of mAb 4A2 by Western blot analysis. (A) A series of seven overlapping recombinant truncated capsid proteins were synthesized to
identify the linear epitope of the mAb. Three N-terminal (B) and six C-terminal (C) truncated fragments of DUCV capsid were constructed as
described in the methods. Western blot analysis indicated that mAb 4A2 specifically reacted with CapA2, CapA2-2, C1, C2, C3, C4, C5, and N1, of

which, the overlapping sequence was *4IDKDGQIV°L.

3.2. Generation of a monoclonal antibody
against the DuCV capsid protein

MADbs were generated by immunization of mice with
recombinant DuCV capsid protein and then tested for the
presence of specific serum antibodies. Spleen cells from an
immunized mouse were fused with Sp2/0 myeloma cells, and
hybridoma supernatants were screened by ELISA using purified
pET-CapANLS as the plate-coating antigen. After four rounds
of sub-cloning, hybridoma 4A2 was eventually established as a
monoclonal cell line and chosen for further investigation. The
isotype of mAb 4A2 was determined as IgG2a with a kappa
light chain. Western blotting showed that the mAb reacted with
recombinant DuCV Cap produced in E. coli (Figure 1C).

In IFA, mAb 4A2 recognized the DuCV capsid protein,
expressed in the recombinant baculovirus-infected Sf9 cells, mainly
in the cytoplasm (Figure 2A). Western blot analysis of the infected
Sf9 cell lysate using the mAb gave a prominent band with a
molecular weight of ~29.1 kDa (Figure 2B). No band was detected
in non-infected cells (Figure 2B) or lysates of duck fibroblast cells
infected with duck enteritis virus, goose parvovirus, Tembusu virus,
or duck astrovirus (Figure 2C). As expected, the cellular marker
was detected by an anti-mouse B-actin antibody (Beyotime, Beijing,
China). The results indicated that the mAb binds specifically to the
DuCV capsid protein.
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3.3. Recognition epitope of mAb 4A2

The epitope region recognized by 4A2 mAb was analyzed by
constructing pET-32a-derived recombinant plasmids containing a
series of truncated DuCV capsid gene fragments and transformed
into E. coli BL21. As shown in Figure 3A, truncated Cap proteins
were expressed in E. coli, and Western blotting analysis showed
that CapA2 (114-210 aa) and CapA2-2 (142-161 aa) reacted
with mAb 4A2, presenting a strong signal for the sequence
2 TVIDKDGQIVKTSTTGWSID!!. Further omission of amino
acid residues from the N- and C-termini of the peptides revealed
the sequence '**IDKDGQIV'! to be essential for 4A2 mAb
binding (Figures 3B, C).

Multiple protein sequence alignment of capsid proteins
from DuCV, goose circovirus, and pigeon circoviruses indicated
that the mapped epitope region **IDKDGQIV'! is conserved
among DuCV strains, except for strain the TC2 (GenBank:
DQ166836), which displays one amino acid substitution, i.e.,
G148R (Table 1). Amino sequences in the epitope region were
noted to be highly divergent between circoviruses from different
birds. This divergence was also supported by mAb 4A2 not cross-
reacting with the Cap of goose circovirus expressed in E. coli
(Supplementary Figure 1).

Structural modeling based on the bat circovirus Cap structure
(PDB ID: 6rpo.1.A https://swissmodel.expasy.org) indicated that
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TABLE 1 Multiple protein sequence alignments of the epitope of mAb 4A2 in capsid proteins of DUCV, GoCV, and CoCV (the strains isolated in our
laboratory are shown in red).

Strain name (accession no.) Cap protein

DuCV I-SXD1 (0Q759610) I D K D G Q I v

DuCV I-]Z22

DuCV I-YS22

DuCV I-MH11 (EU344805)

DuCV I-TC2 (DQ166836) . . . . R

DuCV I-LY0701 (EU022374)

DuCV I-WF0804 (GU131343)

DuCV II-MH25 (EF451157)

DuCV II-Germany (AY228555)

DuCV II-AQ0901 (GU014543)

DuCV II-WF0801 (GU131340)

DuCV II-3753-52 (DQ100076)

DuCV II-ZHEJIANG (GQ334371)

GoCV-SDJN21-1 I D K E G N I T
GoCV-DG1 (KT808650) . . . E N T
GoCV-Hun3 (MG254880) . . . E N T
GoCV-Anhuil5 (MF581299) E N T
CoCV-Germany (NC002361.1) P M Y D A R L K
CoCV-RS0120 (KY114965.1) P M Y D A R L K
CoCV-PG-14-844 (KU.593626.1) P I Y D A R L K
CoCV-PL14 (MK994769.1) P M Y D A R L K
CoCV-TJ62 (MW0253.1) P I Y D A R L K

FIGURE 4

Structural modeling of DUCV Cap. The monomeric unit of the capsid protein comprises two p-sheets composed of five (cyan) and four strands
(magenta). The epitope of mAb 4A2 is shown in red, whereas loops are shown in green. One pentamer is shown in the center of each VLP. The
epitope region (red) is located immediately after the fifth f-strand and solvent-exposed.
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FIGURE 5

Detection of the native viral antigen of DUCV with mAb 4A2. (A) Detection of DuCV strain JZ22 by PCR. (B) Growth kinetics of DUCV in RAW cells. (C)
Immunofluorescence detection of DUCV in RAW cell culture. RAW264.7 inoculated with DuCV strain JZ22 and monolayers were fixed for 72 h
post-infection. IFA analysis was performed by probing with mAb 4A2 (green). The nucleus of each cell was stained with DAPI (blue), and the
cytomembrane was stained with DIL (red). (D) Western blot analysis of a DuCV-infected RAW cell lysate. (E) PCR detection of DUCV in clinical duck
spleen samples. (F) Western blot analysis of the DuCV antigen in clinical duck spleen samples
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DuCV Cap comprises two p-sheets, one containing five f-strands
and the other containing four B-strands, with 12 loops connecting
the B-strands. The epitope region was predicted to be positioned
immediately after the fifth B-strand and exposed to solvent
(Figure 4).

3.4. Application of mAb 4A2 for native
DuCV antigen detection

To investigate whether the mAb 4A2 can be used for
immunological diagnostic methods, IFA was performed on a
RAW264.7 cell monolayer infected with DuCV strain JZ22.
Replication of DuCV in the cell culture after three sequential
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passages was detected by PCR (Figure 5A). The kinetic change in
the viral DNA copies revealed by real-time PCR indicated modest
replication of DuCV in RAW cells (Figure 5B). IFA confirmed the
PCR results, with green fluorescence intracytoplasmic foci observed
in DuCV JZ22-infected cells (Figure 5C). Further detection of
DuCV-infected RAW cell lysates by Western blotting gave a
prominent band of ~30 kDa in a dilution of 1:1000 of mAb 4A2
(Figure 5D). No band was detected in the non-infected cell lysate.
Next, the of the
generated mAb 4A2. Clinically collected duck spleen samples
were detected by Western blotting. Consistent with PCR
detection (Figure 5E),
of the PCR-positive spleen samples at a dilution of 1:100

we evaluated diagnostic potential

the monoclonal antibody detection

resulted in a positive band with a molecular weight of ~30 kDa
(Figure 5F).
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4. Discussion

Recent studies have highlighted that

distribution of DuCV infection and its immunosuppressive effects

the widespread

are a problem for commercial duck flocks in China. However,
the limited laboratory host system for DuCV propagation
hampers the investigation of this virus. More sensitive, specific,
and readily standardized diagnostic assays are urgently needed.
Applications of mAbs to porcine circoviruses and the beak
and feather disease virus have been presented (Ritchie et al,
1992; McNeilly et al., 2001). These applications include using
mAbs for immunostaining cell cultures and tissue sections and
detecting a virus-specific antibody by ELISA and HI (Shearer
et al, 2008). In this study, we reported the generation of a
mAb against the DuCV capsid protein in combination with the
propagation of a DuCV strain in a RAW cell line. The results
should enable further development of standardized immune
diagnostic methods.

Only one report has described the in vitro culturing of DuCV
using continuous cell lines created from primary Muscovy duck
retina and somite cells (Mészdros et al, 2014). The relatively
low viral productivity and restricted availability of avian cell
lines hamper the production of whole DuCV virus particles in
large quantities. In this study, a fragment of the DuCV capsid
protein that omits the N-terminal NLS region was produced in
E. coli and baculovirus expression systems. Using the recombinant
protein as an immunogen, the mAb 4A2 against DuCV was
produced. The antibody-binding epitope was determined to be
IDKDGQIV'! of the capsid protein, whose surface is exposed
in the capsid protein model and thus accessible for antibody
binding (Figure 4). This result was supported by mAb, recognizing
the recombinant capsid protein expressed in baculovirus and the
native capsid protein in DuCV-infected RAW267.4 cells in IFA
and Western blotting analysis. The specific infectivity detected
by qRT-PCR and characterized by IFA indicated that DuCV
replicated effectively in RAW267.4 cells, providing an option
for developing a more convenient in vitro culturing approach
for DuCV isolates. Given that it detected viral antigens in the
spleen tissues from clinically infected ducks, the mAb 4A2 should
have widespread applications in both diagnostic detection and
research work.

In summary, our study presents the generation of a monoclonal
antibody against the DuCV capsid protein and its potential
application in viral antigen detection. The successful in vitro
culturing of DuCV using RAW267.4 cells and the detection of the
viral antigen in infected cells are effective alternative approaches to
investigate the replication properties of DuCV.

Data availability statement

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories and
accession number(s) can be found at: https://www.ncbinlm.nih.
gov/nuccore/0Q759610.1/.

Frontiersin Microbiology

10.3389/fmicb.2023.1206038

Ethics statement

The animal study was reviewed and approved by the China
Agricultural University Animal Ethics Committee and it was
conducted in accordance with the guidelines of the Beijing
Municipality on the Review of Welfare and Ethics of Laboratory
Animals, approved by the Beijing Municipality Administration
Office of Laboratory Animals and the Regulations for the
Administration of Affairs Concerning Experimental Animals,
approved by the State Council of China.

Author contributions

JL and JSu conceived and designed the experiments and
wrote the manuscript. JL, FL, ZR, JSh, and NZ performed the
experiments. JL, FL, and JSu analyzed the data. GF and YH
contributed to reagents/materials. All authors contributed to the
article and approved the submitted version.

Funding

This research was funded by National Key R&D Program
under Grant: 2016YFD0500800 and CAU-Grant for the Prevention
and Control of Immunosuppressive Diseases in Animals (CAU-
GPCIDA).

Acknowledgments

The authors thank Liwen Bianji (https://www.liwenbianji.cn)
for editing the English text of a draft of this manuscript.

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.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.
1206038/full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1206038
https://www.ncbi.nlm.nih.gov/nuccore/OQ759610.1/
https://www.ncbi.nlm.nih.gov/nuccore/OQ759610.1/
https://www.liwenbianji.cn
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1206038/full#supplementary-material
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Lietal.

References

Allan, G. M., Mackie, D. P., Mcnair, J., Adair, B. M., and McNulty, M. S.
(1994). Production, preliminary characterisation and applications of monoclonal
antibodies to porcine circovirus. Vet. Immunol. Immunop. 43, 357-371.
doi: 10.1016/0165-2427(94)90157-0

Banda, A., Galloway-Haskins, R. I, Sandhu, T. S., and Schat, K. A. (2007).
Genetic analysis of a duck circovirus detected in commercial Pekin ducks in
New York. Avian Dis. 51, 90-95. doi: 10.1637/0005-2086(2007)051[0090:GAOADC]
2.0.COs2

Breitbart, M., Delwart, E., Rosario, K., Segalés, J., Varsani, A., Consortium, I. R,,
et al. (2017). ICTV virus taxonomy profile: circoviridae. J. Gen. Virol. 98, 1997-1998.
doi: 10.1099/jgv.0.000871

Cha, S. Y., Kang, M., Cho, J. G., and Jang, H. K. (2013). Genetic analysis
of duck circovirus in Pekin ducks from South Korea. Poult. Sci. 92, 2886-2891.
doi: 10.3382/ps.2013-03331

Crowther, R. A., Berriman, J. A., Curran, W. L., Allan, G. M., and Todd, D.
(2003). Comparison of the structures of three circoviruses: chicken anemia virus,
porcine circovirus type 2, and beak and feather disease virus. J. Virol. 77, 13036-13041.
doi: 10.1128/JV1.77.24.13036-13041.2003

Hattermann, K., Schmitt, C., Soike, D., and Mankertz, A. (2003). Cloning
and sequencing of Duck circovirus (DuCV). Arch. Virol. 148, 2471-2480.
doi: 10.1007/s00705-003-0181-y

Hong, Y. T., Kang, M., and Jang, H. K. (2018). Pathogenesis of duck circovirus
genotype 1 in experimentally infected Pekin ducks. Poult. Sci. 97, 3050-3057.
doi: 10.3382/ps/pey177

Khayat, R., Brunn, N, Speir, J. A., Hardham, J. M., Ankenbauer, R. G., Schneemann,
A, et al. (2011). The 2.3-angstrom structure of porcine circovirus 2. J. Virol. 85,
7856-7862. doi: 10.1128/JV1.00737-11

Khayat, R., Wen, K., Alimova, A., Gavrilov, B., Katz, A, Galarza, J. M, et al. (2019).
Structural characterization of the PCV2d virus-like particle at 3.3 A resolution reveals
differences to PCV2a and PCV2b capsids, a tetranucleotide, and an N-terminus near
the icosahedral 3-fold axes. Virology 537, 186-197. doi: 10.1016/j.virol.2019.09.001

Li, Z,, Fu, G, Feng, Z., Chen, J,, Shi, S,, Liu, R,, et al. (2020). Evaluation of a novel
inactivated vaccine against duck circovirus in muscovy ducks. Vet. Microbiol. 241,
108574. doi: 10.1016/j.vetmic.2019.108574

Li, Z, Wang, X, Zhang, R, Chen, ], Xia, L, Lin, S,
et al. (2014). Evidence of possible vertical transmission of duck
circovirus.  Vet.  Microbiol. 174,  229-232.  doi:  10.1016/j.vetmic.2014.
09.001

Liao, J. Y., Xiong, W. J,, Tang, H., and Xiao, C. T. (2022). Identification and
characterization of a novel circovirus species in domestic laying ducks designated as
duck circovirus 3 (DuCV3) from Hunan province, China. Vet. Microbiol. 275, 109598.
doi: 10.1016/j.vetmic.2022.109598

Liu, F, Cao, Y., Yan, M, Sun, M., Zhang, Q. Wang, J, et al. (2021).
Development of a colloidal gold immunochromatographic assay for duck enteritis virus
detection using monoclonal antibodies. Pathogens 10, 365. doi: 10.3390/pathogens100
30365

Frontiers in Microbiology

96

10.3389/fmicb.2023.1206038

Liu, J., Yang, X., Hao, X,, Feng, Y., Zhang, Y., Cheng, Z., et al. (2020). Effect of
goose parvovirus and duck circovirus coinfection in ducks. J. Vet. Res. 64, 355-361.
doi: 10.2478/jvetres-2020-0048

Liu, S., Zhang, X., Chen, Z., Gao, J., Wei, X., Kong, Y., et al. (2009). Epidemic
investigation of duck circovirus in spontaneous diseased duck flocks in China. Chin.
J. Vet. Sci. 29, 1402-1405.

Liu, S. N., Zhang, X. X,, Zou, J. F,, Xie, Z. J,, Zhu, Y. L,, Zhao, Q., et al. (2010).
Development of an indirect ELISA for the detection of duck circovirus infection in
duck flocks. Vet. Microbiol. 145, 41-46. doi: 10.1016/j.vetmic.2010.03.010

Lu, Y, Jia, R., Zhang, Z., Wang, M., Xu, Y., Zhu, D, et al. (2014). In vitro expression
and development of indirect ELISA for Capsid protein of duck circovirus without
nuclear localization signal. Int. J. Clin. Exp. Pathol. 7, 4938-4944.

Matczuk, A. K., Krawiec, M., and Wieliczko, A. (2015). A new duck circovirus
sequence, detected in velvet scoter (Melanitta fusca) supports great diversity among
this species of virus. Virol. J. 12, 121. doi: 10.1186/s12985-015-0352-y

McNeilly, F., McNair, I, Mackie, D. P., Meehan, B. M., Kennedy, S., Moffett, D.,
et al. (2001). Production, characterisation and applications of monoclonal antibodies
to porcine circovirus 2. Arch. Virol. 146, 909-922. doi: 10.1007/s007050170124

Mészéros, 1., Toth, R, Balint, A, Dén, A., Jordan, I, Zéidori, Z., et al.
(2014). Propagation of viruses infecting waterfowl on continuous cell lines
of Muscovy duck (Cairina moschata) origin. Avian Pathol. 43, 379-386.
doi: 10.1080/03079457.2014.939941

Neale, S., Welchman, D., Garcia-Rueda, C., Grierson, S., and Pearson, A. (2022).
Detection of duck circovirus in Great Britain. Vet. Rec. 191, 424. doi: 10.1002/vetr.2463

Ritchie, B. W., Niagro, F. D., Latimer, K. S, Steffens, W. L., Pesti, D.,
Aron, L., et al. (1992). Production and characterization of monoclonal antibodies
to psittacine beak and feather disease virus. J. Vet. Diagn. Invest. 4, 13-18.
doi: 10.1177/104063879200400104

Shearer, P. L., Bonne, N., Clark, P., Sharp, M., and Raidal, S. R. (2008).
Development and applications of a monoclonal antibody to a recombinant beak
and feather disease virus (BFDV) capsid protein. J. Virol. Methods 147, 206-212.
doi: 10.1016/j.jviromet.2007.08.029

Tran, G. T. H, Mai, N. T, Bui, V. N, Dao, T. D, Trinh, D. Q,
Vu, T. T. T, et al. (2022). Duck circovirus in northern Vietnam: genetic
characterization and epidemiological analysis. Arch. Virol. 167, 1871-1877.
doi: 10.1007/s00705-022-05501-y

Wang, D., Xie, X., Zhang, D., Ma, G., Wang, X., Zhang, D,, et al. (2011). Detection
of duck circovirus in China: a proposal on genotype classification. Vet. Microbiol. 147,
410-415. doi: 10.1016/j.vetmic.2010.07.014

Xiang, Q. W., Zou, J. F., Wang, X, Sun, Y. N,, Gao, J. M,, Xie, Z. ], et al. (2013).
Identification of two functional nuclear localization signals in the capsid protein of
duck circovirus. Virology 436, 112-117. doi: 10.1016/j.virol.2012.10.035

Yang, C., Xu, Y, Jia, R, Li, P., Zhang, L., Wang, M., et al. (2017). Prokaryotic
expression of a codon-optimized capsid gene from duck circovirus and its application
to an indirect ELISA. J. Virol. Methods 247, 1-5. doi: 10.1016/j.jviromet.2017.05.003

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1206038
https://doi.org/10.1016/0165-2427(94)90157-0
https://doi.org/10.1637/0005-2086(2007)051[0090:GAOADC]2.0.CO;2
https://doi.org/10.1099/jgv.0.000871
https://doi.org/10.3382/ps.2013-03331
https://doi.org/10.1128/JVI.77.24.13036-13041.2003
https://doi.org/10.1007/s00705-003-0181-y
https://doi.org/10.3382/ps/pey177
https://doi.org/10.1128/JVI.00737-11
https://doi.org/10.1016/j.virol.2019.09.001
https://doi.org/10.1016/j.vetmic.2019.108574
https://doi.org/10.1016/j.vetmic.2014.09.001
https://doi.org/10.1016/j.vetmic.2022.109598
https://doi.org/10.3390/pathogens10030365
https://doi.org/10.2478/jvetres-2020-0048
https://doi.org/10.1016/j.vetmic.2010.03.010
https://doi.org/10.1186/s12985-015-0352-y
https://doi.org/10.1007/s007050170124
https://doi.org/10.1080/03079457.2014.939941
https://doi.org/10.1002/vetr.2463
https://doi.org/10.1177/104063879200400104
https://doi.org/10.1016/j.jviromet.2007.08.029
https://doi.org/10.1007/s00705-022-05501-y
https://doi.org/10.1016/j.vetmic.2010.07.014
https://doi.org/10.1016/j.virol.2012.10.035
https://doi.org/10.1016/j.jviromet.2017.05.003
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

& frontiers

@ Check for updates

OPEN ACCESS

Jinggiang Ren,
Wenzhou University, China

Xiaobo Wen,

Hainan University, China

Yongsheng Liu,

Hebei Normal University of Science and
Technology, China

Xue Leng
xuel@jlau.edu.cn

Rui Du
duruil97101@sina.com

These authors have contributed equally to this
work

13 April 2023
10 July 2023
31 July 2023

Liu'Y, Sheng C, Zhou VY, Li J, Gong Q, Shi K,
Liu F, Xu L, Cui Z, Leng X and Du R (2023)
Application of quantitative real-time PCR to
detect Mink Circovirus in minks, foxes and
raccoon dogs in northern China.

Front. Microbiol. 14:1205297.

doi: 10.3389/fmicb.2023.1205297

© 2023 Liu, Sheng, Zhou, Li, Gong, Shi, Liu, Xu,
Cui, Leng and Du. This is an open-access
article distributed under the terms of the

Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Microbiology

Frontiers in Microbiology

Original Research
31 July 2023
10.3389/fmicb.2023.1205297

Application of quantitative
real-time PCR to detect Mink
Circovirus in minks, foxes and
raccoon dogs in northern China

Yingyu Liu¥, Chenyan Sheng", Yu Zhou?, Jianming Li?,
Qinglong Gong?, Kun Shi?, Fei Liu?, Lihui Xu?!, Zhenzhen Cui?,
Xue Leng** and Rui Du**

!College of Animal Science and Technology, Jilin Agricultural University, Changchun, China, 2Huizhou
Customs District P.R. China, Huizhou, China, *College of Chinese Medicine Materials, Jilin Agricultural
University, Changchun, China

Mink circovirus disease caused by Mink Circovirus (MiCV) is a serious infectious
disease of mink that has become prevalent in recent years in China, severely
affecting the reproductive performance of mink and causing significant economic
losses to farms. To date, there have been few studies on MiCV, its pathogenic
mechanism is not clear, and there is no effective vaccine or drug to prevent and
control the disease. Therefore, it is necessary to establish a rapid and reliable
molecular diagnostic method, which would aid future studies of this novel virus.
In our study, we developed a sensitive and specific TagMan-based quantitative
real-time PCR assay targeting the MiCV Cap gene. The assay showed no cross-
reaction with other tested animal viruses. The assay is highly sensitive, with a
detection limit of as low as 10 plasmid DNA copies and 2.38 X 1072 pg of viral DNA.
The intra and inter--assay coefficients of variation were both low. The positive
detection rate of MiCV in clinical samples from minks, foxes, and raccoon dogs
were 58.8% (133/226), 50.7% (72/142), and 42.2% (54/128), respectively, giving
a total positive detection rate of 52.2% (259/496). Higher contamination levels
were observed in samples from the environment in direct or indirect contact
with animals, with a total positive detection rate of 75.1% (220/293). These
epidemiological results showed that minks, foxes, and raccoon dogs had high
infection rates of MiCV. This was also the first study to detect MiCV on the ground
and equipment of fur-bearing animal farms. Our assay is highly sensitive and
specific for the diagnosis and quantification of MiCV, and should provide a reliable
real-time tool for epidemiological and pathogenetic study of MiCV infection.

Mink Circovirus, quantitative real-time PCR, epidemiological investigation, detection,
fur-bearing animals

1. Introduction

Circoviruses have various hosts among mammals and birds (Li et al., 2010; Decaro et al.,
2014). In recent years, in addition to the well-known Porcine Circovirus, Circoviruses that can
infect canines, penguins, bats, and other animals have been reported (Piewbang et al., 2018;
Matsumoto et al., 2019; Morandini et al., 2019; Canuti et al., 2022). Mink circovirus disease,
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caused by a new Circovirus member, Mink Circovirus (MiCV), has
only been discovered in China and is reported to be able to infect
foxes and raccoon dogs (Yang et al., 2018). Taxonomically, MiCV
belongs to the genus Circovirus in the family Circoviridae.
Circoviruses are small envelope-free icosahedral viruses, with a
diameter of 15-25 nm, and a circular single-stranded DNA genome,
which is the smallest known auto replicating viral genome (Breitbart
etal., 2017; Rosario et al., 2017). The genome of MiCV comprises
about 1700 nucleotides, including two main open reading frames
(ORFs), one encoding the replication-related protein (Rep) and the
other encoding viral capsid protein (Cap; Ge et al., 2018a). In
Circovirus, the ORF encoding Rep is on the sense strand of the
genome, while the Rep of Cyclovirus is encoded by the
complementary strand of double-stranded DNA (Breitbart et al.,
2017; Rosario et al., 2017; Shulman and Davidson, 2017; Zhao et al.,
2019). The Rep protein (35.8kDa) is mainly involved in virus
replication and plays an important role in virus proliferation, while
Cap, is the main structural protein (27.8kDa) and has good
immunogenicity (Rosario et al., 2017).

Mink circovirus disease has a wide epidemic range in China.
Existing epidemiological research results showed that the positive
rate of MiCV was 30.30% in Heilongjiang Province, 38.46% in Jilin
Province, 52.88% in Shandong Province, 58.46% in Liaoning
Province and 67.90% in Hebei Province (Ge et al., 2018a). MiCV has
caused great economic losses to the mink breeding industry. Minks
infected with the virus showed poor appetite, mental fatigue, rough
fur, diarrhea, and even death, and the virus easily causes mixed
infection with Aleutian mink disease virus, Canine distemper virus
and other viruses (Ge et al, 2018b). Most minks recovered
spontaneously, however, their growth was poor, their fur quality was
significantly reduced, and the reproductive capacity of females was
lower than before infection. MiCV can be transmitted between minks
of different ages.

In many places in China, minks, foxes, and raccoon dogs are
kept on the same fur-bearing animal farms. A study showed that
MiCV can infect not only minks, but also foxes and raccoon
dogs, accompanied by similar clinical symptoms such as
drowsiness, anorexia, pale mouth and unkempt fur (Yang et al.,
2018). Besides, the persistence of the virus in the environment is
also an important factor in the spread of the disease. To date, no
large-scale MiCV prevalence studies in minks, foxes and raccoon
dogs have been carried out. Viral contamination in the
environment is also unknown. There have been few studies on
MiCV, its pathogenic mechanism is not clear, and there is no
effective vaccine and drug to treat the disease. Therefore, it is
important to establish a rapid and effective detection method for
disease prevention and control. Quantitative real-time PCR
(qPCR) detection has the advantages of strong specificity, high
sensitivity and relatively low cost (Abdel-Moneim et al., 2017;
Tong et al., 2020; de Oliveira Lopes et al., 2021; Gong et al., 2021).
It can quickly determine viruses in different tissue samples and
has become an important tool in veterinary virology and disease
control (Varga and James, 2006; Vazquez et al., 2017; Cui
et al.,, 2018).

In this study, a TagMan-based qPCR method was established to
detect MiCV DNA. Subsequently, we detected MiCV DNA in clinical
samples from minks, foxes, raccoon dogs and farm environments
in China.
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2. Materials and methods
2.1. Viruses and samples

MiCV strain HB3 (GenBank accession No. MK561562.1),
Aleutian mink disease virus (AMDV) DL125 strain (Isolated by Dr.
Liu of the Economic Animal Infectious Diseases Laboratory of Jilin
Agricultural University in 2015 citation), Pseudorabies virus (PRV)
JLO3 strain, and Porcine circovirus 2 (PCV-2) were stored in the
Economic Animal Infectious Diseases Laboratory of Jilin Agricultural
University. The vaccine strains mink enteritis virus (MEV), canine
distemper virus (CDV), and canine adenovirus type 2 (CAdV-2) were
purchased from Teyan Biotechnology, Ltd., (Jilin, China) and QiLu
Animal Health Products, Ltd., (Shandong, China), respectively.

Two hundred and twenty-six mink anal swab samples, 142 fox
anal swab samples, 128 raccoon dog anal swab samples, and 293
environmental swab samples were collected from 6 farms in Jilin,
Heilongjiang, and Shandong provinces in China from 2021 to 2022.

2.2. Primer design and synthesis

According to the MiCV genome sequences obtained in the
laboratory in recent years and all 13 of MiCV genome sequences
deposited in GenBank, DNAMAN (LynnonBiosoft, USA) was used to
perform multiple comparisons to obtain a highly conserved region in
the Cap region of the genome. Primer 5.0 (PREMIER Biosoft
International, Palo Alto, California, USA) was used to design the
required primers (real-time quantitative PCR primers and common
PCR primers) and probes (Table 1). The primers and probes were
synthesized by Comate Bioscience Co. Ltd., (Changchun, China).

2.3. DNA extraction

All swab samples were repeatedly frozen and thawed three times
and centrifuged. According to the manufacturer’s protocol, a Viral
DNA Kit (Omega Biotek, Winooski, VT, USA) was used to extract
DNA from 200 pl of the supernatant. After the DNA samples were
eluted into 100pl of Elution Buffer, they were stored at — 20°C
until required.

2.4. Preparation of the standard plasmid

The 684 bp fragment of the Cap gene was amplified from the DNA
of MiCV strain HB3 using PCR with the MiCV-Cap-F and MiCV-
Cap-R primers. A Midi Purification Kit (Tiangen Biotech, Beijing,
China) was used to purify the amplification products from the agarose
gel, which were then ligated into the vector pMD18-T (Takara
Biotechnology, Dalian, China) to construct recombinant plasmid
pMD-MiCV. pMD-MICV was transformed into Escherichia coli
DH5a cells (TransGen Biotech, Beijing, China), purified. Using a
plasmid miniprep Kit (Axygen A Corning Brand, Suzhou, China), and
verified by sequencing (carried out by Comate Bioscience, Changchun,
China). The target plasmid pMD-MiCV had an original concentration
0f210.47 ng/pl, as measured using a Nanodrop One spectrophotometer
(Thermo Scientific, Wilmington, DE, USA). Ten-fold serial dilutions
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TABLE 1 Primers and probes used in this study.

10.3389/fmicb.2023.1205297

e
Name Sequence (5 to 3') Length (bp) Position
MiCV-F AGGGCCTTTGGGCATCATTG

107 1,473-1,579
MiCV-R CCCGCCTGCAAACTGAAGAA
MiCV-Cap-F TTAAGTTTGCTTTGGGAAATTGACT

684 1,020-1703
MiCV-Cap-R ATGCCCGTAAGATCGCGATACTCGC
MiCV-Probe FAM-ACGGAGTTGCTGCAGATGCCACGGT-TAMR 1,529-1,553

“Nucleotide positions are designated according to the gene of MiCV strain HB3 (GenBank accession No. MK561562.1).

of plasmid DNA in elution buffer were created and stored at —20°C
until further testing. According to the following formula: the copy
number of the plasmid (copies/pl) = [concentration of plasmid (ng/
pl) x (6.02 x 10%)]/[(plasmid length x 660 x 10%)], the copy number of
the plasmid was 5.68 x 10" copies/pl. The original plasmid was diluted
using elution buffer to 1.0x 10" copies/pl, stored as the standard
plasmid-20°C until required.

2.5. Establishment of a standard curve for
qPCR

The standard plasmid pMD-MiCV was serially diluted 10 times
with elution buffer, 1.0x10° copies/ul to 1.0x10' copies/pl as
templates to establish the standard curve, created by plotting the
logarithm of the plasmid copy number against the measured cycle
threshold (Ct) values. The standard curve, the correlation coeflicient
of the standard curve, and the qPCR efficiencies were calculated using
the GraphPad Prism 7 software (GraphPad Inc., La Jolla, CA, USA).
The amount of DNA quantified in each sample was expressed as
number of copies per reaction. The final volume was 20 pl including
10pl of TB Green® Premix Ex Taq™ II (Takara Biomedical
Technology, Beijing, China), 0.8 pl each of the MiCV-F and MiCV-R
primers (10 pmol/L), 0.4 pl of the probe MiCV-P (10 umol/L), 1 pl of
template, and 6 pl of ddH,0. The qPCR reaction was carried out in
eight tubes by fluorescence quantitative PCR in qTOWER3 G
instrument (Analytik Jena AG, Jena, Germany). The procedure
comprised incubation at 95°C for 3 min, followed by 45 cycles of 95°C
for 10s and 57°C for 40s.

2.6. Specificity, sensitivity, and repeatability
analysis

To exclude qPCR cross-reactivities between MiCV and other
pathogens, six viruses, namely, AMDYV, PRV (PRV has occurred in
mink in recent years, and might be related to eating pigs’ viscera),
PCV-2, MEV, CDV and CAdV-2 were subjected to qPCR to confirm
the specificity of the technique. MiCV strain HB3 was used as the
positive control and ddH,O was used as the negative control, and each
sample was repeated 3 times.

To compare the sensitivity of qQPCR and conventional PCR,
dilutions of plasmid pMD-MiCV (1.0x10° copies/pl t01.0x 10°
copies/pl) and DNA of MiCV strain HB3 (2.38x10*pg/pl to
2.38x107* pg/pl) were used as templates for gPCR and conventional
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PCR. The conventional PCR reaction was performed using the
primer pair MiCV-cap-F and MiCV-cap-R. Besides, the diagnostic
sensitivity of the qPCR was tested by the positive clinical samples
verified by sequencing.

Three different dilutions of standard plasmid (1.0 x 10? copies/
pl, 1.0x10* copies/pl, and 1.0x10° copies/pl) were used for
amplification in three parallel assays under the same conditions.
The coeflicient of variation (CV) was calculated according to the
formula CV = (SD [Ct value]/overall average [Ct value]) x 100, to
evaluate the intra-and inter-assay repeatability and stability in the
qPCR method.

2.7. Clinical samples

A total of 789 clinical samples were collected from different
fur-bearing animal farms in China. The samples included anal swab
samples and environmental swab samples. The anal swab samples
were collected by inserting sterile cotton swab into the anus about
2 to 3cm, gently rotating it, and pulling it out. The anal swab
samples were then placed into sampling tubes that contained 2 ml
of sterile phosphate-buffered saline. The environmental swab
samples were collected using a sterile cotton swab to clean each
sampling area including cages, troughs, soil under the cages, sewage
under the cages, aisle floors, breeder’s clothes, and equipment, for
20 to 30s, then placing it into the sample tubes holding 2 ml of
sterile phosphate-buffered saline. All samples were stored at —80°C
immediately after being transported back to the laboratory at low
temperature. The qPCR assays were performed on these samples for
MiCV detection.

3. Results

3.1. Establishment of the standard curve for
gPCR

Ten-fold serial dilutions of plasmids were used to construct a
standard curve by plotting the logarithm of the plasmid copy number
against the measured Ct values (Figure 1). The standard curve had a
wide dynamic range of 10" to10° copies/pl with a linear correlation
(R?) of 0.996 between the Ct value and the logarithm of the plasmid
copy number. The amplification efficiency of the obtained qPCR
was 93%.
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FIGURE 1
Standard curve of real-time PCR to detect MiCV. The correlation
coefficient (R?) was 0.996 and the slope was —3.491.
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FIGURE 2

Specificity of the gPCR assay. The templates included DNA or cDNA
of MiCV, AMDV, PRV, PCV-2, MEV, CDV, CAdV2 and the water
control

3.2. Specificity, sensitivity, and repeatability
of the qPCR

The specificity of the qPCR assay was evaluated using eight
different reactions, which included, MiCV, AMDYV, PRV, PCV-2,
MEYV, CDV, CAdV2 and a negative water control. Strong fluorescent
signals were obtained from reactions with MiCV in three replications;
while no signals were obtained from the other six virus samples and
the water control (Figure 2). The results demonstrated that the MiCV
assay specifically detected the target virus without cross detection of
any non-target pathogens.

The sensitivity of the qPCR assays were evaluated by testing
10-fold serial dilutions of the DNA standards and the positive
clinical samples. For the standard plasmid DNA of pMD-MiCYV, the
detection limit of gPCR was 1.0 x 10" copies/pl, while the detection
limit of conventional PCR was 1.0 x 10° copies/pl (Figures 3A,B).
For the virus DNA of MiCV strain HB3, the detection limit of gPCR
was 2.38 x 107? pg/pl, while the detection limit of conventional PCR
was 2.38 x 10" pg/pl (Figures 4A,B). For the positive clinical samples,
35 of 35 positive samples were verified as positive by qPCR assay.
Thus, the diagnostic sensitivity of the qPCR was 100%.
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The intra-and inter-assay reproducibility was assessed using three
dilutions of the standard plasmid pMD-MiCV DNA (1.0 x 10* copies/
pl, 1.0x 10* copies/pl, and 1.0 x 10° copies/pl). The values of the intra-
assay co-efficient of variation (CV) ranged from 0.46 to 0.96%, and the
values of the inter-assay CV ranged from 1.37 to 1.98%, indicating that
the qPCR method was highly reproducible.

3.3. Detection of the clinical samples

The application of qPCR was evaluated by detecting 226 mink
anal swabs, 142 fox anal swabs and 128 raccoon dog anal swabs. The
positive detection rates of MiCV in minks, foxes and raccoon dogs
were 58.8, 50.7, and 42.2%, respectively (Table 2). The total positive
detection rate was 52.2%. The positive detection rate of MiCV in
minks was higher than that in foxes and raccoon dogs. The positive
detection rate of MiCV in fur-bearing animals >1 year old was 55.1%,
and was 49.6% in fur-bearing animals <lyear old. The positive
detection rate in male fur-bearing animals was 51.0%, and was 53.5%
in female fur-bearing animals (Table 3). Environmental samples from
fur-bearing animal farms had a higher positive detection rate of
75.1%. Among them, the positive rates were higher in samples from
cages, troughs, soil under the cages and sewage under the cages than
in samples from floors, breeder’s clothes, and equipment (Table 4).

4. Discussion

For MiCV, there is no cell culture system for virus isolation and
identification, and there is no effective vaccine or specific drug to
prevent and control the disease. Some farmers used homemade
inactivated vaccines (tissue supernatants of diseased mink inactivated
using formalin) to prevent the disease and reduce morbidity;
however, after a period of application, some minks developed
symptoms of Aleutian disease. There are serious safety concerns with
this type of vaccine; therefore, it has been discontinued (Wang et al.,
2021). In view of this situation, the effective way to prevent the
disease is to detect and eliminate the positive animals gradually in
China. The recombinase polymerase amplification method had a
minimum detection limit of 10 copies, but requires purification of
amplification products and agarose gel electrophoresis to analyze the
results (Ge et al., 2018c). The SYBR Green-based real-time PCR
detection method for MiCV established by Cui could detect a
minimum of 10" copies/pl, in which the specific primers referred to
the Cap gene sequences of eight different MiCV strains (Cui
etal., 2018).

In this study, a quantitative real-time PCR technology based on
TagMan was established. The standard curve of the qPCR was
established as shown in Figure 1. The correlation coeflicient (R?) was
0.996 and the amplification efficiency was 93%, which indicated that
the method established in this study is highly efficient, and mighty
be a suitable approach for MiCV diagnosis. The primers and probes
were designed according to the whole genome sequences of MiCV
obtained in the laboratory in recent years and all 13 of MiCV genome
sequences deposited in GenBank. Besides, six viruses that could cause
potential cross-reactivity in qPCR assays were assessed. The qPCR
method could successfully detect MiCV and without any cross
reaction with other viral pathogens, including AMDV, MEV, CDV,
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FIGURE 3

Sensitivity of the gPCR assay for the plasmid DNA of pMD-MiICV. (A) The gPCR amplification curve. (B) Electrophoresis of conventional PCR reactions.
The template concentrations of plasmid DNA ranged from 1.0 x 10° copies/pl to 1.0 x 10° copies/pl. A negative control was included.
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Sensitivity of the gPCR assay for the virus DNA of MiCV strain HB3. (A) The gPCR amplification curve. (B) Electrophoresis of conventional PCR
reactions. The template concentrations of virus DNA ranged from 2.38 X 10% pg/pl to 2.38 x 10~ pg/pl. A negative control was included

CAdV-2, PRV, and PCV-2, indicating the high specificity and
reliability of this method for MiCV detection. For the plasmid DNA,
the minimum detection limit of the established qPCR method was
1.0x 10" copies/pl, whereas that for conventional PCR was 1.0 x 10°
copies/pl. For the virus DNA of MiCV, the minimum detection limit
of the established qPCR method was 2.38 x 107> pg/pl, the conventional
PCR was 2.38x 10" pg/pl. The results showed that the sensitivity of
qPCR was higher than that of conventional PCR to detect
MiCV. Moreover, the minimum detection limit of the gPCR method
established in this study was lower than that of the previously
established conventional PCR method and qPCR method (Wang
et al., 2021). The values of the intra-assay CV ranged from 0.46 to
0.96%, and the values of the inter-assay CV ranged from 1.37 to 1.98%,
which indicated that the qPCR method is highly reproducible.
MiCV infective rates in minks are high in some fur-bearing
animal farms in China (Cui et al., 2018; Wang et al., 2021). In this
study, we also detected a high positive detection rate of MiCV in
minks, with positive detection rates exceeding 55% in Heilongjiang
Province, Jilin Province, and Shandong Province. In clinical samples,
the positive detection rate of MiCV in foxes was 52.4% in
Heilongjiang Province, 50.9% in Jilin Province, and 48.9% in
Shandong Province; in raccoon dogs it was 43.9% in Heilongjiang
Province, 39.6% in Jilin Province, and 43.6% in Shandong Province.
The total positive detection rate of MiCV in minks was higher
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(58.8%) than that in foxes (50.7%) and raccoon dogs (42.2%).
However, the positive detection rates were lower than the 93%
(40/43), 95.5% (21/22), and 69.2% (9/13) reported by Yang (Yang
et al.,, 2018). We also found that the positive detection rate of MiCV
in fur-bearing animals > 1year old was higher than that in animals
<lyear old. The positive detection rate in male fur-bearing animals
was lower than that in female fur-bearing animals. Usually when an
infectious disease occurs on a farm, its pathogen can persist in the
environment for a long time (Prieto et al., 2017). In this study
we tested some environmental samples from cages, sinks, soil and
sewage under cages. We found that the environmental samples of
these fur-bearing animal farms have high positive detection rates.
Among them, the samples from cages, troughs, soil under the cages,
and sewage under cages had higher positive detection rates than the
samples from aisle floors, breeder’s clothes and equipment. It is worth
noting that these elements are frequently moved within the farm and
in some exceptional cases are even transferred to other farms, which
poses a significant risk to biosecurity. As far as we know, these results
are the first application of the gPCR method to detect MiCV infection
in environmental samples from fur-bearing animal farms. Unlike
bacteria, there is no accepted standard culture method to quantify
viruses in environmental samples; therefore, QPCR detection is a
useful tool to study the epidemiology of viral diseases (Rodriguez-
Lazaro et al., 2012). Although the presence of viral DNA cannot
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TABLE 2 The prevalence of MiCV in the clinical samples used in this study.

10.3389/fmicb.2023.1205297

Province Mink Fox Raccoon dog
Number  Positive  Positive = Number  Positive = Positive = Number  Positive  Positive
number rate (%) number rate (%) number rate (%)
Heilongjiang 75 42 56.0 42 22 52.4 41 18 439
Jilin 83 46 55.4 55 28 50.9 48 19 39.6
Shandong 68 45 662 45 22 489 39 17 43.6
Total 226 133 58.8 142 72 50.7 128 54 422

TABLE 3 MICV positivity in fur-bearing animals of different ages and sexes.

Groups Number Positive number Positive rate (%)
>1year old 234 129 55.1
Ages <lyear old 262 130 49.6
Total 496 259 52.2
Male 251 128 51.0
Gender Female 245 131 53.5
Total 496 259 52.2

TABLE 4 Detection rate of MiCV in the environment of fur-bearing animal farms.

Source Number Positive number Positive rate (%)
Cages 68 55 80.9
Troughs 53 44 83.0
Soil under the cages 56 43 76.8
Sewage under the cages 37 27 73.0
Aisle floors 21 14 66.7
Breeder’s clothes 32 22 68.8
Equipment 26 15 57.7
Total 293 220 75.1

be interpreted as “infection” because its detection cannot determine
infectivity, it might increase the risk of reinfection or transmission of
the disease in the farms. These results focus attention on the role of
environmental contamination in farms in the maintenance and
transmission of this disease.

5. Conclusion

In this study, a highly sensitive, specific, repeatable and
quantitative real-time PCR method for MiCV DNA detection was
developed. The results showed that the positive detection rate of
MiCV in minks was higher than that in foxes and raccoon dogs. The
samples taken from the environment of the fur-bearing animal farms
had high positive rates, and the positive detection rates in samples
from cages, troughs, soil under the cages, and sewage under the cages
were higher than those in the samples from the aisle floor, breeder
clothes, and equipment. This study could contribute to control the
spread of MiCV disease.
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Feline calicivirus (FCV) causes upper respiratory tract diseases and even death in
cats, thereby acting as a great threat to feline animals. Currently, FCV prevention
is mainly achieved through vaccination, but the effectiveness of vaccination
is limited. In this study, 105 FCV strain VP1 sequences with clear backgrounds
were downloaded from the NCBI and subjected to a maximum likelihood
method for systematic evolutionary analysis. Based on the genetic analysis
results, FCV-positive sera were prepared using SPF mice and Chinese field cats
as target animals, followed by a cross-neutralization assay conducted on the
different genotype strains and in vivo challenge tests were carried out to further
verify with the strain with best cross-protection effect. The results revealed
that FCV was mainly divided into two genotypes: Gl and GII. The Gl genotype
strains are prevalent worldwide, but all Gll genotype strains were isolated from
Asia, indicating a clear geographical feature. This may form resistance to FCV
prevention in Asia. The in vitro neutralization assay conducted using murine
serum demonstrated that the cross-protection effect varied among strains. A
strain with broad-spectrum neutralization properties, DL39, was screened. This
strain could produce neutralizing titers (10 X 23%6-10 x 2°%) against all strains used
in this study. The antibody titers against the Gl strains were 10 x 23%6-10 x 2°°
and those against the Gll strains were 10 x 2°75-10 x 2°%. Preliminary evidence
suggested that the antibody titer of the DL39 strain against Gl was higher than
that against Gll. Subsequent cross-neutralization assays with cat serum prepared
with the DL39 strain and each strain simultaneously yielded results similar to those
described above. In vivo challenge tests revealed that the DL39 strain-immunized
cats outperformed the positive controls in all measures. The results of several
trials demonstrated that strain DL39 can potentially be used as a vaccine strain.
The study attempted to combine the genetic diversity and phylogenetic analysis
of FCV with the discovery of potential vaccines, which is crucial for developing
highly effective FCV vaccines.

FCV, VP1, cross-neutralization assay, genotype, challenge tests, broad-spectrum
neutralization
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1. Introduction

The feline calicivirus (FCV) can cause feline upper respiratory
infections, mainly in young cats aged less than 1 year, and the majority
of the reported cases of classical FCV are benign (Radford et al., 2007).
However, the ultra-high strain of FCV has recently emerged and can
cause severe virulent systemic disease (VSD), which is acute and life-
threatening in nature. The main VSD symptoms are ulcerative
dermatitis, acute arthritis, enteritis, abortion, lameness, and other
systemic infections, and VSD has a mortality rate of up to 50%. VSD
poses a serious threat to public health and the safety of feline animals
(Pedersen et al., 2000). FCV is also highly contagious and sick cats are
among the main sources of infection. However, healthy cats infected
with the virus (asymptomatic) can continue to detoxify the outside
world for months to years as a carrier, which is among the main
factors contributing to the high VSD prevalence (Coyne et al., 2006).
Although the main hosts of FCV are feline animals and FCV has been
identified and isolated from domestic cats and various rare wild
animals such as lions, cheetahs, and tigers (Fastier, 1957; Kadoi et al.,
1997; Weeks et al., 2001; Gao et al., 2003; Tian et al., 2016), studies
have shown that FCV is transmitted across species; the causative agent
of the disease was isolated from dogs (Di Martino et al., 2009). FCV
is gradually becoming more harmful to feline animals and even other
families of animals.

FCV belongs to the Vesivirus family, which includes positive-
strand, non-enveloped RNA viruses (Radford et al., 2007). The FCV
genome is approximately 7.5-kb long and comprises three open
reading frames (ORFs). Nonstructural proteins are encoded by ORF1,
whereas major (VP1) and minor (VP2) capsid proteins are encoded
by ORF2 and ORF3, respectively (Neill, 1990; Neill et al., 1991;
Sosnovtsev and Green, 2000). Of these, ORF2 is the major antigenic
protein and consists of approximately 670 amino acids, which can
be divided into six regions: A, B, C, D, E, and F (Neill, 1992; Seal et al.,
1993). The C and E regions belong to the highly variable regions of
FCV and contain amino acids predicted to interact with the feline
junctional adhesion molecule-1 (fJAM-1) receptor. In addition, the E
region contains many neutralizing B-cell epitopes and is a major
region for virus-neutralizing antibodies (Tohya et al., 1997; Geissler
etal., 2002).

Because of the many neutralization sites of the VP1 protein and
its high denaturation ability, this protein is widely used for the
sequence analysis of FCV strains, and thus for genome division.
Considering the amino acid differences in the A and E regions of VP1
of the FCV strain, Geissler concluded that FCV has only one genotype
(Geissler et al.,, 1997). Through the sequence analysis of B and F
regions, Japanese scholars observed that gene type II could develop
gradually. Later, through the preliminary analysis of their domestic
strains, China and South Korea also indicated that gene type IT might
exist in their regions and that the strain may be endemic to East Asia
(Sato et al,, 2002; Sun et al., 2017; Kim et al., 2021). Undoubtedly, the
current genetic evolution and phylogenetic analysis of the VP1 protein
(or its highly variant regions) best reflects the genetic evolutionary
characteristics of FCV. On the other hand, the high sequence variation
of this protein is among the causes of early vaccine immunization
failure. In this study, we analyzed the results published in previous
literature and conducted the genetic evolutionary and phylogenetic
analyses of the full-length sequence of VP1 strains uploaded to the
NCBI. Then, cross-neutralization assays were performed on strains of
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different genotypes to explore the cross-protection between different
genotypes by using biological tests. Based on the results, strain DL39
with broad-spectrum neutralization properties was first screened,
followed by its preliminary validation and evaluation. Overall, the
present study offers new data for FCV vaccine research and an
updated theoretical basis for FCV prevention.

2. Materials and methods
2.1. Main materials

Thirteen FCV strains stored in the laboratory (Table 1); 140
specific pathogen-free (SPF) mice; 24 Chinese field cats (age: 2 months);
various cell lines (FL: primary feline lung cells; F81: cat kidney cells;
CRFK: Crandell-Rees Feline Kidney cells); B-propiolactone; adjuvant
(Quick Antibody-Mouse 5W in Biodragon and Montanide™ GEL in
Seppic, two types); goat anti-mouse IgG (H +L) Alexa Fluor® 488; goat
anti-mouse IgG (horseradish peroxidase); InmunoComb® Feline
VacciCheck Antibody Test Kit for Feline Calici, Herpes and
Panleukopenia Viruses; and phosphate buffer saline (PBS).

2.2. Sequence alignment and phylogenetic
analyses of VP1

In total, 105 nucleotide sequences of FCV VP1 were downloaded
from the NCBI', and their backgrounds (including collection time,
collection location, and host) were summarized in detail. At the end,
the sample collection time rather than the sequence upload time was
used to increase the accuracy of the analysis. The collected sequences
were processed, and the codon-based multiple alignment of the
sequences was performed using MegAlign software. After
the alignment, the VP1 nucleotide sequences were translated into the
amino acid sequence by using EditSeq software, which was followed
by sequence comparison. Complete nucleotide and amino acid
alignments were retained and used for phylogenetic analysis. Using a
bootstrap approach with 1,000 replicates, the statistical support of
nodes was assessed in the maximum likelihood (ML) phylogeny.
Midpoints were used to root trees.

2.3. Estimates of evolutionary divergence
over sequence pairs between groups

The number of amino acid substitutions per site from averaging
overall sequence pairs between groups was calculated. Analyses were
conducted using the Jons-Taylor-Thornton (JTT) matrix-based
method (Jones et al., 1992). This analysis involved 105 amino acid
sequences, including those from strains isolated from different
regions, times, and species. All ambiguous positions were removed for
each sequence pair (pairwise deletion option). A total of 676 positions
were present in the final dataset. Evolutionary analyses were
performed using MEGA-X Software (Kumar et al., 2018).

1 https://www.ncbi.nlm.nih.gov/
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TABLE 1 Profiles of some strains used in this study.

10.3389/fmicb.2023.1226877

FCV Strains  GenBank ID = Acquisition Time Genotype Host  Animal Regression Test

F9 M86379 1992 (USA) GI-3 Cat Standard Vaccine Strain

FCV-2280 KC835209 2013 (ATCC) GI-1 Cat The VSD Strain(Causing the death of the experimental cat)

DL31 MW804427 2020 (CHN) GI-5 Cat The body temperature of the test cat increased

DL37 MW804428 2020 (CHN) GI-5 Cat Isolated from healthy cats and no regression test was performed

DL38 MW804429 2020 (CHN) GII Cat Isolated from healthy cats and no regression test was performed

DL39 MW804430 2020 (CHN) GI-5 Cat The cats had high body temperatures and were depressed

HRB23 MW804431 2020 (CHN) GI-5 Cat Isolated from healthy cats and no regression test was performed

HRB21 MW804432 2020 (CHN) GI-7 Cat It was isolated from infected cats without regression test and was
co-infected with FHV, but it was lost during passage

HRB46 MW804433 2020 (CHN) GI-1 Cat Isolated from healthy cats and no regression test was performed

HRB48 MW804434 2020 (CHN) GI-4 Cat All the cats showed symptoms such as sneezing, elevated body
temperature, cough, mouth ulcer and plantar cracking

HRB-SS KMO016908 2014 (CHN) GI-1 Cat Isolated from healthy cats and no regression test was performed

FB-NJ-13 KM111557 2013 (CHN) GII Cat All the cats showed symptoms of sneezing, elevated body
temperature, cough, increased secretion of eye and nose, anorexia,
tremor of limbs, severe oral ulceration and plantar dehysis

TIG-1 KU373057 2014 (CHN) GI-4 Tiger The VSD Strain(Causing the death of the experimental cat)

Including national standard strains and strains that have been subjected to animal regression tests.

2.4. In vitro cross-neutralization assay
between virus and mouse positive serum

2.4.1. Purification and inactivation of FCV virus

Using the 13 FCV strains (the specific information is presented in
Table 1) isolated and preserved in our laboratory, we prepared murine
polyclonal antibodies for the preliminary screening of candidate
vaccine strains. Then, the 13 FCV strains were plaque-picked and
passaged five more times. TCIDs, measurements were performed
using the Reed-Muench method at the indicated times, and the results
were used to determine growth curves and to guide virus culture
expansion at the optimal time point. Viral particles were purified and
concentrated through ultracentrifugation, we used ultracentrifuge
centrifugation for 2h at 4°C, 130000 g; The supernatant was discarded
and resuspended in 500 pL of sterile PBS and centrifuged on a sucrose
gradient (10, 20, and 30% sucrose) for 2h at 4°C, 130000g. The
supernatant was discarded and resuspended in 500 pL of sterile
PBS. Electron microscopic observation was performed, and a plaque
assay was used to quantify the virus (uniform dilution to
2x7x10°PFU/mL). Finally, the FCV antigen was prepared by
inactivating the stock virus with p-propiolactone (0.001%
final concentration).

2.4.2. Inactivated virus immunization

SPF mice were used as hosts for the initial screening test, and 140
mice were divided into 14 groups (including the negative control
group). We first randomly checked mice #8, #9, and #10 in each group,
and detected their FCV antibody titers by Elisa. Each mouse was
intramuscularly injected with 7 x 10° PFU of virions (50 pL) in the calf,
mixed 1:1 with the adjuvant (Quick Antibody-Mouse 5W, Beijing
Biodragon Immunotechnologies Co., Ltd), and the negative control
group was immunized with the same dose of the PBS and adjuvant
mixture. Immunization was boosted once on day 21 of the experiment,
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and the sera were collected from each mouse on day 14 after the
second immunization. During the experiment, three fixed mice were
selected for monitoring.

2.4.3. In vitro cross-neutralization assay

IgG levels were monitored dynamically in three mice to
confirm the immune response. At the specified immunization
time, the serum from each group of mice was collected and
verified through the neutralization test of the parental virus in
each mouse. The serum of the same FCV strain with a
neutralization titer of >24 was screened and mixed. The indirect
immunofluorescence assay (IFA) was performed to determine the
specificity of the mixed serum and the final titer based on the
parental virus. According to the final neutralization titer, mixed
serum of each strain was diluted to the same titer, and then, the
cross-neutralization assay was performed to ensure more
accurate results.

2.5. Validation of ontogenetic animal

2.5.1. Preparation of feline serum of the DL39
strain

Immune sera from native animals were prepared for the initially
screened strains with broad-spectrum neutralization. Three
2-month-old Chinese field cats (all antibodies to FCV were
negativeand by the InmunoComb® Feline VacciCheck Antibody Test
Kit for Feline Calici, Herpes and Panleukopenia Viruses and born at
the same time) were used in the experiment. Each cat was immunized
with 7x107 PFU of the inactivated vaccine strain through
subcutaneous injection into the neck (reference for the preparation of
inactivated virus in step 2.4.1), Montanide™ GEL was used as
adjuvant, followed by booster immunization at 21 days, which was
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performed in the same manner as the first immunization. The
vaccinated cats were monitored during immunization, and sera were
collected for the cross-neutralization assay on day 14 after the
second immunization.

2.5.2. In vitro cross-neutralization assay

IgG levels were monitored dynamically to confirm the immune
response. At the specified immunization time, the serum from each
cat was collected and verified through the neutralization test of the
DL39 strain in each cat. Based on the results of the aforementioned
neutralization tests, the time of collection of large numbers of sera
from the cats was determined, and the cross-neutralization assay with
different FCV strains was verified in different cell lines.

2.5.3. Challenge of FCV strains with different
genotypes

According to the phylogenetic analysis, the strains of each
genotype were selected for the challenge test. The strains DL39 (GI,
parental strain), HRB48 (GI), and FB-NJ-13 (GII) were selected. In
total, seven groups of 2-month-old cats (each group=3 cats; all
trials were conducted using the cats of the same age and size and all
antibodies to FCV were negativeand by the InmunoComb® Feline
VacciCheck Antibody Test Kit for Feline Calici, Herpes and
Panleukopenia Viruses) were used in the study design. First, three
groups of cats (immunization test groups) were immunized with the
DL39 inactivated strain. Each cat was subcutaneously injected with
7 % 107 PFU of the inactivated vaccine strain into the neck (reference
for the preparation of inactivated virus in step 2.4.1), followed by
booster immunization at 21 days, which was performed in the same
manner as the first immunization. We had also maintained three
positive control groups and one negative control group. At 14 days
after the second immunization in the immunization test group, an
attack dose of 1 x 10* TCIDs, was administered to each cat through
nasal drip, except to the negative control group. The negative
control group received nasal drops with the same volume of
PBS. The test focused on monitoring the clinical manifestations,
temperature, body weight, detoxification, viremia, and
corresponding antibodies in each group at different times. For the
clarity of results, a point assessment system was used to conduct
clinical symptom statistics. By referring to the relevant regulations
of the European Pharmacopeia along with the clinical symptoms,
including oral ulcers, eye and nasal discharges, body temperature,
body weight, and mental state, a scoring system was established for
animal morbidity. This scoring system can be used for a comparative
analysis of clinical symptoms based on the scores (Table 2).
Depending on Table 2, the cat with a score of <2 points was
temporarily deemed unaffected and that with a score of >2 was
considered morbid.

3. Results

3.1. Sequence download and partial strain
information

The VP1 sequences of FCV strains were downloaded from the

NCBI. Biological characteristics of some strains used were described
(Table 1) to ensure more clear results.
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3.2. Phylogenetic analysis of the FCV VP1
gene

To better understand the evolution of FCV, we used the
downloaded FCV VP1 gene to construct the phylogenetic tree of
the nucleotide sequence (nt) and amino acid sequence (aa)
(Figure 1). Phylogenetic analysis revealed that the FCV evolution
was primarily divided into two main genotypes: GI and GII. The
GI genotype was categorized into different genetic subtypes
according to the branch length of the phylogenetic tree. Although
GI genotype strains were still dominant and prevalent all over the
world, the nt and aa evolutionary trees demonstrated that all GII
genotype strains were isolated from Asia. The Asian lineages
gradually formed a new evolutionary tendency. This may also
be the reason for the poor prevention and control of the FCV
vaccine in China. Later, on analyzing the genetic distance between
groups of amino acids (Table 3), we found that the genetic distance
between the GII and GI (0.164-0.172) genotypes was significantly
greater than that between GI subtypes (0.125-0.154), indicating
the possibility of the emergence of new Asian types from a
genetic perspective.

3.3. Culture and puirification of FCV

According to the TCIDs, measurement results (Figure 2A) at
different time points, the culture time of the 13 virus strains after
inoculation was 36 h. During this period, the cultured cells shrunk,
shed, and became completely diseased (Figure 2B). A negative strain
observed through electron microscopy revealed a significant increase
in the amount of virus purified through ultraionization and a decrease
in impurity (Figure 2C). The purified virus was then subjected to the
plaque assay (Figure 2D). Table 4 presents the statistics of TCID5, and
PFU of the 13 purified FCV strains.

3.4. Verification of mouse serum results

The serum of three fixed mice in each group was collected every
5days for IgG determination. The IgG levels of some immunized mice
began to increase from the 5th day, accelerated 20days later, and
continued to increase after the end of immunization, whereas serum
IgG levels in the control group did not increase significantly
(Figure 3A). Then, specificity was verified through IFA, and green
fluorescence indicated that each group of mice produced antibodies
against the parental virus (Figure 3C). Through the cross-
neutralization assay, the mouse serum was verified to produce
different neutralization titers against the parental virus. The titers of
HRB21, HRB-SS, and FB-NJ-13 strains were on the order of 10 x 2°,
and those of the other strains were on the order of more than 10x2’
(Figure 3B).

3.5. Cross-neutralization assay of mouse
serum

Serum was diluted to the same order of magnitude titers and
cross-neutralized. In Figure 4A, cross-neutralization titers between
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TABLE 2 Estimates of evolutionary divergence over sequence pairs between groups.

Genotype Gl-1 Gl-2 GI-3 Gl-4 GI-5 Gl-6 Gl-7 GI-8 Gll
GI-1 0.000

GI-2 0.133

GI-3 0.134 0.132

Gl-4 0.132 0.125 0.129

GI-5 0.141 0.139 0.141 0.135

GI-6 0.142 0.144 0.144 0.139 0.140

GI-7 0.150 0.146 0.151 0.136 0.140 0.138

GI-8 0.154 0.157 0.149 0.138 0.151 0.149 0.141

GIl 0.172 0.167 0.173 0.164 0.170 0.175 0.167 0.170 0.000

each strain are noted. Blank squares represent titer 0, different values
are identified by different colors, and all strains have the highest titers
with the parental strain. To more clearly analyze the cross-
neutralization effect between strains, the box plot was established for
statistical analyses. DL39 exhibited a broad spectrum of cross-
neutralizing features (10x2*%-10x2°%). It not only generated
neutralizing titers against all strains used in the assay but also had the
highest indicator midline. This confirmed the broad-spectrum
characteristics of the DL39 strain (Figure 4B). Furthermore, data also
revealed that the DL39 strain produced higher neutralizing titers
against the GII strains (10 x2°7°~10 x 2°%) than against the other
strains (DL37, HRB21, HRB23, etc.), but exhibited higher cross-
neutralizing titers against the GI strains (10x2*%-10x2%%)
(Figure 4C). Results of verification performed using different cell
lines demonstrated that the DL39 serum could generate neutralizing
titers against all 13 virus strains, which proved that DL39 has broad-
spectrum neutralizing properties (Figure 4D).

3.6. Cross-neutralization assay of feline
serum

Immunization of the Chinese field cats was followed by the
measurement of serum IgG levels and neutralization titers with the
parental virus. Serum IgG levels in the three cats continued to
increase over the 35 days of immunization (Figure 5A). On day 14 of
immunization, neutralization titers were generated in the
experimental animals, which increased over time until the titers
reached to more than 10x2* orders of magnitude (Figure 5B).
Neutralization titers for the three cats were similar, which indicated
that the immunization experiment was successful. The serum was
collected for the cross-neutralization assay with other FCV strains,
and the results revealed that the collected serum could neutralize all
strains used in this experiment. Neutralizing titers were produced
against DL38 and FB-NJ-13 strains belonging to GII genotypes, but
were lower than those against strains belonging to GI genotypes. The
neutralizing titer against the FCV-2280 strain of VSD was 10 x 2%
Furthermore, TIG-1 knockdown in the VSD strain isolated from the
tiger also resulted in a neutralizing titer of 10 x 2* orders of magnitude.
Similar results were obtained with the FL, F81, and CRFK cells
(Figure 5C). The inactivated DL39 strain exhibited a good immune
effect in in vitro testing.
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3.7. Results of the FCV challenge test with
different genotypes

3.7.1. Results of an attack challenge assay with
DL39 (parental virus)

A summary of the results of the DL39 parental virus challenge
assay is presented in Figure 6. In the positive control group, a slight
increase in temperature was observed on day 5 with no other
symptoms, and the immune and negative control groups did not
develop any significant symptoms. Then, the clinical symptoms of
each group were counted and scored in detail; however, no significant
difference was noted (Figure 6A). Although detoxification and
viremia were observed in each trial arm, they were significantly lower
in the immune group than in the positive control group. The immune
group had slightly higher IgG levels than the positive control group
(Figure 6).

3.7.2. Results of an attack challenge assay with
HRB48 (genotype | virus)

An attack challenge assay on the HRB48 (GI) strain revealed
that the DL39 immune group could prevent HRB48 (GI)-induced
harm in cats. According to the analysis of clinical symptoms, all cats
in the positive control group of HRB48 exhibited obvious symptoms
such as depression, anorexia, runny nose, and oral ulcers. Then, the
clinical symptoms of each group were counted and scored in detail
(Figure 6A). The positive control HRB48 group had the highest
body temperature of 40.3°C, which started to drop and reach
normal after 7 days, and the body weight increased slowly. In the
immune and negative control groups, none of the aforementioned
symptoms were observed (Figures 6B,C). Statistical analysis of the
data regarding the amount of detoxification revealed a gradual
decrease in the trend for each test group, both for the oral and nasal
swabs and for the anal swabs. Overall, swabs from the positive
control group had a significantly higher detoxification volume and
longer duration of detoxification than those from the immune
group (Figures 6D,E). The blood toxicity of each group was also
analyzed. The blood virus content was higher in the positive control
group than in the immune group, and the duration was longer for
the positive control group. In addition, virus content in the positive
control group was considerably higher than that in the immune
control group when it reached the peak (Figure 6F). IgG and IgM
content in each group was determined. IgM content in the
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TABLE 3 Determination of TCIDs, and PFU of 13 purified FCV strains.

Strains PFU/ml Strains TCIDso/ml
DL31 5.1 107 DL31 257 x 10°
DL37 3.7 x 10° DL37 373 % 10°
DL38 3.16 x 10° DL38 1.58 x 10
DL39 6.7 x 10° DL39 3.16 x 10°
HRB21 42%10° HRB21 2.15 x 10"
HRB23 1.3x10° HRB23 631 % 10°
HRB46 1.1x 10° HRB46 5.88 x 10°
HRB48 52 x 10° HRB48 2.68 x 10°
HRB-SS 6.3 x 10° HRB-SS 3.16 x 10°
F9 49 %107 F9 1x10¢
TIG-1 1.2 x 108 TIG-1 6.31 x 10°
FCV-2280 3.6 x 10° FCV-2280 3.89 x 10°
FB-NJ-13 3% 10" FB-NJ-13 1.58 x 101!

experimental groups reached the peak at 12-14 days and then began
to decline, and the IgM content in the positive control group was
higher than that in the immune group (Figure 6G). The IgG content
in the immune group remained at a high level, which was
significantly greater than that in the positive control group.
Measured values did not change significantly in the negative control
group (Figure 6H).
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3.7.3. Results of an attack challenge assay with
FB-NJ-13 (genotype Il virus)

An attack challenge assay on the FB-NJ-13 (GII) strain revealed that
the DL39 immune group could prevent the FB-NJ-13 (GII)-induced
harm in cats. According to the analysis of clinical symptoms, all cats in
the positive control group of FB-NJ-13 exhibited obvious symptoms such
as depression, anorexia, runny nose, and oral ulcers. Two cats in the
FB-NJ-13 challenge positive control group exhibited symptoms of leg
ulceration, and three cats had extremely severe oral ulcers. Then, the
clinical symptoms of each group were counted and scored in detail
(Figure 6A). The body temperature in the FB-NJ-13 positive control
group increased to the highest level of 41.2°C, which started to drop and
reached the normal levels after 7 days. The weight loss was more severe,
which increased by day 9 (Figures 6B,C). Statistical analysis of the data
regarding the amount of detoxification, blood toxicity, and antibody
titration assays revealed an overall trend similar to the results of the
HRB48 assay. The positive control group exhibited a greater amount of
detoxification and a longer detoxification time, whereas the immune
group had a significantly lower amount of detoxification (Figures 6D,E).
Analysis of blood toxicity revealed that the positive control group had a
higher blood virus level and a longer duration than the immune group
(Figure 6F). IgG and IgM content in each group was measured, and IgM
content in the experimental group peaked at 12-14 days and then began
to decline (Figure 6G). IgG content in the immune group remained at a
higher level and was significantly greater than that in the positive control
group (Figure 6H). The measured values did not change significantly in
the negative control group.
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Preparation of immune antigens. (A) Determination of dynamic growth curves of the 13 FCV strains used in this study. (B) CRFK cells were infected with
FCV strains. (C) FCV was purified, counterstained, and visualized through electron microscopy (left image is the untreated sample, right image is the
purified sample). (D) Image of plaque test results of FCV strains (The results in above panel (B-D) are presented with the FCV-2280 strain as an

example).

4. Discussion

FCV is a highly variable virus both genetically and antigenically,
which makes its prevention difficult. FCV genotyping is also
unclear. However, the VP1 gene is typically used as a locus of
analysis for its genetic make-up because the FCV neutralization site
is primarily located in the VP1 gene. Scholars have held different
opinions on genotyping, possibly due to the different sequences
selected. Some scholars believe that there is only one genotype,
whereas others believe that FCV can be divided into two genotypes
(Geissler et al., 1997; Sato et al., 2002; Sun et al., 2017; Kim et al.,
2021). Based on this finding, we here downloaded the sequences of
all (as of February 2020) VPI genes of FCV from the NCBI for
analysis and primarily established a phylogenetic tree based on the
nucleotide sequence and amino acid sequence of the VP1 gene. The
phylogenetic tree was constructed to provide novel insights into
FCV prevention from an evolutionary perspective. Phylogenetic
analysis of the available data led us to classify the present FCV
strains into two major genotypes. Interestingly, all type GII strains
were isolated from Asia, which is consistent with the previously
reported view that some Asian strains are isolated as a single
genotype. Moreover, to test the rationality of splitting the genotypes,
we calculated genetic distance between different genotypes. Results
have shown that the genetic distance between GI and GII genotypes
is greater than that the between GI subtypes. According to the
phylogenetic analysis results, the GII genotype is a novel genotype
with a territorial origin. These findings may provide a new reference
for furthering our understanding of FCV epidemiology and
novel ideas for our

pathogenesis, and help provide

vaccine development.
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TABLE 4 Animal morbidity scoring system.

Symptoms of = Severity of symptom Scores
onset
Oral ulcer Severity 2
Slight 1
No 0
Eye and nose Severity 2
discharge Slight 1
No 0
Body temperature >40°C or<38°C 2
38-38.5°C or 39.5-40°C 1
38.5-39.5°C 0
Body weight Reduction of 10% and above 2
Within 10% reduction 1
Steady increase 0
Mental state Mental depression and loss of appetite 2
Mental depression or loss of appetite 1
Normal 0
Other symptoms Severity 2
Slight 1
No 0

Although all GII strains were isolated from Asia, temporal
analysis revealed that a large proportion of the strains isolated from
Asia in the past few years were spread across different genotypes,
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Monitoring and identification of mouse serum. (A) Dynamic monitoring of IgG antibody in immunized mice. (B) Neutralizing titers of pooled mouse
serum against the parental virus. (C) Indirect immunofluorescent assay results based on each parent virus.

including the G1 genotype. This suggested that the FCV strains
prevalent at this stage are not found only in the GII genotype, but
in both genotypes. This is possibly the reason for poor FCV vaccine
prevention and control in China. We did not identify any amino
acid loci with clear typing features, presumably because some loci
were not single amino acid mutations, but could result from
mutations at multiple loci or from a combination of mutations at
some loci. We need to investigate a larger number of strains to more
accurately analyze the FCV genetic evolution and thus provide
more accurate guidance for FCV prevention. In addition, the
emergence of VS-FCV has made many researchers investigate the
corresponding typing methods in anticipation of microscopic
differences; however, no clear differences have been found (Schulz
et al., 2011; Guo et al., 2018; Caringella et al., 2019). The present
study failed to effectively classify the classical FCV and VSD strains;
therefore, an exact conclusion cannot be drawn. Relevant typing
studies are warranted in the future. Brunet et al. identified seven
different amino acid residues as criteria for FCV typing (the
analyzed VSD strains were isolated from France, the
United Kingdom, and the United States) (Brunet et al., 2019), but
the aforementioned typing method could not be not applied in the
subsequent outbreak of VSD strains among cats in Australia
(Bordicchia et al., 2021). Whether geographical differences lead to
different characteristics of VSD strains in different regions and
whether classical strains have geographical limitations are
speculated. In addition, more sequences and detailed strain
information are required to study FCV in detail and draw a more
thorough and accurate conclusion.

Through the study of FCV genetic diversity, and especially the
analysis of the VP1 gene, we investigated more effective vaccines
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for felines. So far, numerous FCV vaccines are commercially
available, which are most commonly generated using the FCV F9
strain (Pedersen and Hawkins, 1995; Smith et al., 2020), FCV
strain 21 (Rong et al., 2014), and FCV-255 strain (Scott, 1977).
Some of them exist as multiplex vaccines; however, several
controversies exist regarding the efficacy of available vaccines. For
example, the F9 vaccine strain was highly effective in neutralizing
97% of the wild-type virus in six different European countries
(Afonso et al.,, 2017); however, available commercial vaccines have
a low neutralization titer for FCV in south west China when
analyzed in terms of FCV prevalence in this region (Zhou et al.,
2021). The efficacy of FCV vaccines in reducing clinical symptoms
associated with classical FCV infections has also been reported in
the literature (Johnson, 1992; Radford et al., 2006). Prolonged use
of the same vaccine strain may lead to the emergence of wild-type
recombinant strains containing the corresponding vaccine strain
fragments, which may act as a barrier to disease control. To
develop more effective vaccines, we here tried to screen out strains
with a potential vaccine value according to the new typing results
and thus provide guarantee for vaccine development. In total, 13
lab-preserved FCV strains (including 11 strains of GI and 2 strains
of GII) were selected during this process, considering different
genotypes and strains with different virulence (including TIG-1,
a VSD strain isolated from tigers), as well as F9 and FCV-2280. In
the first step of the screening process, SPF mice are used as a
substitute for cats. Positive serum is prepared using surrogate
animals such as mice and rabbits for neutralization tests to verify
the corresponding neutralization titers (Spiri et al., 2021; Zhou
et al., 2021). The use of heterologous animals for preparing a
positive serum allows for more detailed control of the test, thereby
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reducing the impact of errors on the results. Furthermore, 10 SPF
mice with a body weight error of £0.2 g were used in this study,
and the inactivated strain was purified using the same immune
dose. The positive serum from each strain collected was subjected
to neutralization titers. Based on the results, all sera were diluted
to the same neutralization titer for the cross-neutralization assay,
thus reducing the effect of non-specificity and ensuring the
reliability of the results.

Although this study expected to screen multiple strains as
potential vaccine candidates for further study, in vitro neutralization
assays indicated that only DL39 exhibited better cross-neutralization
titration for all strains and may be used as a vaccine candidate. The
remaining strains exhibited poor cross-neutralization compared with
DL39. Results from cross-neutralization assays using the mouse
serum also demonstrated that the DL39 strain has better cross-
neutralization properties. Although the number of strains belonging
to the two genotypes used in the trial were different, with fewer
strains of the GII type, the serum of the DL39 strain provided better
protection against the GI strain. In addition, DL39 was isolated from
respiratory swabs of healthy cats. In subsequent animal regression
tests, DL39 caused only a slight increase in body temperature, which
indicated that this strain could be used as a vaccine and was
associated with reduced risk of infection. Further in vivo animal
challenges were conducted to verify the potential capability of the
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screened strain to be a vaccine. To overcome individual differences
(each cat is highly variable), three cats were immunized
simultaneously. All the three cats were born at the same time and
bred to the test phase. They all had nearly the same weight. Each cat
was immunized with the same inactivated virus value to reduce error.
The cross-neutralization assay performed after serum collection
revealed that the DL39 strain produced antibody titers against all
strains used in the study and was thus protective against all strains of
different genotypes. It also produced high antibody titers against the
VSD strain.

Again, the broad neutralization spectrum of DL39 was evident
from the results of the in vitro cell-mediated neutralization assay,
which are in agreement with the results obtained with our
replacement animal, the SPF mice. We subsequently conducted a
corresponding FCV challenge assay with two GI and GII strains
(HRB48 and FB-NJ-13) that could produce significant pathogenicity
for a better comparison. During the challenge in the attack phase, the
growth status and pathologic features of the cats in each group were
recorded in detail, and their oral and nasal swabs, anal swabs, blood
viral load, and serum IgG and IgM concentrations were
continuously recorded.

On comparing the results, both the buccal and nasal swabs taken
indicated the presence of FCV in the cats of the test groups, although
the amount of detoxification decreased over time in both groups, the
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FIGURE 5
Serological test results of cats immunized after inactivation of DL39 strain. (A) Determination of serum IgG at different time points. (B) The titer of the
neutralization test was determined with the parental virus at different time points. (C) Neutralization test titers with 13 FCV strains after the completion
of immunization in different cat cell lines.

immune challenge group was significantly less detoxified compared
with the positive control group. FCV can be classified into respiratory
FCV and intestinal FCV (Guo et al., 2022) depending on the location
of separation. The former was isolated from nasopharyngeal swabs
and the latter from anal swabs, but FCV could be detected throughout
the challenge period by using oral and nasal swabs, as well as anal
swabs. Moreover, both challenge strains were isolated from the
respiratory tract. However, the accuracy of this classification is yet to
be verified. Interestingly, FCV was found to be present in the blood
but viremia is relatively uncommon for classical FCV strains
(Pesavento et al., 2008). Studies of this virus have revealed that its
functional fJAM-A receptor is also found on peripheral blood
platelets and leukocytes (Pesavento et al., 2011) rather than only on
epithelial cells and endothelial tissues, which suggests that FCV is
causing viremia in the cat itself.

In both the positive control group and the immune challenge
group, blood virus levels declined to the same level as that in the
negative control at 2 weeks. Of concern is the potential for the virus
present in the blood to increase the route of virus transmission, such
as in hematophagous amputees (Mencke et al., 2009), and the study
again supports the possibility of this finding. Virus levels and
duration in the blood were lower in the immune challenge group
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than in the respective positive control group, which also suggested
that the DL39 strain was protective. Although IgM levels were not
significantly different among the groups tested, IgG levels were higher
in the immune-challenged group than in the positive control group.

In this study, various methods were used to make the trial as
close to perfect as possible. Unsurprisingly, the study had some
limitations. The study used a small number of cats and sample sizes
for animal testing and would have yielded more accurate results
with more animals. Therefore, the trial involved a single dose and
vaccination procedure, but the results were convincing in terms of
both the dose and inoculation method, because our laboratory has
performed many similar animal experiments previously and has
sufficient theoretical underpinnings. The simultaneous use of
quantitative real-time fluorescence PCR assays for detecting
detoxification and viremia does not allow for the efficient uniform
quantification of FCV in swabs and does not guarantee if the FCV
in the blood is a live virus with pathogenic potential. However, the
final data revealed that all the results have some regularity and the
infective FCV was also isolated from the serum in subsequent tests,
which the
shortcomings. Most importantly, a larger number of strains must

successfully compensates for aforementioned

be isolated for analysis and for performing challenge assays to verify
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the efficacy of the DL39 strain (including the VS-FCV strain).
HRB48 and FB-NJ-13 were selected for the intertype challenge
assay because they belong to different genotypes, have the potential
to produce significant lesions, and are representative of strains that
have prevailed in China during the recent years. Indisputably, the
DL39 vaccine strain has exhibited excellent broad-spectrum
performance in in vitro neutralization assays and high antibody
titers against the VS-FCV strain (FCV-2280 and TIG-1). This
provides evidence that cats immunized with the DL39 strain have
the potential to withstand the challenge with the VS-FCV strain.
Although the DL39 strain originally screened in this assay is still far
from being validated as a vaccine strain, based on the
aforementioned results, we confirm that this strain has a great
potential to become a vaccine strain with broad-spectrum
protection, and future trials are required to validate the DL39 strain
in various ways to further evaluate immune protection.

5. Conclusion

In the present study, FCV was categorized into two genotypes: GI
and GIL. Strains in the GI genotype are still circulating worldwide,
but those in the GII genotype are of Asian origin with some degree
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of territoriality. The in vitro neutralization assay of the initially
screened DL39 strain revealed that it had good broad-spectrum
properties. The in vivo attack assay demonstrated protection against
GI (DL39 and HRB48) and GII (FB-NJ-13) strains. The DL39 strain
initially screened in this study exhibited a good preventive effect
against FCV.
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To date, susceptibility to SARS-CoV-2 infection in domestic animals including
cats and dogs has been described. However, it is important to carry out passive
surveillance of these animals to be aware of any changes in the outcomes of
the disease in these species that may occur. In this study, we have performed a
retrospective study in which we analyzed sera (n = 1,640) from random animals:
dogs (n = 1,381) and cats (n = 259) belonging to both homes (n = 1,533)
and animal protection centers (n = 107) in the Community of Madrid, Spain.
Neutralizing antibodies were evaluated between November 2021 and May 2022
using a surrogate ELISA kit to determine the seroprevalence. Based on the results
obtained, a few animals (both cats and dogs) presented neutralizing antibodies to
SARS-CoV-2 (2.3%), all of them from private owners. However, the seroprevalence
in cats (4.6%) resulted to be almost twice as much as in dogs (1.9%) which
reinforces that cats’ susceptibility to the infection seems higher than in the case
of dogs, maybe due to the lower ACE2 expression of the dogs in the respiratory
tract. These findings also confirm that the probability of infection is considerably
higher in domestic animals in close contact with infected owners, compared to
animals living in animal shelters whose contact with humans is markedly lower.

KEYWORDS

seroprevalence, SARS-CoV-2, domestic animals, antibodies, Spain

1. Introduction

Since the beginning of the pandemic (December 2019) caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), more than 6 million deaths and over
664 million cases have been reported worldwide (World Health Organization [WHO], 2022).
Many vaccine prototypes have been developed for the coronavirus disease 2019 (COVID-19)
in a very short time (Hahn and Wiley, 2022) and more than 13,000 million vaccine doses
have already been administered (World Health Organization [WHO], 2022). COVID-19 is
a disease of potential zoonotic origin whose host affinity is determined by the virus’ spike
protein (S) (Wan et al., 2020). This protein binds to host cells through the angiotensin-
converting enzyme 2 (ACE2) protein receptor which is present in many animal species (Wan
et al,, 2020). The variety of animal species in which the natural infection with SARS-CoV-2

117 frontiersin.org


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2023.1264172
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2023.1264172&domain=pdf&date_stamp=2023-10-05
https://doi.org/10.3389/fmicb.2023.1264172
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1264172/full
https://orcid.org/0000-0001-7755-9812
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Sanchez-Morales et al.

virus has been detected ranges from domestic to wild animals
(Sit et al., 20205 Palmer et al., 2021). In addition, further species
have been reported to be susceptible to the virus according to
experimental studies such as domestic swine (Pickering et al,
2021) and cattle or goats (Bosco-Lauth et al., 2021). The natural
detection of the disease in animals as well as their potential role
as intermediate or reservoir hosts led to the need of studying the
disease in different experimental animal models (Halfmann et al.,
20205 Shi et al., 2020).

Although domestic animals do not seem to suffer from serious
consequences in terms of clinical signs from SARS-CoV-2 infection,
itis important to carry out active and passive surveillance programs
to monitor the presence of the disease as well as the infection
trends in the different susceptible animal species. In addition to
domestic animals, the virus has been detected in wild species
such as white-tailed deer (Odocoileus virginianus) (Palmer et al,
2021) and mink (Neovison vison) on mink farms (Larsen et al.,
2021; Oude Munnink et al., 2021). In these farms, it was found
that the disease had passed from humans to mink and back to
humans. Another novel finding is the study of Sila et al. (2022) that
hypothesizes the transmission of the disease from an infected cat
with SARS-CoV-2 to its veterinarian.

The presence of an active infection in these animals can be
evaluated by the detection of viral RNA by a reverse transcription
quantitative real-time polymerase chain reaction (RT-qPCR),
commonly from samples such as nasopharyngeal or oropharyngeal
swabs (Sule and Oluwayelu, 2020). However, viral RNA can only
be determined a few days after the infection (Meekins et al.,, 2021),
whereas antibody detection can be performed a long time after the
infective period, in order to elucidate whether animals have been
exposed to the virus or not. The evidence of infection has already
been confirmed by the detection of anti-SARS-CoV-2 antibodies in
several field studies conducted on domestic animals in continuous
contact with their RT-qPCR-positive owners (Michelitsch et al.,
2020, 2021; Patterson et al., 2020; Zhang et al., 2020; Dileepan et al,,
2021; Fritz et al., 2021; Stevanovic et al., 2021).

Given all these events related to animals, as well as the
continuous appearance of new variants, the importance of sanitary
surveillance of the disease in animals is emphasized. To improve the
current knowledge on this topic, the present study retrospectively
evaluates the seroprevalence of the infection in dogs and cats in
the Community of Madrid, a region with a high incidence of
disease in humans.

2. Materials and methods

A total of 1,640 serum samples randomly chosen from
companion animals (1,381 dogs and 259 cats) were collected from
November 2021 to May 2022 in the Community of Madrid and sent
to the VISAVET Health Surveillance Center for their analysis. The
samples were transported from the laboratory to VISAVET center
by a transport company under the regulations stated in UN3373.
Upon arrival at the center, samples were taken to the biosafety level
3 (BLS3) facilities and stored at 4°C for processing and further
analysis. The information available for each of the samples was: the
animal species, the date of sampling and their origin [households or
animal protection centers (APCs)] with no data regarding clinical
signs or contact with positive owners/caretakers.
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A detection of antibodies by SARS-CoV-2 Neutralizing
Antibody Detection Kit (GenScript Inc., Piscataway, NJ, United
States) was made. The procedure was carried out on all the samples
using the GenScript cPass™ SARS-CoV-2 Neutralizing Antibody
Detection Kit in which the protein-protein interaction between
HRP-RBD (horseradish peroxidase-receptor binding domain) and
human angiotensin-converting enzyme IT (hACE2) can be blocked
by neutralizing antibodies against SARS-CoV-2 RBD, which was
already validated (Perera et al., 2021). Samples and controls are
diluted with a sample dilution buffer and pre-incubated with the
HRP-RBD diluted solution to allow the binding of the circulating
neutralization antibodies to HRP-RBD. The mixture is then added
to the capture plate which is pre-coated with the hACE2 protein
and incubated at. The unbound HRP-RBD as well as any HRP-RBD
bound to non-neutralizing antibody will be captured on the plate,
while the circulating neutralizing antibodies HRP-RBD complexes
remain in the supernatant and get removed during washing.
Following a four-wash cycle, solution is added and incubated
in dark and then followed by the Stop Solution. The reaction
is quenched, and the color turns yellow. The absorbance of the
sample is inversely dependents on the titer of the anti-SARS-CoV-
2 neutralizing antibodies. Results of each individual samples was
calculated using the following formula:

OD value of sample 100
X
OD value of Negative control

Inhibition (%) = (l — (

Samples presenting a cutoff higher or equal to 30% are
considered positive results indicating the presence of SARS-CoV-2
neutralizing antibodies and lower than 30% are considered
negative results according to the manufacturer’s instructions. This
negative result indicates the absence or a level of SARS-CoV-2
neutralizing antibodies lower than the limit of detection, but it
can also appear in samples taken during an acute infection before
antibody seroconversion.

For the statistical analysis, a Chi-square test was performed to
assess if there was any difference in the proportion of seropositivity
to SARS-CoV-2 between species. All statistical analyses were
performed with IBM® SPSS® Statistics v. 23.0.

3. Results

Thirty-eight samples from animals living in houses (26 dogs
and 12 cats) out of the total analyzed (n = 1,640) were positive
(inhibition percentages between 30 and 94%) for the SARS-
CoV-2 Neutralizing Antibody Detection kit, which represented a
seroprevalence of 0.023 (38/1,640) of the total (CI 95%: 0.017-
0.032). The results depending on species and their origin are
represented in Table 1.

The number of positive animals sampled over the months as
well as accumulative incidence in humans along those months are
shown in Figure 1.

A significant difference between seropositivity and species
(dogs and cats) was found (p-value = 0.007). The seroprevalence in
cats reached 0.046 (CI 95%: 0.027-0.079) while in dogs it was 0.019
(CI95%: 0.013-0.027). All the positive samples, both from cats and
dogs proceeded from private owners living in houses.
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TABLE 1 Positive animals to the presence of neutralizing antibodies out of the total depending on origin.

No. of sera

Species

Seropositive animals/total

No. of positive samples (%) based on
species and origin

Dogs 26/1,381 (1.9%) APCs 80 0 (0.0%)
Households 1,301 26 (2%)
Cats 12/259 (4.6%) APCs 27 0 (0.0%)
Households 232 12 (5.2%)
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FIGURE 1
Graphical representation showing on a monthly basis the number of dogs and cats presenting neutralizing antibodies against SARS-CoV-2. In
addition, the accumulated incidence in humans during the same months in the Community of Madrid is represented.

4. Discussion

Numerous studies have already demonstrated the susceptibility
of dogs and cats to SARS-CoV-2 infection (Dileepan et al., 2021;
Fritz et al., 2021), so the control and surveillance of the disease in
these companion animals is considered of a great importance. In
this study, we have evidenced a low seroprevalence in cats and dogs,
being all the positive samples from household animals. Sampling
of the animals was carried out mainly between November 2021
and February 2022, dates which coincide with the time when the
Omicron variant appeared in Spain. Moreover, in mid-December
2021, almost 50% of the sequenced samples in humans belonged
to the Omicron variant, while the rest of the sequenced samples
belonged to the Delta variant. One month later, the number of
cases per 100,000 inhabitants increased exponentially and by mid-
January 2022, 95% of the sequenced samples were of the Omicron
variant (World Health Organization [WHO], 2022). In the present
retrospective randomized study, we have no information on the
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health status of the animal owners or the degree of contact with
the animals. Even though we do not have this information, the
appearance of the Omicron variant greatly increased the incidence
in people, so this, together with the dates, suggests that in this
sampling we could be detecting antibodies to this new variant
of concern. However, the Omicron variant was already found to
have a lower immunogenicity than previous variants and does not
seem to induce a strong antibody response, (Sanchez-Morales et al.,
2022; Tyson et al., 2023) which could mean that the antibodies
we are detecting are derived from previous variants. However, the
emergence of the Omicron variant greatly increased the incidence
in people, so this, together with sampling dates, suggests that we
may be detecting antibodies to this variant of concern.

The fact that only household animals tested positive for this
study is consistent with numerous studies in which a continued
exposure of animals to infected people seems to be a determining
factor (Dileepan et al., 2021; Bessiere et al., 2022). None of the
animals from APCs showed neutralizing antibodies, which might
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be due to the fact that these animals do not have as continuous
and close contact with people as household animals do with
their owners. In animal shelters, animals have much more limited
contact with their caretakers at specific times. The same negative
results were obtained in a study carried out in Italy in stray cats
(Stranieri et al., 2022) and similar, with a very low seroprevalence
(0.009%) (van der Leij et al, 2021) in animals from APCs in
Netherlands.

In addition, we have observed that the prevalence of the
presence of neutralizing antibodies in cats (4.6%) was higher than
in dogs (1.9%). These results coincide with seroprevalence studies
carried out in Minnesota (Dileepan et al., 2021), Italy (Patterson
et al., 2020), the UK (Smith et al., 2021), and France (Bessiere
et al., 2022) with much higher seroprevalence percentages in cats
than dogs. In fact, in experimental infection studies, it has been
demonstrated that cats are much more susceptible to the infection
than dogs (Shi et al., 2020), they can spread SARS-CoV-2 to other
cats and sometimes even develop lesions (Bao et al., 2021; Chiba
et al, 2021) and have symptoms (Natale et al., 2021). All these
results could be related to the lower expression of ACE2 receptors
in the respiratory tract of dogs (Zhai et al., 2020). In addition, the
ACE2 of dogs, compared to humans, has five mutations while cats
only have four (Zhai et al., 2020), which could explain the higher
susceptibility to the infection in this species.

The seroprevalence results observed in domestic cats in this
study in Madrid (4.6%), were similar to those obtained in Italy
in 2020 (5.8%) (Patterson et al., 2020). On the other hand, there
were countries in which seroprevalence results were much higher
than ours, being the majority of them of domestic cats such as
in Minnesota (11-12%) (Dileepan et al., 2021) or France (8.4%)
(Bessiere et al., 2022). The higher seroprevalence in France may be
related to the higher number of SARS-CoV-2 human cases than in
Spain, being the cumulative incidence in France in January 2022
of 7.200 cases per 100.000 habitants (World Health Organization
[WHO], 2022). There were also studies in which the percentage of
seroprevalence was lower than in our study such as Portugal (1.7%)
(Oliveira et al., 2022) or Poland (1.79%) (Pomorska-Mol et al.,
2021), coinciding with countries in which the number of SARS-
CoV-2 cases is lower than in Spain (World Health Organization
[WHO], 2022).

The results obtained in this study from a random sampling of
dogs and cats in the Autonomous Community of Madrid indicate
that the virus is circulating among domestic animals, being cats
more susceptible or exposed than dogs and that they are able
to develop neutralizing antibodies. These results, together with
all the studies that have been carried out to date, both natural
and experimental infection in animals, lead us to emphasize the
importance of active and passive surveillance of this disease in both
wild and domestic animals. In this way, we will be able to learn the
behavior of this virus in each of the animal species, as well as the
possible changes that may arise.
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Since 2011, pseudorabies based on the pseudorabies virus (PRV) variant has
emerged as a serious health issue in pig farms in China. The PRV gE/TK
or gE/gl/TK deletion strains protect against emerging PRV variants. However,
these variants may cause lethal infections in newborn piglets without PRV
antibodies. Previous studies have shown that codon deoptimization of a virulence
gene causes virus attenuation. Accordingly, we deoptimized US3-S (US3 gene
encoding a short isoform that represents approximately 95% of the total US3
transcription) and UL56 genes (first 10 or all codons) of PRV gE/TK deletion strain
(PRVATK&EGE-AHO2) o generate six recombinant PRVs through bacterial artificial
chromosome technology. In swine testicular cells, recombinant PRVs with all
codon deoptimization of US3-S or UL56 genes were grown to lower titers than
the parental virus. Notably, US3-S or UL56 with all codon deoptimization reduced
MRNA and protein expressions. Subsequently, the safety and immunogenicity of
recombinant PRVs with codon deoptimization of US3-S or UL56 are evaluated as
vaccine candidates in mice and piglets. The mice inoculated with recombinant
PRVs with codon deoptimization of US3-S or UL56 showed exceptional survival
ability without severe clinical signs. All codons deoptimized (US3-S and UL56)
significantly decreased virus load and attenuated pathological changes in the
brains of the mice. Moreover, the protection efficiency offered by recombinant
PRVs with codon deoptimization of US3-S or UL56 showed similar effects
to PRVATK&GE-AHOZ Remarkably, the 1-day-old PRV antibody-negative piglets
inoculated with PRVATK&IE_ys3.5T-CD (3 recombinant PRV with all codon
deoptimization of US3-S) presented no abnormal clinical symptoms, including
fever. The piglets inoculated with PRVATK&GE_ys3-sT-CD showed a high
serum neutralization index against the PRV variant. In conclusion, these results
suggest using codon deoptimization to generate innovative live attenuated PRV
vaccine candidates.

KEYWORDS

pseudorabies virus, attenuation, immunogenicity, codon deoptimization, US3-S, UL56
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1. Introduction

Swine pseudorabies, an acute disease caused by the
pseudorabies virus (PRV), has emerged as the leading cause
of fatal encephalitis in newborn piglets, respiratory illness and
growth stagnation in the growing pigs, as well as reproductive
failure in the sows (Pomeranz et al., 2005). After extensive research,
it was increasingly recognized that the utilization of live attenuated
PRV Bartha-K61 vaccine combined with gE-ELISA serologic
differential diagnosis showed exceptional control in spreading
PRV in China from the 1990s to 2010 (Freuling et al., 2017).
Nevertheless, pseudorabies outbreaks since 2011 caused by PRV
variants have occurred in various Bartha-K61-vaccinated swine
herds in China (An et al., 2013; Yu et al.,, 2014). Previous studies
indicated that the Bartha-K61 vaccine could not fully protect
against PRV variants, especially in preventing virus shedding
(Zhou et al., 2017; Zhang et al., 2019a). To overcome this issue,
PRV gE/TK and TK/gE/glI deletion strains based on current PRV
variants have been developed, presenting good immunogenicity
in pigs against PRV variants (Zhang et al., 2015). Nonetheless,
the safety of these PRV deletion vaccines for neonatal piglets is
particularly perturbing, hampering their utilization (Wang et al.,
2018). In our previous study, we generated a PRV gE/TK deletion
strain (PRVATR&EE-AHO2) haced on a virulent PRV AHO2LA
strain. This approach provided 100% clinical protection against
the AHO2LA strain in weaned pigs. However, the experimental
results showed a lethal infection in newborn piglets without PRV
antibodies (Wang et al., 2018). Therefore, further attenuation of
PRVATK&EE-AHO02 wwhile maintaining immunogenicity is necessary
for developing a safe and effective live PRV vaccine.

Most amino acids (except methionine and tryptophan) in
organisms are typically coded by synonymous codons (Knight
et al, 2001). Notably, these synonymous codons display the same
coding potential. However, most species show a codon usage
bias in their protein-encoding genes (Kanaya et al., 2001; Knight
et al,, 2001). Considering the codon usage bias, strategies such as
codon optimization or codon deoptimization have been applied
to increase or decrease gene expression in different organisms,
respectively. To this end, the codon deoptimization strategy is
often achieved by replacing original codons with less-preferred
usage codons, which do not affect the amino acid sequence of the
protein or its function. However, it decreases protein production
of recoded genes during transcription and translation at multiple
levels (Goncalves-Carneiro and Bieniasz, 2021). Previous studies
indicated that codon deoptimization enabled the highly efficient
attenuation of RNA viruses (influenza A virus, foot-and-mouth
disease virus, and lassa virus) and DNA viruses (vaccinia virus) by
reducing the gene expression of a particular viral gene (Nogales
et al.,, 2014; Diaz-San Segundo et al., 2016; Cai et al., 2020; Lorenzo
et al., 2022).

The US3 gene, a virulence gene of PRV, encodes two isoforms
of pUS3 (Olsen et al, 2006). The larger US3-L transcript
represents approximately 5% of the total US3 transcription,
and the smaller US3-S transcript represents about 95% of the
total US3 transcription (Sehl et al., 2020). The UL56 gene, an
encoding envelope protein, is an important virulence factor of
PRV, enhancing virus spread and pathogenesis (Daniel et al., 2016).
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In several instances, we demonstrated that the inactivated US3-
S or UL56 of PRV (a gene point mutant in the start codon to
stop the expression of US3-S or UL56) displayed significantly
attenuated virulence in mice (Lv et al., 2020a,b). However, the US3
deletion showed a decrease in PRV immunogenicity in pigs. In
a case study, Xu and colleagues demonstrated that the US3 gene
deletion resulted in further attenuation of the PRV TK/gE deletion
mutant (Xu et al, 2022). However, the immunogenicity of the
PRV PK/TK/gE deletion variant strain was not stable (data not
published). Similarly, a previous study showed that the protective
efficiency of the PRV PK/gE deletion mutant was lower than that of
the PRV gE deletion mutant in pigs (Kimman et al., 1994).
Considering these aspects, this study is aimed to demonstrate
the construction of six recombinant PRVs harboring the
deoptimized US3-S and UL56 genes (first 10 or all codon
deoptimization) based on PRV AgE/TK strain using a bacterial
(BAC)
experiments are carried out in mice and piglets to determine

artificial chromosome technology. Moreover, the

the pathogenicity and immunogenicity characteristics of

recombinant PRVs.

2. Materials and methods

2.1. Condon deoptimization of US3 and
UL56 genes

The first 10 codons, or all codons of US3-S and UL56 genes,
were recoded by rearranging the synonymous codons to minimize
the cumulative codon scores based on the pig codon pair bias table.
The recoded sequences were synthesized by Beijing Tsingke Biotech
Co., Ltd., (Beijing, China) and cloned into the pMD19-T simple
vector (Takara Bio Inc., Tokyo, Japan), named US3-§F10-Cb_,
US3-ST-CP-T, UL56 F10=CP-T, and UL56“P-T.

2.2. Viruses, cells, and plasmids

In this study, a PRV variant strain, AHO2LA, was isolated from
the brain of a dead newborn piglet in Anhui Province by our
laboratory (CGMCC No. 10891). In addition, PRVATK&E—-AH02
with TK/gE deletion based on the AHO2LA strain was previously
constructed in our lab (Wang et al., 2018). Furthermore, it should
be noted that all viruses were transfected and propagated in swine
testicular (ST) cells. The ST cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM, Gibco, USA) supplemented
with 2 or 10% newborn calf serum (Gibco) and 1% penicillin
and streptomycin (Sigma-Aldrich, St. Louis, USA) at 37°C under
5% CO, atmosphere. On the one hand, the wild-type and
recoded US3-S and UL56 were cloned into pmKate2-N plasmid
at EcoR T restriction sites to construct the pUS3-S-mKate2-N
and pUL56-mKate2-N plasmids, respectively. On the other hand,
the TK/gE/gl-deleted PRV BAC (pPRVATK&EE&eD) in which gl
and gE genes were replaced with mini-F was constructed in
our lab as reported previously (Wang et al.,, 2018). Furthermore,
a kanamycin resistance gene was respectively inserted in US3-
S§F0=CD._T, Us3-sT-CP_T, UL56 F10~CP.T, and UL56"~“P-T, at
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the Xma 1 restriction site of US3-SF10-CD_T Xpg I restriction
site of US3-ST=CP_T, Nae I restriction site of UL56F10-CD_T,
and EcoR V restriction site of UL56""CP-T to construct En
Passant recombination.

2.3. Bacterial gene manipulation,
polymerase chain reaction, and sequencing

As mentioned in the previous section, US3-SF10~CD_KAN,
US3-ST-CP.KAN, UL56 F10-CP.KAN, and UL56"-“P-KAN
with 40-bp homologous sequences of PRV in both terminals
were initially amplified with primers of US3-SF19=CP En pa F/R,
US3-ST=CP En pa F/R, UL56 F19=CP En pa F/R, and UL56T P
En pa F/R (Supplementary Table S1) from US3-SFIO=CP_T-KAN,
US3-ST-CP_T-KAN, UL56 F0-CD.T-KAN, and UL56"~CP-
T-KAN. After digestion with Dpn I, four PCR products were

ATK&gE&I 1)

respectively electroporated into GS1783 with pPRV
achieve the primary recombination, and a subsequent secondary
red recombination resulted in the removal of the kanamycin
resistance gene (Tischer et al., 2010). Four recombinant target
clones (pPRVATK&gE&S 7§3.GF10-CD_minj F ppRVATK&gE&gl
US3-STCP_mini-F, pPRVATRESEESL (71 56F10-CD_1yinj-F,
and pPRVATK&gE&gI—UL56T*CD—mini—F) were  successfully
generated. Furthermore, pPRVATK&gE&El (7§3.6&UT56F10-CP-
mini-F and pPRVATK&EE&L S3.S&UL56T"“P-mini-F were
constructed based on pPRVATK&EE&S 17g3_gF10—CD_mini F and
pPRYATK&gE&SL 1763 ST—CD_iini-F by En Passant recombination.
Eventually, these generated six clones were confirmed by restriction
fragment length polymorphism (RFLP) with BamH 1. The recoded

US3-S and UL56 were identified through PCR and sequencing.

2.4. Generation of recombinant viruses

Briefly,  the H1-H2-gl-AgE  F/R
(Supplementary Table S1) were designed to amplify HI1-H2-

primers of

gl-AgE (the whole gI gene and part of gE gene with homologous
arms at both ends) from PRVATK&EE-AHO2  Then  to recover
infectious viruses, 1-ug pPRVATK&gE&gI—USS—SF 10-CD_mini-F,
pPRVATK&gESel 7 56F10-CD_pmin; | pPRVATK&gESe jg3.
S&UL56"10~CP_mini-F, pPRVATKEgE&El 173_§T—CD_minj-F,
pPRVATK&gE&gI-UL56T_CD-mini—F, or pPRVATK&gE&gI_
US3-S&UL56"~CP-mini-F l-ng HI-H2-gl-AgE  were
co-transfected into ST cells with Lipofectamine'™ 3000 reagent
(Invitrogen, Waltham, USA) according to the manufacturer’s

and

instructions. After 24-48h of transfection, fluorescent plaques
(recombinant PRVs from BAC) and non-fluorescent plaques (gI-
AgE-recovered PRVs in which the mini-F sequences were replaced
with the whole gI gene and part of gE gene) were observed. After
three rounds of plaque purification, the resultant non-fluorescent
plaques were purified and named PRVATK&EE (yg3.gF10-CD
(PRV TK/gE double gene deletion strain with first 10 codon
deoptimization of US3-S), PRVATKESE U1 ,56810-CD (PRY TK/gE
double gene deletion strain with first 10 codon deoptimization
of UL56), PRVATKESE US3.S&UL56"19-CP (PRV TK/gE double
gene deletion strain with first 10 codon deoptimization of
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US3-S and UL56), PRVATREEE y$3.sT=CD (pRV TK/gE double
gene deletion strain with all codon deoptimization of US3-S),
PRVATK&EE_ 1 56T-CD (PRV TK/gE double gene deletion strain
with all codon deoptimization of UL56), and PRVATKE&SE 17g3.
S&UL56"~CP (PRV TK/gE double gene deletion strain with all
codon deoptimization of US3-S and UL56). The recombinant
viruses were cultured by passaging 20 times on ST cells. Finally,
the recoded US3-S and UL56 were confirmed with PCR and
sequencing experimentation.

2.5. Multi-step growth kinetics of
recombinant viruses

To explore the multi-step growth kinetics of recombinant
viruses, ST cells were infected with PRVATK&EE-AHO2 3n4 the
before-mentioned six recombinant viruses at a multiplicity of
infection (MOI) of 0.01. At 6, 12, 24, 36, 48, 60, and 72h
post-infection, the culture cells were harvested and titrated on
monolayers of ST cells. It should be noted that the experiments were
performed in triplicate and analyzed using a one-way ANOVA by
SPSS 16.0 (SPSS Inc., Chicago, USA).

2.6. RNA and protein expressions of
codon-deoptimized US3-S and UL56 genes

Briefly, 1.5 pg of expression plasmids, i.e., pUS3-S-mKate2-N,
pUS3—SF10_CD—mKate2—N, pUSS—ST_CD—mKateZ, pUL56-mKate2,
pUL56F19-CP_mKate2, or pUL56"~“P-mKate2, were initially
transfected into ST cells. At 24 h post-infection, the total RNA of
the transfected cells was isolated using the TRIzol reagent (Sigma-
Aldrich) (Chomezynski and Sacchi, 1987). Furthermore, 1 pg of
total RNA was reverse transcribed with a PrimeScript® RT Reagent
Kit with gDNA Eraser (Takara Co. Ltd.). Then, the gene-specific
primers were used to quantify the transcripts of US3-S and UL56
(Supplementary Table S1). The real-time quantitative PCR (qRT-
PCR) was carried out on the Roche Light Cycler® 480 system
(Roche Diagnostics, Burgess Hill, UK) using SYBR Premix Ex Taq
dye (Takara Co. Ltd.) (Zhang et al., 2019b). Notably, each cDNA
was analyzed in triplicate, and sample data were normalized to
B-actin expression using the 2~44C method.

Furthermore, transcription of the recoded US3-S and UL56
genes in the viral background was assessed as follows: Briefly,
ST cells were seeded in a 6-well plate and then infected with
PRVATK&GE-AHOZ 1 six recombinant viruses at an MOI of
1. At 12 and 24h post-infection, early genes (US3-S, ULA40,
and UL52), as well as late genes (UL24, UL44, and UL56)
mRNA, were quantified by qRT-PCR using the gene-specific
primers (Supplementary Table S1). Then, RNA extraction, reverse
transcription, and qQRT-PCR were performed as described above.

Then, the protein production of recoded US3-S and UL56
was analyzed using the following procedure: ST cells were
initially transfected with 1.5 pg of the pmKate2-N, pUS3-S-
mKate2-N, pUS3-$F10-CP_mKate2-N, pUS3-ST-“P-mKate2-N,
pUL56F19-CP_mKate2-N, pUL56'~“P-mKate2-N, or pUL56-
mKate2-N plasmids. At 24h post-transfection, cells were fixed

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1248573
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Xu et al.

with 4% paraformaldehyde for 30min and dyed with 4/,6-
diamidino-2-phenylindole (DAPI; Sigma-Aldrich) for 20 min at
room temperature (Weng et al., 2023). An inverted fluorescence
microscope was used to examine transfected cells, and the
representative cells were photographed.

2.7. Pathogenicity and immunological
experiments in mice

Imprinting control region, healthy female mice (age of 6 weeks,
n = 286) were purchased from Shanghai Laboratory Animal Co.
Ltd., (SLAC, Shanghai, China). Initially, the purchased animals
were randomly divided into 22 groups (n = 13 in each group).
Mice were subcutaneously inoculated with 10%° TCIDsp, 105>
TCIDs, and 10%° TCID5o PRVATK&8E_ (753 gF10-CD pRy ATK&gE.
UL56F10-CD, pRyATKEE 83 s&UL56F10-CP, pRVATKEEE [J§3-
ST=CD, pRVATK&E 1 56T-CD, pRVATKEEE 1753-88UL56TCP,
or PRVATK&EE-AH02 " and inoculated with DMEM serving as a
negative control. The clinical symptoms and mortality of mice
were observed daily for 14 days. On day 5 post-inoculation, five
mice from each group were sacrificed, and the brain and lung

10.3389/fmicb.2023.1248573

samples were collected. Furthermore, the viral loads in the brain
and lung samples of the sacrificed mice were detected using qRT-
PCR analysis of the PRV gB in the Roche Light Cycler®
(Roche Diagnostics, Burgess Hill, UK) as described previously
(Zhang et al., 2019b). Then, the PRV copy numbers in the brain
and lung samples were expressed as logl0 copies per gram of

480 system

tissue sample. To this end, the brain and lung tissues were fixed
using 4% paraformaldehyde for 24 h. The fixed tissue samples were
embedded in paraffin wax and cut into 3 pm sections. The tissue
sections were stained with hematoxylin and eosin and examined
by light microscopy. In addition, on day 21 post-inoculation, all
surviving mice were confronted with 100 LD5; PRV AHO02LA
strain, and the clinical symptoms and mortality rate of mice were
monitored daily for 14 days.

2.8. Pathogenicity and immunological
experiments in piglets

To explore the pathogenicity and immunogenicity in pigs, 1-
day-old piglets (n = 15) free of PRV, porcine reproductive and
respiratory syndrome viruses, porcine parvovirus, and porcine

e b ot ) e ) e
i e - ——— - W — - — - -y

10000 [ ot} oot

FIGURE 1

PRV ZJO01 strain are performed (GenBank: KM061380.1).

RFLP analysis shows the recombinant BACs with codon deoptimization of US3-S and UL56. Predictions of these digestions with BamH | using the
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circovirus 2 were considered. Initially, the randomly distributed ~ serum in the test group divided by the TCIDs5 of serum in the

ATK&EE. control group.

piglets were intramuscularly administered with 1 ml PRV
US3-ST-CP (10>%° TCIDsp/ml) and PRVATK&GE-AHO2 (70500

TCIDsp/ml) and inoculated with DMEM serving as a negative

control. Furthermore, the body temperature and clinical signs  2.9. Statistical analysis

of all piglets were monitored daily for 14 days. To this end,

serum samples were collected on days 7, 14, and 21 post- Data were presented as mean =+ standard error mean (SEM)
inoculation to monitor neutralizing antibody index. Then, 100  and analyzed using a one-way analysis of variance (ANOVA) with a
nl of serum sample (heat inactivated for 30 min at 56°C) was  Tukey’s post-hoc test (SPSS Inc., Chicago, IL, USA), considering the
*ok

mixed with an equal volume of 10-fold-diluted AHO2LA virus.  p-values of < 0.05 as statistically significant. * indicates p < 0.05,
The neutralization indexes were expressed as the TCIDsy of  represents p < 0.01, and *** signifies p < 0.001.

US3-STCD UL56T-CD

ULS56TCP  US3-STCP

FIGURE 2
PCR identifies the recoded US3-S and UL56, the recoded US3-S with primers (US3-S check F/R), and the recoded UL56 with primers (UL56 check
F/R) in the recombinant BACs.
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Fluorescence under UV excitation Phase contrast

FIGURE 3

The images show recombinant PRVs with the recoded US3-S or UL56 genes under UV excitation and phase contrast. 1-j.g
pPRVATK&GELGI_(JS3-GF10-CD_mjnj-F, pPRVATKEGELGI_ | 56F10-CD_mjnj-F, ppPRVATKEGELGIJS3-S6UL5610-CP - mini-F,
pPRVATK&GEEGI_JS3-ST-CD_mini-F, pPRVATK&9EEGI | 56T-CD -mini-F, or pPRVATKEGELY_S3-SandUL56"~CP-mini-F and 1-pug H1-H2-gl-AgE (the
whole gl gene and part of gE gene with homologous arms at both ends) were co-transfected into ST cells. After 24 h of transfection, fluorescent
plaques (recombinant PRVs from BAC) and non-fluorescent plaques (gl-AgE-recovered PRVs in which the mini-F sequences were replaced with the
whole gl gene and part of the gE gene) were observed. Each panel represents a view of 200 x 200 um in size. 1: PRVATK&9E&LGI_(J§3_GF10-CD _mjnj-F,
2: PRVATK&GE _[JS3-GF10-CD 3. pRYATKEGELGI || 56FL10-CD_minj-F, 4: PRVATKEGE | 56F10-CD 5. pRyATK&EGELG_JS3-S5UL56M0-CD -mini-F, 6:
PRVATKEGE _JS3-SandUL56M0-CP, 7: PRYATKEGELGJS3_ST-CD_mjnj-F, 8: PRVATK&E_YS3-ST-CD 9. pRYATKEGEEGI_J| 56T-CD -minj-F, 10:
PRVATKEGE Y| 56T-CD 11: PRYATKE&IELSI_YSZ-SandUL56"~ P -mini-F, and 12: PRVATK&SEyS3-SandUL56TCP.
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3. Results

3.1. Codon deoptimization of US3-S and
UL56

Initially, the first 10 codons, or all codons of the US3-
S and UL56 genes, were deoptimized based on the pig codon
pair bias table without any alterations to the amino acid
sequences. The nucleotide sequences of US3-S, US3-§F10-CD,
US3-ST=CP U156, UL5659-CD and UL56T"CP are shown in
Supplementary material S1. Compared to the wild-type US3-S
gene, US3-SF10-CD (3¢ccession numbers: OR228539) contained
9 codon changes through 9 nucleotide substitutions, and US3-
ST-CD (accession numbers: OR228540) contained 277 codon
changes through 279 nucleotide substitutions. Similarly, several
substitutions were observed in the UL56 coding region. Compared
to the wild-type UL56 gene, UL56F19~CP (accession numbers:
OR228541) contained 7 codon changes through 7 nucleotide
substitutions, and UL56T-CP (accession numbers: OR228542)
contained 155 codon changes through 155 nucleotide substitutions.
US3-8F10-CP - s3-sT-CP, UL56F107CP, and UL56""“P were
synthesized by Beijing Tsingke Biotech Co., Ltd., (Beijing, China).

3.2. Construction of recombinant viruses
with US3-S and UL56 codon deoptimization

Based on pPRVATK&sE&Sl  (763.9 and UL56 genes were
replaced with the recoded gene by En Passant recombination,
generating  six  recombinant  clones  (pPRVATK&gE&gl.
US3-SF10=CD_minj-F, pPRVATKEgESel 753.§T-CD_minj-F,

10.3389/fmicb.2023.1248573

pPRVATKEEESEL (7 56F10-CD_minj F, pPRVATK&gESEI_
UL56"~CP-mini-F, pPRVATKESEESL (J§3_S&UL56510~CP-mini-F,
and pPRVATK&gE&gI—US?)—S&UL56T_CD -mini-F). Furthermore,
it was observed that the RFLP analysis of six recombinant clones
was slightly different from the predicted patterns after digestion
with BamH 1 (Figure 1). To validate these observations, the
recoded US3-S and UL56 were confirmed by PCR and sequencing
(Figure 2). To substantially generate recombinant PRVs with the
recoded US3-S and UL56 genes, the DNA of the six BACs and
H1-H2-gI- AgE were co-transfected into ST cells. Furthermore, the
resultant non-fluorescent plaques were observed under UV light
at a wavelength of 488 nm at 24 h post-transfection (Figure 3). It
should be noted that a homogeneous population of purified viruses
was isolated by picking and plating for three rounds.

PCR and its sequencing analyses validated the correct
sequences of recoded US3-S, recoded UL56, and H1-H2-gI-AgE
(data not shown). The recombinant viruses were passaged 20 times
on ST cells to investigate the genetic stability of gI-AgE (the
whole gI gene and part of gE gene) and the recoded US3-S and
UL56. Furthermore, the viral DNAs were extracted, and gI-AgE
and the recoded US3-S and UL56 were detected by PCR and its
sequencing analyses. It was observed from the PCR analysis that
there was no change in gI-AgE and the recoded US3-S and UL56
(Supplementary Figure S1).

3.3. Multi-step growth kinetics of
recombinant viruses with US3-S and UL56
codon deoptimization

of the PRVATK&gE 1jg3 gF10-CD
PRVATK&EE 1753 5&UL56710-CP,

The growth kinetics
PRvATK&gE_UL56F107CD

8-
7-
6 -o- PpRVATK&EE [jg3F10-CD
) B pRYAK&gE ) 56F10-CD
E —&— PRVATK&EE ys3guLse™ -
2 54 —v- PRVATK&EE_yg3T-CD
% —— PRVATK&E g 56T-CP
g 4- -® PRVATK&E ys3gULs6"™ P
5 B PpRVATK&E-AHO2
& 34
0
=
2-
1-
0 ) T T T 1

T
U

Time p.i.(hours)

i
© 0

FIGURE 4

The multi-step growth curves indicate recombinant PRVs with the recoded US3-S or UL56 gene. ST cells are infected with PRVATK&IE-AHO2 a4 jts six
mutants at an MOl of 0.01. At 6, 12, 24, 36, 48, 60, and 72 h post-infection, the culture cells are harvested and titrated in ST cells. Asterisks indicate
statistical significance among seven viruses (* indicates P < 0.05, ** represents P < 0.01, and *** signifies P < 0.001). Data are presented as mean +
SEM and analyzed using a one-way ANOVA with a Tukey's post-hoc test (SPSS Inc., Chicago, IL, USA).
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FIGURE 5

Protein expression from the recoded US3-S or UL56. (A) The images present ST transfected with recoded US3-S-mKate2 fusion or UL56-mKate2
fusion genes (200x and 800x magnification). (B) Quantitative analysis of the mKate2/DAPI ratio. Letters (a, b) above the bars indicate statistical
significance (P < 0.05) of mKate2/DAPI ratio among the three plasmids.
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FIGURE 6
The quantification data show the RNA expression from the recoded US3 gene or UL56 gene. ST cells are transfected with the recoded US3-mKate2
fusion or UL56-mKate?2 fusion genes. RNA expression from the recoded genes is quantified by gRT-PCR at 24 h post-transfection. Letters (a, b) above
the bars indicate statistical significance (P < 0.05) of RNA expression among the three plasmids.

PRVATK&EE {7§3.6T-CD pRyATK&SE {J]56T-CD ~ pRyATKS&gE.
US3-S&UL56T-CP, and PRVATK&GE-AH0Z  n QT cells are
shown in Figure 4 and Supplementary Table S2. It was observed
from the experimental results that PRVATKE&EE 15g3.6T-CD|
PRVATK&EE U 56T-CD and  PRVATR&EE.US3-S&UL56T—CP
grew to lower titers than PRVATK&SE=AHO2 indicating that all
codon deoptimization of US3-S or UL56 significantly affected
the replication of the parental virus. Moreover, at 36 and 60h
post-infection, the titers of recombinant PRVs with the first 10
codon deoptimization of US3-S (106-32+0.04 TCIDso/ml at 36h
post-infection; 10700014 TCIDs,/ml at 60h post-infection) or
UL56 (107984930 TCIDso/ml at 36h post-infection; 10686022
TCIDs5p/ml at 60 h post-infection) were higher than recombinant
PRVs with all codon deoptimization of US3-S (10°70%0:05
TCIDsp/ml at 36h post-infection; 10035008 TCIDso/ml at
60h post-infection) or UL56 (10617#010 TCIDsy/ml at 36h
post-infection; 100-08%0-22 TCID5o/ml at 60 h post-infection).

3.4. Effect of codon deoptimization on
MRNA and protein expression levels of
recoded genes

Furthermore, the effect of codon deoptimization on US3-
S and UL56 protein production was evaluated. To explore
this aspect, we constructed the expression plasmids pUS3-S-
mKate2-N and pUL56-mKate2-N, in which US3-S and UL56
expressions were determined by the immediate-early promoter
of human cytomegalovirus. In addition, the US3-S and UL56
genes were C-terminally tagged with mKate2. Then, the plasmids
containing US3-S, US3-$F10-CP_ Us3-sT-CP yL56, UL56F10-CP,
or UL56T-CP were transfected into ST cells (Figure 5A). The
mKate2/DAPI ratios of pUS3T~CP-mKate2-N and pUL56"~CP-
mKate2-N were lower than their parental construct (Figure 5B).
qRT-PCR analysis showed that the mRNA level of recoded genes
in pUS3-ST~“P_mKate2-N and pUL56"~CP-mKate2-N was lower
than their parental construct (Figure 6).

In addition, the RNA expression levels of US3-S, UL40, UL52,
UL24, UL44, and UL56 during virus replication were determined

Frontiers in Microbiology

(Figure 7). US3-S, UL40, and UL52 possessed the same kinetic
gene expression class, representing early genes. UL24, UL44, and
UL56 fitted to late genes. The quantification of RNA expression
showed that all codon deoptimization negatively affected the
mRNA expression of the recoded genes during virus replication.

3.5. Safety and immunogenicity of
recombinant viruses with codon
deoptimization of US3 or UL56 in mice and
piglets

Eventually, the biological safety and significant
immunogenicity of the designed recombinant virus were
determined using mice and piglets. Mice inoculated with
10%° TCIDsp, 10°° TCIDsp, and 10*° TCIDs, PRVATK&SE.
US3-SF10-CD  pRyATK&gE [ 56F10-CD  pRyATK&gE {7g3.
S&UL56F10-CD pRyATKSSE 73.§T-CD pRyATK&EE {71 56T-CD
PRVATKEEE[J§3-S&UL56T~CP, PRVATKEGE-AH02 3nd DMEM
were survived without clinical symptoms, indicating no signs
of toxicity and presenting excellent biosafety. On day 5 post-
inoculation, mice inoculated with 10%° TCIDsy recombinant
PRVs with all codon deoptimization of US3-S and UL56 showed
lower virus load in the brain compared with those inoculated
with 10%° TCIDsy PRVATKEEE-AHO2 (Rioyre 8A). In addition,
no virus was detected in the brains and lungs of the mice
inoculated with 10%° TCIDs and 10%*> TCID5, PRVATK&EE—AH02
or recombinant PRVs with codon deoptimization of US3-S or
UL56. Furthermore, the histopathological examinations displayed
that the mice inoculated with 106° TCIDs, PRVATK&gE—-AHO02
showed obvious inflammatory cell infiltration in the brain.
These abnormal cell infiltration consequences were more severe
than those inoculated with 10%° recombinant PRVs with all
codon deoptimization of US3-S and UL56 (Figure 8B). All
mice inoculated with 10%° TCIDs, with PRVATK&GE-AHOZ .
recombinant PRVs presented slight inflammatory cell infiltration
in the lung (Figure 8B). Moreover, it should be noted that no
obvious histopathological changes were observed in the brains
and lungs of mice inoculated with 10°° TCIDsy and 10*°
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expression among seven viruses.

The data show the effect of recoding on early genes (A) or late genes (B) expression from the virus background. ST cells are infected with the
parental or mutant virus that carries differently recoded US3-S or UL56 genes. PCR quantifies mRNA expression of early genes (US3, UL40, and UL52)
and late genes (UL24, UL44, and UL56) at 12 and 24 h post-infection. Letters (a, b) above the bars indicate statistical significance (P < 0.05) of RNA
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TCIDsy with PRVATK&GE-AHO2 1 recombinant PRVs. However,
PRVATREEE_7§3-S&UL56"~CP displayed no further reduction in
the pathogenicity to mice compared to PRVATK&EE (yg3.gT-CD
and PRVATR&EE. [y 56T-CP,

After 3 weeks of immunization, all the surviving mice
were challenged with 100 LDsy PRV AHO2LA strains. Notably,
the protection efficiency was substantially provided by 10%°

recombinant PRVs with codons deoptimizing US3-S or UL56,
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similar to 1005 PRVATK&GE-AHO2 (Taple 1), Nonetheless,

most mice inoculated with 10°° TCIDsy and 10*° TCIDsq
PRVATKEGE-AHO2 1 yecombinant PRVs developed clinical signs
of disease and died at 72-96 h post-challenge.

Considering the biosafety results in mice, we further performed
the safety and immunogenicity checks in 1-day-old piglets.
Among the treated piglets, two of five showed typical clinical

symptoms of PRV infection from day 3 after the inoculation
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with PRVATK&EE-AHO2 1y addition, the three piglets inoculated
with PRVATK&E-AHO2  showed higher body temperatures
of 40.5°C on days 4 and 5 after inoculation (Figure9). To
this end, no clinical symptoms or body temperatures were
observed in all piglets inoculated with PRVATK&SE (g3
ST=CD_ The ability of serum samples to neutralize PRV was
detected after 7, 14, and 21 days of inoculation (Figure 10).
Piglets vaccinated with PRVATK&SE [yg3.gT-CD
high serum neutralization index. After 14 and 21 days of

showed a

treatment, no significant difference was observed between piglets

vaccinated with PRVATK&ESE_(Js3-ST=CD and piglets vaccinated
with PRvATK&gE—AHOZ.

4. Discussion

Indeed, pseudorabies, caused by a variant PRV, has emerged
as one of the most dreadful infections since 2011 in many
Bartha-K61-vaccinated swine herds in China (An et al., 2013; Yu
et al., 2014). Furthermore, it was increasingly recognized that the
Bartha-K61 vaccine was incompletely protected by highly virulent
PRV strains. Considering these challenges, attenuated PRV strains
with gE/TK or gE/gI/TK deletions based on PRV variants have
been constructed, showing excellent protection against the PRV
challenge. Nonetheless, previous reports indicated that the safety
of these gene deletion mutants was far from satisfactory (Wang
etal., 2018; Xuetal, 2022). To develop a safe and effective live PRV
vaccine, in this study, a codon deoptimization strategy was adapted
to specifically target virulence genes US3 or UL56 based on the PRV
gE/TK deletion strain. All codons deoptimizing US3-S or UL56
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resulted in reduced target gene mRNA and protein expressions
and decreased virus duplication. In addition, the stability of the
recoded gene was confirmed by passaging in ST cells without new
mutations. It was observed that all codons deoptimizing US3-S or
UL56 based on the PRV gE/TK deletion strain caused attenuation
of the recoded virus without affecting immunogenicity in mice
and piglets.

Codon deoptimization offers several advantages for the
generation of live-attenuated PRV vaccines. First, a live-attenuated
vaccine with codon deoptimization contains many mutations
that make viral reversion to parental virus extremely unlikely.
In our study, we observed no reversion of the recombinant
PRVs with codon deoptimization of US3-S or UL56 during
serial passage on ST cells. However, serial passage in pigs was
required to further evaluate the stability of codon-deoptimized
PRV. Second, codon deoptimization shows no effect on the viral
protein sequence, retaining the antigenicity of the virus identical
to the parental virus. Third, the generation of live-attenuated PRV
vaccines with codon deoptimization can be rapidly achieved by
combining the synthesis of codon deoptimization genes with BAC
technologies. Indeed, the PRV genome is double-stranded DNA
that encodes for approximately 70 genes, containing both essential
and non-essential genes. Since some non-essential genes often play
important roles in PRV pathogenesis and host control, we speculate
that their deoptimization may lead to reduced virulence without
interfering with immunogenicity.

In the current study, US3-S and UL56 genes were selected to
explore the effect of codon deoptimization due to their involvement
in viral virulence. Previous studies showed that the degree and
position of codon deoptimization are inversely correlated with

frontiersin.org
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TABLE 1 Immunogenicity of the recoded viruses with codon deoptimization of US3-S or UL56 in mice.

Virus strain Doses Numbers Challenge
(TCID5) Survival Protection ratio
PRVATKESE 7g3.gF10-CD 10%° 8 5 62.5%
10%° 8 0 0
10%° 8 0 0
PRVATKESE [y ,56F10-CD 10%° 8 4 50.0%
10%° 8 1 12.5%
10%° 8 0 0
PRVATKESE JS3-SandUL56"10-CP 10%° 8 5 62.5%
10°° 8 1 12.5%
10*° 8 0 0
PRVATK&SE 7g3.gT-CP 1009 8 5 62.5%
10°° 8 0 0
10*° 8 0 0
PRVATK&SE U1 56T-CD 10%° 8 4 50.0%
10°° 8 0 0
10*° 8 0 0
PRVATK&EE_US3-SandUL56"~CP 10%° 8 6 75.0%
10°° 8 0 0
10*° 8 0 0
PRVATK&gE—AHOZ 106.5 8 5 62.5%
10°° 8 0 0
10*° 8 0 0
DMEM 8
427 - PRVATK&E g3 gT-CD
—~ - PRVATK&gE-AHOZ
o
o
o 411 —&— Control
—- * %k
= * %
=
b
g 40- *
£
2
£ 39-
YD
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38 L} L] 1 T L) L) L] L] 1 T T L) T L] 1
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Time post inoculation (Day)
FIGURE 9
The graph shows the daily rectal temperatures of piglets post-inoculation. Data are presented as mean 4+ SEM. ** represents P < 0.01 and ***
signifies P < 0.001.

the degree of cytopathic effects and plaque size and are crucial  effect of the degree and position of deoptimization on recoded
to the degree of virus attenuation (Eschke et al., 2018; Lee  expression and viral virulence. Nonetheless, the first 10 codon
et al., 2021). In this study, the first 10 codons (a small amount;  deoptimization of US3-S or UL56 showed no effect on the mRNA
first segment), or all codons (a large number; whole segment)  expression of the recoded gene, suggesting the degree and position
of US3-S and UL56 genes, were deoptimized to identify the  of deoptimization could be chosen carefully in vaccine design.
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FIGURE 10

The graph presents the serum neutralization indices against PRV
AHO2LA strain in piglets at days 7, 14, and 21 post-inoculation.
Letters (a, b) above the bars indicate statistical significance (P <
0.05) of serum neutralization indices among the three groups.

Furthermore, some essential genes are involved in viral egress, cell-
cell spread, pathogenicity, and immunogenicity. Further studies
involving codon deoptimizing essential genes should be attempted
to develop a safe and effective PRV vaccine.

The molecular mechanisms of attenuation by codons
deoptimizing US3-S and UL56 remain unknown. Previous
studies indicated that codon deoptimization of genes in RNA
viruses led to changes in RNA secondary structure, stability gene
composition, and protein translation efficiency of the target gene
(Kanaya et al., 2001; Knight et al., 2001; Burns et al., 2006; Meng
et al., 2014). Moreover, the studies demonstrated that these were
usually associated with decreased viral replication and virulence
attenuation. In this study, all codon deoptimization negatively
affected US3-S or UL56 RNA and protein levels after transient
expression and RNA levels during virus replication. Therefore,
protein translation efficiency might mediate the attenuation
of recombinant PRVs with all codons deoptimizing US3-S
and UL56.

Typically, successful live PRV vaccine candidates must show
attenuation in the host while retaining immunogenicity. The
recombinant PRVs with all codon deoptimization of US3-S
or UL56 exhibited significantly reduced replication kinetics in
vitro compared to the parental virus. Predictably, our in vivo
data indicated that all codons deoptimizing US3-S or UL56
decreased virus load and attenuated pathological changes in the
brains of mice. Surprisingly, PRVATK&SE.US3-S&UL56T—CP
displayed no further reduction in pathogenicity to mice compared
with ~ PRVATKESE.[Jg3.6T-CD and  PRVATK&EE.yL56T-CD,
Nonetheless, the mechanism
and needs further investigation. The protection efficiency

potential remains unknown
provided by recombinant PRVs with codons deoptimizing
US3-S or UL56 is similar to that of mice inoculated with their
parental virus. Moreover, all codons deoptimizing US3-S caused
attenuation of the recoded virus in piglets without loss of
immunogenicity. However, future studies involving DNA loads
and histological analysis in piglets are necessary to evaluate

the pathogenicity of codon-deoptimized PRV in the major
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host. Furthermore, the safety and protective capacity of the
other recoded virus in piglets also need further investigation
to identify their potential use as a live vaccine candidate

in pigs.

5. Conclusion

The codon deoptimization application in US3-S or UL56 based
on PRV gE/TK deletion strain successfully generated six live
recoded viruses. Among them, recombinant PRVs with all codon
deoptimization of US3-S or UL56 cause virulence attenuation while
retaining immunogenicity in mice and piglets. PRVATK&8E_Us3-
ST=CD showed good safety and a high serum neutralization index in
piglets, which might be a promising vaccine candidate against PRV
variants. Finally, our results indicated that codon deoptimization
might be useful for attenuating PRV.
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Inactivated vaccine with
glycyrrhizic acid adjuvant elicits
potent innate and adaptive
immune responses against
foot-and-mouth disease

Seokwon Shin', Hyeong Won Kim', Mi-Kyeong Ko, So Hui Park,
Su-Mi Kim, Jong-Hyeon Park and Min Ja Lee*

Animal and Plant Quarantine Agency, Gimcheon-si, Gyeongsangbuk-do, Republic of Korea

Background: Foot-and-mouth disease (FMD) is an extremely contagious viral
disease that is fatal to young animals and is a major threat to the agricultural
economy by reducing production and limiting the movement of livestock. The
currently commercially-available FMD vaccine is prepared using an inactivated
viral antigen in an oil emulsion, with aluminum hydroxide [A(OH)s] as an adjuvant.
However, oil emulsion-based options possess limitations including slow increases
in antibody titers (up to levels adequate for defense against viral infection) and
risks of local reactions at the vaccination site. Further, A(OH); only induces a T
helper 2 (Th2) cell response. Therefore, novel adjuvants that can address these
limitations are urgently needed. Glycyrrhizic acid (extracted from licorice roots) is
a triterpenoid saponin and has great advantages in terms of price and availability.

Methods: To address the limitations of the currently used commercial FMD
vaccine, we added glycyrrhizic acid as an adjuvant (immunostimulant) to the FMD
bivalent (O PA2 + A YC) vaccine. We then evaluated its efficacy in promoting both
innate and adaptive (cellular and humoral) immune reactions in vitro [using murine
peritoneal exudate cells (PECs) and porcine peripheral blood mononuclear cells
(PBMCs)l and in vivo (using mice and pigs).

Results: Glycyrrhizic acid has been revealed to induce an innate immune response
and enhance early, mid-, and long-term immunity. The studied bivalent vaccine
with glycyrrhizic acid increased the expression of immunoregulatory genes such
as pattern-recognition receptors (PRRs), cytokines, transcription factors, and co-
stimulatory molecules.

Conclusion: Collectively, glycyrrhizic acid could have utility as a novel vaccine
adjuvant that can address the limitations of commercialized FMD vaccines by
inducing potent innate and adaptive immune responses.

KEYWORDS

glycyrrhizic acid, adjuvant, foot-and-mouth disease, vaccine, innate and adaptive,
immune response

1. Introduction

Foot-and-mouth disease (FMD) is an acute viral disease that spreads rapidly and is
highly contagious (Grubman and Baxt, 2004). It is prevalent in over 100 countries globally
(Jamal and Belsham, 2013). It affects cloven-hooved livestock such as swine, sheep, cattle,
buffalo, and goats, with significant negative impacts on the livestock industry (Grubman
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and Baxt, 2004). The FMD virus (FMDV) first enters the
oropharynx of swine. Thereafter, it forms a vesicle from the snout
toward the breast, nipples, or feet for infection. Animals that have
contracted the virus display symptoms such as increased
salivation, elevated body temperature, and decreased milk
production. Infected animals are at risk of developing secondary
infections, experiencing weight loss, and exhibiting reduced
productivity over time. This can lead to reduced livestock
productivity and high neonatal mortality (Arzt et al., 2011;
Stenfeldt et al., 2014; Fukai et al., 2015b; Casey-Bryars et al.,
2018). Due to the rapid spread of FMD, regions or countries with
endemic FMD should aim to quickly contain any viral spread, the
failure of which can lead to national restrictions on animal
products and enormous economic losses (Rodriguez and
Grubman, 2009; Casey-Bryars et al., 2018).

FMDYV is a single-stranded positive-sense RNA virus categorized
under the genus Aphthovirus within the family Picornaviridae (Jamal
and Belsham, 2013). Its capsid is made up of 60 copies of structural
proteins (SP), namely, VP1, VP2, VP3, and VP4 (Grubman and Baxt,
2004). The VPI protein is known to be a key target in the prevention
of FMD since it has the strongest immunogenicity, many neutralizing
sites of the virus, a serotype-determining area, and is closely related
to host cell-virus binding (Cheung et al., 1983; Parry et al., 1990;
Jackson et al., 2003). FMDV has seven serotypes, namely, O, A, Asial,
South African Territories (SAT)1, SAT2, SAT3, and C. These
serotypes do not induce cross-protection toward one other, and each
serotype has multiple topotypes (Mason et al., 2003; Grubman and
Baxt, 2004). Consequently, to protect against each serotype,
appropriate vaccines must be developed and employed accordingly
(Lee etal,, 2020). Countries with endemic FMD, where many animals
are still affected by the disease, need to introduce vaccines to prevent
its spread. Vaccines alone are not a fundamental solution and do not
completely address the losses related to FMD; nevertheless,
vaccination, before FMD occurs, is likely to improve immunity in
livestock animals (Rodriguez and Grubman, 2009; Casey-Bryars
et al., 2018).

In the early 1930s, formalin was discovered to be capable of
killing live FMDV. During the 1960s, the introduction of an FMD
vaccine [which used formalin-inactivated FMDV cultured in baby
hamster kidney (BHK) cells] resulted in a significant decrease in
the prevalence of the disease across various European nations
(Leforban and Gerbier, 2002). Currently, Korea supplies vaccines
containing antigen-enhanced O, A, and Asial to prevent viruses
that can simultaneously infect livestock farms vulnerable to FMD,
and these vaccines induce high antibody titers. However, FMD
remains a problem in numerous countries throughout the Middle
East, South America, Africa, and Asia (Barteling, 2002). In
addition, currently commercialized FMD vaccines have the
following disadvantages; (1) in the case of inactivated virus
vaccines, it is difficult to provide substantial disease protection
until antibodies are formed post-vaccination; (2) pigs vaccinated
with inactivated vaccines develop relatively lower antibody titers
than cattle, and there are large inter-individual differences; and
(3) side effects such as granulomas and fibrosis at the site of
injection can be caused by oil emulsion-based formulations and
are emerging as serious problems in pigs (Di Pasquale et al., 2015;
Kamel et al., 2019). Numerous attempts to develop improved
vaccines have been made. Since FMDV shows the highest
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antigenicity in its complete form, inactivated vaccines are
currently the most efficacious. However, to overcome the existing
limitations of inactivated viral vaccines, research on adjuvants
capable of improving the immunogenicity of vaccines is currently
being conducted.

Adjuvants are agents incorporated into vaccines to regulate and
enhance the immune response. Many adjuvants have been isolated
from natural products. The first research on adjuvants began in
1925, when tapioca starch was mixed with diphtheria toxoid and
effectively increased antigen-specific antibody production (Ramon,
1925, 1926). Aluminum is currently used as a representative
adjuvant; in 1926, aluminum-deposited diphtheria toxoid was
shown to possess better immunogenicity than the toxoid alone, and
aluminum has been in use for over 80 years to date (Hogenesch,
2013). Aluminum hydroxide [AI(OH);], the most commonly used
chemical adjuvant, can induce antibody-mediated T helper 2 (Th2)
responses which strongly stimulate IgE production, exerting a
potent inflammatory effect at the injection site (Hem and
Hogenesch, 2007; Jiang et al., 2018). However, since the cellular
immune response mediated by CD8" and CD4" T lymphocytes is
increasingly recognized to be equally critical for acquired defense
in vaccinated animals, many research efforts are now attempting to
identify adjuvants that elicit Thl and Th2 immune responses, as
well as innate and adaptive immune responses simultaneously
(Guzman et al., 2010; Carr et al., 2013).

Glycyrrhizic acid, a representative component of licorice, is a
triterpenoid-based material and comprises approximately 5% of
licorice roots. Glycyrrhizic acid is generally recognized as safe and
has been approved by the Food and Drug Administration (FDA) as
a food additive in the United States since 1985 (Bailly and Vergoten,
2020). In 1925, saponin was found to significantly increase antibody
responses to tetanus. Further, saponin can be used as an adjuvant
since it has been found to induce a cellular immune response by
increasing helper and cytotoxic T-cell responses as well as the
antibody response (Ramon, 1925; Egerton et al., 1978). Saponin has
been approved as a food and is widely used in medicines and
cosmetics due to its various pharmacological effects, including its
antioxidant, antiviral, anti-ulcer, and antibacterial activities.
Glycyrrhizic acid is a major plant-derived metabolite that is still
used in the long-term treatment of human immunodeficiency virus
(HIV) infection owing to its low potential for drug resistance and
few side effects (De Clercq, 1995; Vlietinck et al., 1998). Recent
studies have shown that glycyrrhizic acid is a promising anti-severe
acute respiratory syndrome (SARS)-CoV-2 drug candidate, either
alone or in conjunction with other therapeutics (Bailly and
Vergoten, 2020).

Components isolated from plant-derived natural products have
been used as potential chemotherapeutic, chemopreventive, and anti-
inflammatory agents over the last 30 years (Surh, 2002). Considering
that the ideal adjuvant should be easy to obtain, safe, and easy to store,
glycyrrhizic acid holds promise for this application. Although there
are many studies on the effects of glycyrrhizic acid, clear results on its
use as an adjuvant in the FMD vaccine are yet to be reported. The
objective of this research was to explore the impact of glycyrrhizic acid
as an adjuvant, overcome the drawbacks of current vaccines, and elicit
an enhanced host immune response. Furthermore, we attempted to
elucidate the mechanism of glycyrrhizic acid-mediated immune
response induction in hosts.
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2. Materials and methods
2.1. Glycyrrhizic acid

Glycyrrhizic acid ammonium salt [from glycyrrhiza roots
(licorice)] was purchased from Sigma-Aldrich (Sigma-Aldrich, St.
Louis, MO, USA).

2.2. Cells, virus, purification of inactivated
viral antigens, and preparation of test
bivalent vaccine

ZZ-R (fetal goat tongue) cells were grown in DMEM/F12 (Lonza,
Basel, Switzerland), and BHK-21 and LF-BK (porcine kidney) cells were
grown in DMEM (Lonza, Walkersville, MD, USA) supplemented with
1% antibiotic-antimycotic and 10% fetal bovine serum (FBS) (Gibco,
Waltham, MA, USA) at 37°C in 5% CO,. FMDV O PA2 and A YC
antigens were purified according to the method described by Lee et al.
(2020). Briefly, when full cytopathic effects (CPE) were noted, viruses
(O PA2, A YG; grown in BHK-21 suspension cells) were collected via
freezing and thawing. Once the cellular debris was eliminated via
centrifugation at 12,000 rotations per minute (rpm) for 20 minutes
(min), the viruses were exposed to 0.003 mM of binary ethyleneimine
(Sigma-Aldrich) at 26°C for 24 hour (h). The inactivated virus within
the transparent clear culture was allowed to precipitate overnight in
7.5% polyethylene glycol (PEG) 6000 and 2.3% NaCl at 4°C
(Bahnemann, 1975). The obtained pellets were suspended in Tris-KCl
(TK) buffer and further subjected to purification via centrifugation
(using a sucrose gradient of 15-45% in TK buffer) at 30,000 rpm for 4h
at 4°C on an SW41Ti rotor (Beckman Coulter, Brea, CA, USA); viral
antigen concentrations were assessed by spectrophotometric
(Biophotometer, Eppendorf, Hamburg, Germany) analysis at a
wavelength of 259 nm. The purified antigens (146S particle) were fixed
onto carbon-coated copper grids and observed through a transmission
electron microscope (TEM) (Hitachi H7100FA, Tokyo, Japan). The
bivalent vaccine formulation for the positive control (PC) group in the
mouse experiment included purified antigens isolated from O PA2
(15 pg/dose/mL; 1/40 of the dose for pigs) and A YC (15 pg/dose/mL;
1/40 of the dose for pigs), 10% Al(OH);, ISA 206 (50% w/w; Seppic,
Paris, France), and 15 pg/dose/mouse Quil-A (InvivoGen, San Diego,
CA, USA). 100 pg glycyrrhizic acid ammonium salt (Sigma-Aldrich)
was also included in the test vaccine for the experimental (Exp.) group.
The test bivalent vaccine formulation used in the pig experiment
included purified antigens isolated from O PA2 (15 pg/dose/mL) and A
YC (15 pg/dose/mL), 10% Al(OH)s, ISA 206 (50% w/w; Seppic), and
150 pg/dose/pig Quil-A (InvivoGen). Onemg glycyrrhizic acid
ammonium salt (Sigma-Aldrich) was also included in the test vaccine
for the Exp. group. All experiments related to FMDV were conducted
in the Animal and Plant Quarantine Agency (APQA) under biosafety
level 3 (BSL-3) conditions.

2.3. Mice and pigs

Sex- and age-matched wild-type C57BL/6 mice (females,
6-7 weeks old) were obtained from KOSA BIO Inc. (Seongnam-si,
Gyeonggi-do, Korea), and FMD-antibody-seronegative pigs
(Landrace, 8-9weeks old) were supplied by BARON BIO Inc.
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(Uiseong-gun, Gyeongsangbuk-do, Korea). All mice and pigs were
allowed at least 1 week to acclimatize to the laboratory environment
before being used in experiments. All mice and pigs were
accommodated in microisolator enclosures and were allowed
unrestricted access to water and food in a dedicated pathogen-free
BSL-3 animal (ABSL3) facility at the APQA. The housing facility
maintained a relative humidity of approximately 50%, a temperature
0f22°C, and a 12 h:12 h light:dark cycle. Investigations were conducted
following institutional protocols and regulations and authorized by
the Ethics Committee of the APQA (accreditation number: IACUC-
2022-670 and IACUC-2023-753).

2.4. Isolation and culture of murine
peritoneal exudate cells (PECs) and porcine
peripheral blood mononuclear cells
(PBMCs)

Naive mice (6-7weeks old, n=40) were euthanized via CO,
inhalation. The peritoneal cavities of the mice were then rinsed with
5mL Ca®/Mg*/free DPBS (Gibco), and the resulting peritoneal
lavage fluid was pelleted by centrifugation at 400 x g for 10 min at
4°C. The pelleted murine PECs were resuspended and counted using
a Bio-Rad TC20 Automated Cell Counter (Bio-Rad, Hercules, CA,
USA). All obtained cells were isolated in the fresh state immediately
prior to use. None of the experiments involved the use of
cryopreserved cells. Subsequently, purified PECs were cultured in a
complete medium composed of Roswell Park Memorial Institute
(RPMI) 1640 (Gibco) supplemented with 0.05mM 2-beta-
mercaptoethanol (Sigma-Aldrich), 3mM L-glutamine (Sigma-
Aldrich), 10% fetal calf serum (HyClone, Logan, UT, USA), 100 U/mL
penicillin/streptomycin (Sigma-Aldrich), and 10 mM HEPES (Sigma-
Aldrich) and incubated at 37°C under 5% CO,. Porcine PBMCs were
acquired from pigs (8-9 weeks old, n=3 for the evaluation of IFNy
secretion by ELISpot, n=>5-6/group for the validation of gene
expression by qRT-PCR) that tested negative for FMD antibodies.
They were then purified from whole blood according to the procedure
described by Lee et al. (2020) and Jo et al. (2021). Whole blood
(20mL/donor) was collected in BD Vacutainer heparin tubes (BD,
Becton, Dickinson and Company, Franklin Lakes, NJ, USA). Porcine
PBMCs were isolated through gradient centrifugation using
Histopaque solution (Sigma-Aldrich). The remaining red blood cells
(RBC) were eliminated with ammonium-chloride-potassium (ACK)
lysing buffer (Gibco). Porcine PBMCs were suspended in Ca**/Mg?*-
free DPBS (Gibco). Cell quantification was performed with a Bio-Rad
TC20 Automated Cell Counter (Bio-Rad). The separated porcine
PBMCs were then suspended in RPMI-1640 (Gibco) medium
supplemented with 100U/mL penicillin/streptomycin  (Sigma-
Aldrich), 10 mM HEPES (Sigma-Aldrich), 3mM L-glutamine (Sigma-
Aldrich), and 10% FBS (Gibco). All purified cells were cultured in a
moist environment at 37°C with 5% CO,,

2.5. Glycyrrhizic acid-mediated cell viability
assay and IFNy ELISpot assay in PECs and
porcine PBMCs in vitro

BHK-21, LE-BK, and ZZ-R cell lines, murine PECs, and porcine
PBMCs were used in the cell viability assay. BHK-21, LF-BK, and
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Z7-R cells (2x10* cells/well) were cultured in a 96-well microplate
and incubated for 48 h in 5% CO, at 37°C. Isolated murine PECs and
porcine PBMCs (1 x 10° cells/well) were seeded in a 96-well microplate
and stabilized for 1h in 5% CO, at 37°C. After incubation, the media
was changed and BHK-21, LF-BK, and ZZ-R cells, murine PECs, and
porcine PBMCs were treated with glycyrrhizic acid (0, 0.625, 1.25, 2.5,
or 5pg/mL) for 4h. Cell viability was determined using an MTS (inner
salt)-based colorimetric assay. Investigations were performed by
introducing a small quantity of CellTiter® 96 AQueous One Solution
Reagent (Promega, Madison, WI, USA) directly to the culture wells,
incubating the plates for 4h in 5% CO, at 37°C, and subsequently
measuring the absorbance at 490nm with a Hidex 300SL
spectrophotometer (Hidex, Turku, Finland). Commercial ELISpot
assay kits (R&D Systems, Minneapolis, MN, USA) were used to
analyze glycyrrhizic acid-induced IFNYy secretion, with or without
inactivated O PA2 and A YC antigens, according to the manufacturer’s
instructions. In brief, isolated murine PECs (5x10° cells/well) or
porcine PBMCs (5% 10° cells/well) were incubated in a 96-well PVDF
microplate which was backed with a monoclonal capture antibody
that targets either mouse or porcine IFNYy, which had been pre-coated
onto the plate. Subsequently, the cells were exposed to inactivated
FMDV (O PA2 and A YC) antigens at a concentration of 2 ug/mL
(final concentration), either with or without 0.625, 1.25, 2.5, or 5pg/
mL glycyrrhizic acid in a humidified incubator for 18h in 5% CO, at
37°C. PBS and 2 pg/mL inactivated FMDV (O PA2 or A YC) antigen
were used for the negative control (NC) and PC, respectively. The
plates were rinsed with wash buffer and then incubated overnight at
4°C with biotinylated anti-mouse IFNy (1:119) or anti-porcine IFNy
(1:119) antibodies. Thereafter, they were treated with AP-conjugated
streptavidin (1:119) for 2h at room temperature (RT, approximately
25°C). The plates were rinsed, developed with 5-bromo-4-chloro-3
indolyl phosphate p-toluidine salt (BCIP)/nitro blue tetrazolium
chloride (NBT), and quantified using an ImmunoSpot ELISpot reader
(AID iSpot Reader System; Autoimmune Diagnostika GmbH,
Strassberg, Germany). Data were reported as the number of spot-
forming cells (SFC).

2.6. Effects of glycyrrhizic acid alone on
inducing host defenses against FMDV
infection in mice

Prior to evaluating the adjuvant efficacy of glycyrrhizic acid,
we investigated the host defense induced by glycyrrhizic acid alone
(without FMDV antigen) against FMDV infection in mice. The
following challenge viruses were used; FMDV type O [O/VET/2013
(ME-SA topotype, GenBank Accession No. MF947143.1)] and FMDV
type A [(A/Malay/97, SEA topotype, GenBank Accession No.
KJ933864)]. Since there were two types of viruses used in the
challenge, C57BL/6 mice (females, 6-7 weeks old, n=>5/group) were
divided into two sets and then into two groups; NC, Exp. I on 3 days-
post injection (dpi) challenged group; NC, Exp. I on 7 dpi challenged
group for each virus. After intramuscular (I.M.) injection, all mice
were challenged with 100 LDs, of O/VET/2013 or A/Malay/97 viruses
via intraperitoneal (I.P.) injection on 3 or 7 dpi, and the survival rate
and body weights were observed for 7 days post-challenge (dpc). The
Exp. I and Exp. II groups received an injection of 100 pg glycyrrhizic
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acid/100 pL PBS, and the NC groups were given an equivalent volume
of PBS via the same route.

2.7. Efficacy of FMD vaccine containing
glycyrrhizic acid in inducing
adjuvant-mediated host defense in mice

To evaluate the potential of glycyrrhizic acid as a vaccine adjuvant
and the initial protective effect of the vaccine containing glycyrrhizic
acid against viral infection, we performed challenge experiments in
mice. C57BL/6 mice (females, 6-7weeks old, n=>5/group) were
divided into two sets for each virus and then into three groups (NC,
PC, and Exp.). After .M. vaccination, all mice were challenged with
100LDs, of FEMDV O/VET/2013 or A/Malay/97 virus via LP. injection
at 7days post-vaccination (dpv), and observed for 7 dpc. The PC
group was given the test bivalent vaccine, the Exp. group was given the
test bivalent vaccine with glycyrrhizic acid, and the NC group was
given an equivalent volume of PBS via the same route.

2.8. Efficacy of FMD vaccine containing
glycyrrhizic acid in inducing
adjuvant-mediated early, mid-term, and
long-term immune responses in mice

To assess the efficacy of glycyrrhizic acid in eliciting innate and
adaptive (cellular and humoral) immune responses as an FMD vaccine
adjuvant, we performed mice experiments as follows. C57BL/6 mice
(females, 6-7 weeks old, n=>5/group) were divided into three groups
(NC, PC, Exp.). Following I.M. injection of the test bivalent vaccine,
blood samples were collected at 0, 7 (early), 28 (mid-term), 56, and 84
(long-term) dpv to monitor antibody titers and virus neutralization
(VN) titers using structural protein (SP) ELISA and VN tests,
respectively. The serum samples were preserved at —80°C until
further use.

2.9. Efficacy of FMD vaccine containing
glycyrrhizic acid in inducing
adjuvant-mediated early, mid-term, and
long-term immune responses in pigs

FMD-antibody-seronegative pigs (8-9 weeks old, n="5-6/group)
were used for the experiments. Animals were randomly divided into
three groups (NC, PC, Exp.). After the initial .M. injection for
primary vaccination, booster doses were given via the same route on
28 dpv. Blood samples were collected at 0, 7, 14 (early), 28, 42 (mid-
term), 56, and 84 (long-term) dpv to measure the antibody titers and
VN titers via SP ELISA and VN tests, respectively. The serum samples
were preserved at —80°C until further use.

2.10. Serological assay
2.10.1. Structural protein (SP) ELISA

To identify serum antibodies against structural proteins,
we utilized PrioCheck™ FMDV type A (Prionics AG, Switzerland)
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kits and VDPro® FMDV type O (Median Diagnostics, Chuncheon-si,
Gangwon, Korea) kits. Optical density readings from the ELISA plates
were transformed into a percentage inhibition (PI) value. When the
PI value >50% for the PrioCheck™ FMDV kit or>40% for the
VDPro® FMDV kit, the animals were classified as antibody-positive.

2.10.2. VN tests

VN tests were carried out following guidelines from the World
Organization for Animal Health (WOAH). Serum from the vaccinated
animals was inactivated via heating at 56°C for 30 min in a water bath.
The cell density was adjusted to achieve a 70% monolayer, and the
serum samples were serially diluted by 2-fold (ranging from 1:8 to
1:1024). These diluted serum samples were then exposed to a
homologous virus (O PA2 or A YC) at a concentration of [100 x the
tissue culture infectious dose (TCID)s]/0.5 mL and incubated for 1 h
at 37°C. After 1h, an LF-BK cell suspension was introduced to all
wells. CPE was noted after 2-3 days in order to determine the titers,
which were presented as the log,, of the reciprocal antibody dilution
necessary to neutralize 100 x TCIDs, of the virus (Fowler et al., 2010;
Fukai et al., 2015a).

2.10.3. Immunoglobulin subtype (IgG, IgA, and
IgM) ELISA

To detect specific Ig isotype antibodies, we carried out ELISA
targeting porcine IgG, IgA, and IgM (Bethyl Laboratories. Inc.,
Montgomery, Texas, USA) within the serum samples according to the
manufacturer’s instructions. In brief, diluted serum and standards
were introduced to their respective wells, each with a volume of
100 pL/well, and incubated for 1h at RT. Afterward, the plates were
rinsed and allowed to air-dry. Following this, 100puL of the 1x
biotinylated detection antibodies were treated into all wells, and the
plates were subjected to incubation at RT for 1h. Following rinsing
and drying of the wells, 100pL of 1x streptavidin-horseradish
peroxidase conjugate was introduced into each well. Subsequently,
the plates underwent a 30 min incubation at RT. Following this, the
plates underwent an additional cycle of rinsing and drying.
Peroxidase activity was visualized by adding 100 pL/well of 1x TMB
solution and allowing the plates to incubate at RT for 30 min. The
reaction was terminated with 100pL of 2N H,PO,, and the
absorbances at 450nm were detected using a Hidex 300SL
spectrophotometer (Hidex).

2.11. RNA isolation, cDNA synthesis, and
quantitative real-time PCR (qRT-PCR)

Isolated porcine PBMCs were employed for RNA extraction
via a RNeasy Mini Kit (QIAGEN, Valencia, CA, USA) and TRIzol®
reagent (Invitrogen; Thermo Fisher Scientific, Inc., Carlsbad, CA,
USA). Subsequently, reverse transcription into ¢cDNA was
accomplished using a GoScript Reverse Transcription System
(Promega) according to the manufacturer’s guidelines. The
reverse-transcribed cDNA were then subjected to qRT-PCR using
a Bio-Rad CFX96™ Touch Real-time PCR system. Quantitative
gene expression levels were normalized to that of HPRT
(endogenous housekeeping gene) and presented relative to the
control values. The list of primers used in this study is presented
in Supplementary Table SI.
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2.12. Statistical analysis

All quantitative data are expressed as the mean + standard error
(SEM) unless otherwise specified. Variations between groups were
evaluated utilizing two-way ANOVA with Tukey’s post hoc test or
one-way ANOVA followed by Tukey’s post hoc test or Dunnett’s post
hoc test, as appropriate. Statistical significance is indicated as follows:
*p<0.05, *p<0.01, **p<0.001, and “p<0.0001. Parametric
examinations were employed to compare diverse groups. Survival
curves were generated using the Kaplan-Meier method, and
variations were analyzed using log-rank sum tests. GraphPad Prism
10.0.2 (GraphPad, San Diego, CA, USA) was used for all
statistical analyses.

3. Results

3.1. Glycyrrhizic acid can stimulate an
innate immune response

Prior to performing the subsequent experiments using
glycyrrhizic acid, we assessed glycyrrhizic acid-mediated cytotoxicity
via an MTS assay. Glycyrrhizic acid at various concentration did not
exhibit cytotoxicity on any of the cell lines used in the study, including
BHK-21, LE-BK, and ZZ-R cells, murine PECs, and porcine PBMCs
(Supplementary Figure S1).

To demonstrate the innate and cellular immune response-
inducing potential of glycyrrhizic acid, we conducted IFNy ELISpot
analysis by including glycyrrhizic acid at varying concentrations with
or without inactivated FMDV (O PA2 or A YC) antigens. This assay
used murine PECs and porcine PBMCs. When murine PECs were
treated with 0.625 ug/mL glycyrrhizic acid along with FMDV (O PA2
or A YC) antigens, a significant increase in IFNy secretion was
observed compared to when antigen alone was administered
(Figures 1A,B). Furthermore, in porcine PBMCs, it was observed that,
apart from glycyrrhizic acid at 5pg/mL, all concentrations led to a
significant increase in IFNY secretion when compared to antigen only
(Figures 1C,D). Thus, glycyrrhizic acid is able to stimulate innate and
cellular immune responses.

3.2. Glycyrrhizic acid as an adjuvant
induces a strong host defense against
FMDYV infection in mice

Prior to evaluating the FMD vaccine containing glycyrrhizic
acid-mediated host defense, we investigated the efficacy of
glycyrrhizic acid alone in inducing host defense responses against
FMDV O/VET/2013 and A/Malay/97 infection in mice. In previous
experiments, glycyrrhizic acid significantly increased IFNy secretion
via induction of an innate immune response. However, our results
showed that glycyrrhizic acid alone (without inactivated FMDV
antigen) did not induce a host defense response against viral infection
(Supplementary Figures S2B-E).

In order to evaluate the protective effect of the test vaccine
(containing glycyrrhizic acid as an adjuvant) against FMDV
infection, the experiment was performed according to the protocol
shown in Figure 2A. A 100% survival rate was seen in the group
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Inactivated FMDV type O (O PA2) or A (A YC) antigen-mediated innate immune response (in the presence or absence of glycyrrhizic acid) via secretion
of interferon (IFN)y in murine peritoneal exudate cells (PECs) and porcine peripheral blood mononuclear cells (PBMCs). To evaluate the innate immune
response to inactivated FMDV type O (O PA2) or A (A YC) antigen (in the presence or absence of glycyrrhizic acid), IFNy secretion was determined using
an ELISpot assay. (A—D) IFNy-secreting cell spots in murine PECs (A); Images of IFNy secretion in murine PECs (B); IFNy-secreting cell spots in porcine
PBMCs (C); Images of IFNy secretion in porcine PBMCs (D). Data are represented as the means + SEM of spot-forming cells (SFCs) from triplicate
measurements (n = 3/group). Statistical analyses were conducted using one-way ANOVA followed by Tukey's post-hoc test. *p <0.05, **p < 0.01,
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which was vaccinated with the glycyrrhizic acid adjuvant (Exp.
Group) post infection with FMDYV type O (O/VET/2013) compared
to that in both the PBS-injected (NC) group (0% survival rate) and
the test vaccine without glycyrrhizic acid-vaccinated (PC) group
(40% survival rate) (Figure 2B). When experiments were conducted
using FMDV type A (A/Malay/97), the survival rate was 100% in
the Exp. group (Figure 2D). The NC and PC groups lost weight
while the Exp. group showed an increasing trend in weight
(Figures 2C,E).

3.3. Efficacy of vaccines containing
glycyrrhizic acid in inducing early,
mid-term, and long-term immunity in mice

In order to confirm that the test vaccine (with glycyrrhizic acid as
an adjuvant) elicits an immune-enhancing effect as well as innate and
adaptive (cellular and humoral) immune responses, we evaluated
early, mid-, and long-term immunity in mice (Figure 3A). Mice were
divided into three groups (NC, PC, and Exp.) and samples of blood
were collected for serological analyses, which included SP O ELISA,
SP A ELISA, and VN tests (Figures 3B-E).

After vaccination, antibody titers initially increased in both the
PC and Exp. groups; however, the PC group’ antibody titers gradually
decreased over time, while the Exp. group’s increased (measured by
SP O ELISA and SP A ELISA) (Figures 3B,C). In terms of VN titers
against O PA2 and A YC, the Exp. group demonstrated higher levels
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than the PC group, and this difference increased significantly with
time (Figures 3D,E).

Therefore, the test vaccine, which includes glycyrrhizic acid as an
adjuvant, demonstrated exceptional immunity-inducing effects in
mice, including early (7 dpv), mid- (28 dpv), and long-term (56 and
84 dpv) immune responses.

3.4. Efficacy of vaccines containing
glycyrrhizic acid in inducing early,
mid-term, and long-term immunity in pigs

Next, we conducted animal experiments on target animals to
confirm whether glycyrrhizic acid as an adjuvant has synergistic
effects in inducing innate and adaptive (cellular and humoral)
immunity. FMD antibody-seronegative pigs were vaccinated with test
vaccines (containing glycyrrhizic acid as an adjuvant), and cellular and
humoral immune responses were evaluated along with early, mid-,
and long-term immunity. A booster vaccine was administered at 28
dpv. Blood samples were collected at 0, 7, 14, 28, 42, 56, and 84 dpv,
and serological tests were performed (Figure 4A).

Results showed that after the initial vaccination period, the Exp.
group had significantly higher antibody titers (measured via SP O ELISA
and SP A ELISA) than the PC group, and at 84 dpv, antibody titers in the
PC group had decreased, whereas those in the Exp. group remained
consistent or increased (Figures 4B,C). Similarly, VN titers for O PA2 and
A YC showed comparable results based on SP O ELISA and SP A ELISA

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1289065
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Shin et al.

10.3389/fmicb.2023.1289065

Y 2

C57BL/6N
(6-7 weeks-old, 2, n = 5/group)

Negative control group Positive control group group
(NC) (PC)

with O PA2 Ag+A YC Ag, ISA 206, Al(OH);, Quil-A

(Exp., PC+Glycyrrhizic acid)

Experimental group

control group Positive control group
(PC) (Exp., PC+Glycyrrhizic acid)

(NC)

with O PA2 Ag+A YC Ag, ISA 206, Al(OH);, Quil-A

FMDV type O (O/VET/2013) challenge

y- 3

Vaccination
via L.M.

y Y

Challenge with
100LDso , O/VET/2013 or A/Malay/97

FMDV type A (A/Malay/97) challenge

Sacrifice

!

| |
0 dpv

Survival rate

-®- Negative control (NC)
-0 Positive control (PC)
-e- Experimental (PC+Glycyrrhizic acid)

Survival rate (%)

T T T A d T T 1
0 1 2 3 4 5 6 7

Days post challenge with O/VET/2013 (dpc)

Survival rate

-®- Negative control (NC)
-@- Positive control (PC)
-~ Experimental (PC+Glycyrrhizic acid)

Survival rate (%)
]

cIIIII 1
o 1 2 3 4 5 & 7

Days post challenge with A/Malay/97 (dpc)

FIGURE 2

(n =5/group).

7 dpv, 0 dpc

Efficacy and protective effects of FMD vaccine (containing glycyrrhizic acid) in the early stage of vaccination against viral infection in mice. C57BL/6
mice (females, 6—7 weeks old, n = 5/group) were divided into six groups, namely, a negative control (NC) group for FMDV type O (O/VET/2013)
challenge (n = 5/group), a positive control (PC) group for FMDV type O (O/VET/2013) challenge (n = 5/group), an experimental (Exp.) group for FMDV
type O (O/VET/2013) challenge (n = 5/group), an NC group for FMDV type A (A/Malay/97) challenge (n = 5/group), a PC group for FMDV type A (A/
Malay/97) challenge (n = 5/group), and an Exp. group for FMDV type A (A/Malay/97) challenge (n = 5/group). The Exp. group was administered test
vaccines containing 0.375 pug of O PA2 + 0.375 pg of A YC antigen (1/40 dose for cattle and pig use) with ISA 206 (oil-based emulsion, 50%, w/w), 10%
Al(OH)s, 15 ug Quil-A, and 100 pg glycyrrhizic acid. The PC group was administered all the above except glycyrrhizic acid. The NC group was injected
with an equivalent amount of PBS. Vaccination was performed once with 100 pL vaccine (1/10 the normal dose for cattle and pigs) injected
intramuscularly into the thigh, and the mice were challenged with FMDV type O (100 LDs, O/VET/2013) and FMDV type A (100 LDs, A/Malay/97) at

7 days post-vaccination (dpv). Survival rates and body weights were monitored for 7 days post-challenge (dpc). (A—E) Experimental strategy (A); Survival
rates post-challenge with O/VET/2013 (B); Changes in body weight post-challenge with O/VET/2013 (C); Survival rates post-challenge with A/
Malay/97 (D); Changes in body weight post-challenge with A/Malay/97 (E). Data are represented as the means + SEM of triplicate measurements
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(Figures 4D,E). Furthermore, an immunoassay was performed using sera
from vaccinated pigs to assess the impact of vaccination (with a
glycyrrhizic acid as an adjuvant) on immunoglobulin levels
(Figures 5A-C). At 56 dpv, the concentrations of both IgG and IgA were
significantly higher in the Exp. group than in the PC group
(Figures 5A,B). In terms of IgM levels, inter-individual differences were

Frontiers in Microbiology 142

observed but the overall level of IgM was elevated in the Exp. group when
compared with the PC group at 56 dpv (Figure 5C).

Overall, the test vaccine containing glycyrrhizic acid showed
superior immune-enhancing effects in pigs when compared to the
vaccine without glycyrrhizic acid in terms of early- (7 and 14 dpv),
mid- (28 and 42 dpv), and long-term (56 and 84 dpv) immunity.
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FMD vaccine containing glycyrrhizic acid mediates early, and mid- and long-term immune responses in mice. C57BL/6 mice (females, 6—7 weeks old,
n =5/group) were divided into three groups, namely, a negative control (NC) group (n = 5/group), a positive control (PC) group (n = 5/group), and an
experimental (Exp.) group (n = 5/group). The Exp. group was administered test vaccines containing 0.375 ug of O PA2 + 0.375 pg of A YC antigen (1/40
dose for cattle and pig use) with ISA 206 (oil-based emulsion, 50%, w/w), 10% Al(OH)s, 15 pg Quil-A, and 100 pg glycyrrhizic acid in a total volume of
100 pL. The PC group was administered all the above except glycyrrhizic acid. The NC group was injected with an equivalent amount of PBS.
Vaccination was performed once with 100 pL of vaccine (1/10 of the normal dose for cattle and pigs) injected intramuscularly into the thigh. Blood
samples were collected at 0, 7, 28, 56, and 84 days post-vaccination (dpv) for serological assays. (A—E) Experimental strategy (A); SP O antibody titers
(VDPro® kit) (B); SP A antibody titers (PrioCheck™ kit) (C); VN titers for O PA2 (D); VN titers for A YC (E). Data are represented as the means + SEM of
triplicate measurements (n = 5/group). Statistical analyses were conducted using two-way ANOVA followed by Tukey's test. *p <0.05; **p < 0.01;
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FMD vaccine containing glycyrrhizic acid mediates early, and mid- and long-term immune responses in pigs. Pigs (8—9 weeks old, FMD antibody-
seronegative, n = 5-6) were divided into three groups, namely, a negative control (NC) group (n = 5-6/group), a positive control (PC) group (n=5-6/
group), and an experimental (Exp.) group (n = 5-6/group). The Exp. group was administered test vaccines containing 15ug O PA2 + 15 g A YC antigen
(1 dose for cattle and pig use) with ISA 206 (oil-based emulsion, 50%, w/w), 10% Al(OH)s, 150 pg Quil-A, and 1 mg glycyrrhizic acid. The PC group was
administered all the above except glycyrrhizic acid. Vaccination was performed twice at 28-day intervals, with 1 mL vaccine (1 dose for cattle and pigs)
injected intramuscularly in the neck. Blood samples were collected from the pigs at 0, 7, 14, 28, 42, 56, and 84 days post-vaccination for serological
assays. (A—E) Experimental strategy (A); SP O antibody titers (VDPro® kit) (B); SP A antibody titers (PrioCheck™ kit) (C); O PA2 VN titers (D); A YC VN
titers (E). Data are represented as the means + SEM of triplicate measurements (n = 5-6/group). Statistical analyses were conducted using two-way
ANOVA followed by Tukey's test. *p <0.05; **p <0.01; ***p <0.001; and ****p < 0.0001.
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FMD vaccine containing glycyrrhizic acid mediates increases in immunoglobulin levels, including IgG, IgM, and IgA, in pigs. Pigs (89 weeks old, FMD
antibody-seronegative, n = 5-6) were divided into three groups, namely, a negative control (NC) group (n = 5-6/group), a positive control (PC) group
(n=5-6/group), and an experimental (Exp.) group (n = 5-6/group). The Exp. group was administered test vaccines containing 15pg O PA2 +15ug A YC
antigen (1 dose for cattle and pig use) with ISA 206 (oil-based emulsion, 50%, w/w), 10% Al(OH)s;, 150 pg Quil-A, and 1 mg glycyrrhizic acid. The PC
group was administered all the above except glycyrrhizic acid. Vaccination was performed twice at 28-day intervals, with 1 mL vaccine (1 dose for
cattle and pigs) injected intramuscularly in the neck. Blood samples from pigs were collected at 0, 7, 14, 28, 42, 56, and 84 days post-vaccination for
serological assays. (A—C) IgG concentration (A); IgA concentration (B); IgM concentration (C). Data are represented as the means + SEM of triplicate
measurements (n = 5—-6/group). Statistical analyses were conducted using two-way ANOVA followed by Tukey's test. *p < 0.05; **p <0.01; ***p <0.001;
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3.5. FMD vaccine with glycyrrhizic acid
adjuvant induces strong cellular and
adaptive immune responses by inducing
pattern-recognition receptor (PRR),
transcription factor, cytokine, and
co-stimulatory molecule expression in
PBMCs

To determine the effectiveness and mechanisms of vaccines
containing glycyrrhizic acid, we performed qRT-PCR using porcine
PBMC:s isolated from whole blood samples from pigs vaccinated with
the test vaccine containing glycyrrhizic acid (Figures 6A-X). In the
Exp. group, retinoic acid-inducible gene (RIG)-I expression had
increased significantly at 14 dpv and decreased slightly at 56 dpv.
However, these differences were also observed in the PC group
(Figure 6A). In addition, Sirtuin (SIRT)1 expression significantly
increased at 56 dpv (Figure 6B). Myeloid differentiation primary
response (MyD)88 expression significantly increased over time
(Figure 6C). Tumor necrosis factor (TNF) receptor associated factor
(TRAF)6 increased significantly higher in the Exp. group than in the
PC group at 14 dpv; however, levels in both groups decreased at 56
dpv, although they remained higher in the Exp. group (Figure 6D).
Nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-xB) was also found to increase at both 14 dpv and 56 dpv
(Figure 6E). Although signal transducer and activator of transcription
(STAT)1 level had increased in the Exp. group compared to that in the
PC group at 14 dpv, there was no difference at 56 dpv (Figure 6F).
STAT4 expression increased significantly in the Exp. group compared
to that in the PC group at 14 dpv and decreased slightly at 56 dpv,
although it remained significantly higher in the PC group (Figure 6G).

Cluster of differentiation (CD)80, CD86, and CD28 levels were all
significantly increased in the Exp. group compared to those in the PC
group at both 14 and 56 dpv (Figures 6H-]). CD81 expression was
significantly higher than that of PC group at 14 dpv; however, level in
Exp. group decreased at 56 dpv, although they remained higher in the
Exp. group (Figure 6K). Regarding CD19, CD21, and C3d levels, the
Exp. group showed increases at 14 dpv and slightly higher levels at 56
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dpv (Figures 6L-N). This indicated that glycyrrhizic acid is involved
in the activation and proliferation of T and B cells by acting as a
co-stimulating signal.

TNFa levels were significantly elevated in the Exp. group when
compared with the PC group at 14 dpv (Figure 60). IFNa, IFNp, and
IFNYy levels were significantly increased at 14 dpv; at 56 dpv, they were
still higher than in the PC group, although they decreased thereafter
(Figures 6P-R). Based on these results, glycyrrhizic acid appears to
induce a balanced innate immune response.

Interleukin (IL)-1p and IL-6 levels significantly increased at 14
dpv and decreased at 56 dpv, but remained significantly higher in the
Exp. group than in the PC group (Figures 6S,T). IL-12p40 levels
increased over time and were significantly higher in the Exp. group
(Figure 6U). IL-23p19 and IL-23R levels were also higher in the Exp.
group when compared to the NC and PC groups at 56 dpv
(Figures 6V,W).

No significant difference was observed in IL-17A levels between
the PC and Exp. groups at 14 dpv; however, the level in the Exp. group
was remarkably higher at 56 dpv (Figure 6X).

Collectively, these findings suggest that glycyrrhizic acid could
stimulate RIG-I to induce inflammation, activate NF-kB through the
MyD88 and TRAF6 signaling pathways despite SIRT1 differentiation,
mediate responses to IL-12p40 via STAT4, and regulate the
differentiation of T helper cells.

4. Discussion

FMD is a disease that affects hooved livestock and has been
prevalent throughout history (Grubman and Baxt, 2004; Jamal and
Belsham, 2013). In some European countries, emergency vaccination
is mandatory once a FMD outbreak occurs, even if the country was
considered FMD-free previously (Arzt et al, 2011; Stenfeldt
etal., 2014).

Since its discovery, there have been many studies on vaccines for
FMDV. Recombinant protein vaccines such as virus-like particle
(VLP) vaccines (Xiao et al., 2016), peptide vaccines (Cao et al., 2013),

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1289065
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

10.3389/fmicb.2023.1289065

g

. Negative control (NC)
= Postive control (PC)
m Experimental (PC+Glycyrhizic acid)

H

Relative mRNA expression
(Fold change to HERT)
g

0 1® 56
Days post vaceination (dpy)

TRAF6

3

. Negative control (NC)
= Positive control (PC)
m Experimental (PC+Glycyrhizic acid)

g

Relative mRNA expression
(Fold change to HERT)
g g

50
0
[] 18 E)
Days post vaccination (dpv)
STAT4

SIRT1

= Negative control (NC)
B8 Positive control (PC)
W Experimental (PC+Glycynhizic acid)

B3 8 & 8

Relative mRNA expression
(Fold change % HPRT)
3

0 " 56
Days post vaccination (dpv)

B Negative control (NC)
B8 Positive control (PC)
B Experimental (PC+Glycyrrhizic acid)

Relative mRNA expression
(Foid changato HPRT)

0 1 %
Days post vaccination (dpv)

cpso

(Fold change to KPRT)

Relative mRNA expression

(Fold change to HPRT)

Relative mRNA expression

== Negative control (NC)
BB Positive control (PC)
mm Experimental (PC+Glycynhizic acid)

STAT1
o B Negative control (NC)
= Positive control (PC)
mm Expermental (PC+Glycyrhizic acid)
[] 1% 56

Days post vaccination (dpv)

cD86

b

i aen
= Negative control (NC)

&= Positive control (PC)
= Experimental (PC+Glycynhizic acid)

mm Negative control (NC)
B Positive control (PC)
m Experimental (PC+Glycyrrhizic acid)

= Negative control (NC)
& Positive control (PC)
wn Experimental (PC+Glycyrhizi acid)

8

@

Relative mRNA expression
(Fold change to HPRT)
Relative mRNA expression
{Fold change % HPRT)
Relative mRNA expression
{Fold change o HPRT)

3

o ) 5 [ T s [] 18 %
Days post vaccination (dpv) Days post vaccination (dpv) Days post vaccination (dpv)

«
P
-

cp28 cos1 cp19
g %o . = Negative contrel (NC) g tom :
2o = = Negatie control (NC) 5 Negative control (NC}
gk 8 Positive control (PC) i; 200 B3 Positive control (PC) iE : Foie caust (ch)
§: 200 . Experimental (PC+Glycymhizic acid) §: I . Experimental (PC-Glycyrhizic acid) E;, 20  Experimental (PC+Glycyrhizic acid)
2% 2% s
E z -
€2 g €2
] €3 23 10
1 i g2
& o & o & o

B Negative control (NC)
&= Positve control (PC)
m Experimental (PC+Glycynhizic acid)

Relative mRNA expression
(Fold change %o HPRT)

. Negative control (NC)
& Positive control (PC)
mm Experimental (PC+Glycyrhizic acid)

Relative mRNA expression
(Fold change © HPRT)

W Negative control (NC)
= Positive control (°C)
W Experimental (PC+Glycyrrhizic acid)

Relative mRNA expression
(Fold changs to HPRT)
> &

[] ) %
Days post vaccination (dpv)

1L-23p19

H

= Negative control (NC)
BB Positve control (PC)
. Experimental (PC+Glycyrhizic acid)

Relative mRNA oxprossion
{Folg ehange 1o HPRT)
g8 8 8 8

4 s
Days post vaccination (dpv)

=z

s}

[ 4 E3
Days post vaccination (dpv)

C3d
5 8 .

L jative control (NC)
ik s cex BB Posiive control (PC)
g,§ Wl Experimental (PC+Glycyrrhizic acid)
LE

4
H
€
232
i
& o

0 1 %
Days post vaccination (dpv)

IFNB

= B Negative control (NC)
s+ @m Posiive control (°C)

_ = Experimental (PC+Glycynhizic acid)

Relative mRNA expression
(Fold change to HPRT)
g & 2

[] 14 56
Days post vaccination (dpv)

o

B Negative control (NC)
= Positive control (PC)
m Experimental (PC+Glycyrrhizic acid)

Relative mRNA expression
{Fold change to HPRT)

0 1 %
Days post vaccination (dpv)

=

IL-23R

H

B Negative control (NC)
= Posiive control (PC)
= Experimental (PC+Glycynhizic acid)

g

Relative mRNA expression
(Foid change to HPRT)
g 8

] 1% E
Days post vaccination (dpv)

o

o tanes e
BEEEE

Rolative mRNA expression

A

a o @

Relative mRNA expression
{Fold chang to HPRT)

0 14 56

c

g 3

8

(Fold change to HPRT)

Relative mRNA expression

] T 5%

b

2 $

Relative mRNA expression
(Foid change to HPRT)

[] ) %
Days post vaccination (dpv)

TNFa

. Negative control (NC)
BB Posiive control (PC)
m Experimental (FC+Glycymhizic acd)

[} " E
Days post vaccination (dpv)

IFNy
B Negative control (NC)
&= Positve control (PC)
mm Experimental (PC+Glycyrhizic acid)

Days post vaccination (dpv)

1L-12p40
W Negative control (NC)

= Postive control (PC)
= Experimental (PC+Glycynizic acid)

Days post vaccination (dpv)

ILA7A
B Negative control (NC)
& Posiive control (PC)
mm Experimental (PC+Glycyrrhizic acid)

[] 1 56
Days post vaccination (dpv)

FIGURE 6
FMD vaccine containing glycyrrhizic acid mediates immunoregulatory gene expression in porcine peripheral blood mononuclear cells isolated from
vaccinated pigs. Porcine peripheral blood mononuclear cells (PBMCs) isolated from the whole blood of vaccinated pigs [n=5-6/group; as described in
Figure 4 (A)] were used for qRT-PCR assays. Gene expression levels were normalized to HPRT levels and presented as a relative ratio to the control.
(A-X) Gene expression levels of RIG-I (A); SIRT1 (B); MyD88 (C); TRAF6 (D); NF-«B (E); STAT1 (F); STAT4 (G); CD80 (H); CD86 (I); CD28 (J); CD81 (K);
CD19 (L); CD21 (M); C3d (N); TNFa (O); IFNa (P); IFNB (Q); IFNy (R); IL-1p (S), IL-6 (T); IL-12p40 (U); IL-23p19 (V); IL-23R (W); and IL-17A (X). Data are
represented as the means + SEM of triplicate measurements (n=5-6/group). Statistical analyses were conducted using two-way ANOVA followed by
Tukey's test. *p<0.05; **p<0.01; ***p<0.001; and ****p<0.0001.
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and DNA (Kotla et al., 2016) and RNA (Borrego et al., 2017) vaccines
have become a research hotspot. Alternatively, inactivated vaccines
have the highest immunogenicity; however, shielding facilities (such
as BSL3 facilities) are required to make inactivated vaccines and there
is always a risk of live virus leakage due to incomplete inactivation.
Therefore, currently commercially available vaccines are prepared in
the form of double oil emulsions, where the oil-soluble adjuvant is
mixed with the inactivated whole virus (Nagendrakumar et al., 2011).

Typically, an adjuvant is a substance that is administered with a
vaccine and can enhance its efficacy by triggering a host immune
response. Currently commercially available inactivated vaccines
contain oil-based adjuvants. However, these vaccines have
disadvantages including the long period required for antibody titers
to rise to defensive levels post-vaccination, limiting their ability to
induce an initial host response post-vaccination. Moreover, significant
side effects (such as local adverse reactions at the vaccination site) can
be caused by oil-based adjuvants.

Aluminum has been used as a safe adjuvant in many vaccines
since 1926 (Ramon, 1925; Hogenesch, 2013), and is still widely used.
However, AI(OH);, the most commonly used adjuvant, has the
limitation of only stimulating Th2-mediated immune responses (Hem
and Hogenesch, 2007; Jiang et al., 2018).

If these limitations are overcome through the addition of novel
immunostimulants, the immune response after vaccination can
be expected to increase significantly. This may improve the efficacy of
the vaccine in inducing immunity at all stages, including early,
mid-term, and long-term immunity.

Therefore, we aimed to identify an immunostimulant without the
side effects of oil-based adjuvants with broad immunogenic properties
[as opposed to AI(OH)s, which only induces a Th2 immune response].
In this study, we developed an FMD vaccine which has potential to
overcome the limitations of commercially available FMD vaccines.

An ideal adjuvant must be easy to obtain and handle, safe, and
stable, and should be able to maximize vaccine effectiveness by
enhancing host immunity. Plant extracts have been actively studied
over the past 30years as vaccine adjuvants, as they contain natural
substances with medicinal properties and are easy to obtain (Surh,
2002). In addition, natural compounds from plant extracts have the
advantages of being stable and safe in terms of molecular structure,
making them suitable as adjuvants, and are hence widely used in the
pharmaceutical fields.

Saponins have various effects including antioxidant, antiviral,
ulcer prevention, and antibacterial effects; some are currently
approved as food products and are used in medicines and cosmetics
(Bailly and Vergoten, 2020). Quil-A extracted from the bark of
Quillaja saponaria is currently used as a vaccine adjuvant (i.e., in HIV
vaccines) and belongs to the triterpenoid family of saponins.
However, Quil-A has serious drawbacks; it is highly toxic, unstable
in liquid conditions, and demonstrates hemolytic effects. For these
reasons, many studies have recently been conducted on the use of
different natural saponins as immunostimulants (Marciani et al.,
2003; Sun et al., 2009). Glycyrrhizic acid is a triterpenoid saponin
extracted from licorice roots, a medicinal plant that has been used for
approximately 4,000 years in both the East and the West. There are
22.2 to 32.3g of glycyrrhizic acid per 100g of dried licorice root.
Glycyrrhizic acid is a potent immunoreactive anti-inflammatory
agent that functions at the cellular and membrane levels. At the
membrane level, it induces cholesterol-dependent degradation of
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lipid rafts which are important for coronavirus entry into cells. It
traps high mobility group box 1 protein (HMGBI1) at both
intracellular and circulatory sites and inhibits the alarmin function
of HMGBIL. It also shows simultaneous antiviral and antitumor
activity in clinical studies, and is known for its immunomodulatory
function in dendritic cells via the expression of CD40, CD86, and
major histocompatibility complex (MHC)-II markers (Bailly and
Vergoten, 2020; Kenubih, 2021). Glycyrrhizic acid is suitable for use
as a vaccine adjuvant based on its immunomodulatory properties,
and licorice, the raw material, is readily available. However, the
effectiveness of glycyrrhizic acid on inducing immune responses as
an FMD vaccine adjuvant has not been studied previously.

A prior cell viability assay was conducted to explore whether
various concentrations of glycyrrhizic acid are cytotoxic. No
cytotoxicity was observed at the concentrations of glycyrrhizic acid
used in our experiments (Supplementary Figure S1). We used ELISpot
to investigate whether glycyrrhizic acid could promote innate immune
cell-derived IFNy expression and lead to innate immune and Thl
responses, with the aim of addressing the shortcomings of AI(OH);, a
currently used vaccine adjuvant (Figure 1).

Innate immune cells, including natural killer (NK) cells, identify
and eliminate infected cells (which exhibit decreased MHC class
I molecule expression) while also triggering the production of
cytokines like IFNy, IL-12, and IL-18. The secreted IFNy further
enhances the immune response by binding to NK cells, while
cytokines such as IL-12 and IL-18 promote the differentiation of naive
CD4* T cells into Thl cells (Annunziato et al., 2015). When
glycyrrhizic acid was administered at a concentration of 0.625 pg/mL
alongside the studied viral antigens (O PA2 and A YC), IFNy
expression in murine PECs and porcine PBMCs was maximized
(Figure 1). The results suggest that glycyrrhizic acid can sufficiently
stimulate the innate immune system to promote IFNy expression and
induce Th1 responses even at low concentrations, thereby overcoming
the shortcomings of Al(OH); adjuvants which only induce a
Th2 response.

Since the peritoneal cavity contains many naive macrophages, it
is a preferred site for the collection of naive tissue-resident
macrophages. We have described PECs and discussed the reasons for
using them in experiments in previous studies (Jo et al., 2021; Kim
et al., 2023). PECs include innate immune cells such as antigen-
presenting cells (APCs), which include dendritic cells, macrophages,
monocytes, and unconventional T cells. Therefore, PECs are especially
suitable for studying cellular and systemic immune responses.

Bailly and Vergoten (2020) reported the antiviral effects of
glycyrrhizic acid against various human viruses including hepatitis
A/B/C virus, Epstein Barr virus (EBV), Dengue virus (DENV),
Chikungunya virus (CHIKV), Semliki Forest virus (SFV),
parainfluenza virus, Varicella-zoster virus (VZV), and influenza virus.
In particular, glycyrrhizic acid is known to have potent anti-HIV1 and
anti-SARS-CoV-2 activities. Glycyrrhizic acid also has antiviral
activity against several animal viruses, such as duck hepatitis virus
(DHV), avian infectious bronchitis virus (IBV), porcine reproductive
and respiratory syndrome virus (PRRSV), and porcine epidemic
diarrhea virus (PEDV).

Therefore, before evaluating the adjuvanticity of glycyrrhizic
acid, we first performed mice experiments to determine whether
glycyrrhizic acid alone exerts a protective effect in the host
against FMDV infection. However, our results showed that
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glycyrrhizic acid alone did not protect the host against viral
infection (Supplementary Figure S2).

Next, animal experiments were performed using experimental
(mice) and target (pigs) animals to evaluate the adjuvanticity
(immunostimulatory effect) of glycyrrhizic acid. A vaccine containing
O PA2 and A YC antigens, ISA 206, AI(OH);, and Quil-A was
administered to the PC group. Glycyrrhizic acid was added to the
vaccine administered to the Exp. group. To verify that the vaccine
containing glycyrrhizic acid was effective in inducing an early defense
response, animal experiments were conducted using mice to assess
their survival rate and body weight; the Exp. group exhibited a higher
survival rate and increased body weight when compared to the PC
group (Figure 2). These results suggest that glycyrrhizic acid has
sufficient effects on early defense responses when used as an adjuvant.

Subsequently, animal experiments using mice and pigs were
conducted to evaluate whether vaccines containing glycyrrhizic acid
have a positive effect on early-, mid-, and long-term immunity. In
mice, antibody titers increased at 7 dpv in the PC group while they
increased steadily until 84 dpv in the Exp. group (Figure 3). In the
target animal experiment, antibody titers were confirmed to increase
faster in the Exp. group than in the PC group after boosters were
administered (Figure 4).

In the case of the Exp. group, the inter-individual difference was
smaller than that of the PC group. A critical issue in pigs is that that
complete host defense is difficult due to the large inter-individual
differences in antibody and VN titers after vaccination. Thus,
glycyrrhizic acid may improve resistance against FMDV by inducing
more consistent immunity across individuals.

In addition, VN titers for O PA2 and A YC were measured to
confirm the virus neutralization effects of the vaccine. In the mice
experiment, only one individual in the PC group had a VN titer
greater than 1.65 Log,, at 28 dpv, and titers in all individuals had
dropped by 84 dpv. In contrast, most of the individuals in the Exp.
group had titers of 1.65 Log,, or higher at 7 dpv, and the titers had
increased further by 84 dpv (Figure 3). When assessing VN titers in
the target animals, individuals in the Exp. group had superior titers
over those in the PC group (Figure 4). Regarding A YC, the Exp. group
demonstrated VN titers of 1.65 Log,, or greater at 14 dpv, and
maintained this increase at 84 dpv. When considering O PA2, although
both the Exp. and PC groups demonstrated a reduction in VN titers
at 84 dpv, the Exp. group consistently demonstrated levels of 1.65
Log, or higher.

Previous studies have suggested that FMD vaccine-induced serum
titers higher than 1.74 Log,, in pigs can be used as an alternative to
challenge experiments with oil emulsion vaccines (Black et al., 1984).
As per the evaluation standards for FMD vaccines in Korea (Jo et al.,
2021), a VN titer of 1.65 Log,, or higher post-vaccination indicates
that the host is capable of defending against viral challenge. According
to the WOAH guidelines, it is recommended to challenge pigs 4 weeks
(28 days) post-vaccination to evaluate host defenses against viral
infection. In this study, the FMD vaccine containing glycyrrhizic acid
as an adjuvant-induced VN titer higher than 1.65 Log,, for both
FMDYV types O and A at 28 dpv, whereas the PC group (FMD vaccine
without glycyrrhizic acid) showed VN titers lower than 1.65 Log,.
Based on these results, although we did not conduct FMDV challenge
experiments in this study, we speculated that an FMD vaccine
containing glycyrrhizic acid would exhibit effective host protection
against viral infection in pigs.

Frontiers in Microbiology

10.3389/fmicb.2023.1289065

Vaccines containing glycyrrhizic acid had superior efficacy in
inducing early-, mid-, and long-term immune responses, as
represented by increased levels of IgG, IgA, and IgM. IgM is the first
immunoglobulin to be generated during infection, and its levels
increase in the blood to counter external intrusion. Following that,
IgG levels rise, and IgM and IgG activate complement to induce an
immune response against the invading pathogen. IgA is mainly
secreted from the mucous membranes to defend the mucosa. IgG and
IgA levels were higher in the Exp. group than in the PC group; IgM
levels were also higher in the Exp. group (on an average), although this
difference was not statistically significant. Based on these results,
vaccines with glycyrrhizic acid as an adjuvant can efficiently elicit
active immunity by inducing cellular immune responses shortly after
vaccination, stimulating humoral immune responses, and maintaining
these responses long-term (Figure 5).

We performed qRT-PCR to elucidate the mechanisms of how the
test bivalent vaccine (containing glycyrrhizic acid as an adjuvant)
elicited innate and adaptive (cellular and humoral) immune responses
(Figure 6).

The expression of RIG-I, a member of the RIG-I-like receptor
(RLR) family, was significantly increased in the Exp. group when
compared with the PC group. RIG-I plays a crucial role in initiating
the immune response by detecting and identifying viral RNA, leading
to the activation of the type I interferon (IFNa and IFNP) response.
Furthermore, at 14 dpv, there was a significant increase in the levels of
type I interferons and TRAF6. At 56 dpv, we observed that IFNf
expression had decreased in the Exp. group when compared to 14 dpv
but remained higher than that of the PC group. Additionally, both
IFNo and TRAF6 levels remained significantly elevated when
compared to the PC group. In summary, glycyrrhizic acid has been
confirmed to exert a positive influence on cellular immune responses
when used as an adjuvant.

IL-12 plays a pivotal role in promoting the differentiation of naive
T cells toward Th1 cells (Hsieh et al., 1993). This is instrumental in
inducing IFNy and TNFa production, forming a critical bridge
between innate and adaptive immunity. IL-12Rp1 and IL-12R2, via
phosphorylation of STAT4, help stimulate the expression of IFNy.
IL-23 is a heterodimeric cytokine that comprises the IL-12p40 and
IL-23p19 subunits and belongs to the IL-12 family (Schon and
Erpenbeck, 2018). IL-23 is vital in amplifying and sustaining Th17
cells and unconventional T cells. When it binds to IL-1p, it triggers the
expression of IL-17. Notably, IL-17A recruit neutrophils to the site of
pathogenic infection, where it forms neutrophil extracellular traps
(NETs). This process is essential in early-stage host defenses against
infections (Papayannopoulos, 2018; Giusti et al., 2019). IL-1p,
IL-12p40, IL-23p19, IL-23R, and IL-17A levels were confirmed to
gradually increase over a long period post-vaccination (56 dpv) in the
Exp. group. Further, STAT4 levels slightly decreased at 56 dpv, but
remained significantly higher than that in the PC group. These results
suggest that glycyrrhizic acid affects early host defense and can
simultaneously induce innate and adaptive immune responses by
enhancing IFNy expression and Th1 cell stimulation.

The Exp. group showed a significant increase in type IT IFN (IFNy)
expression in the mid-term post-vaccination (14 dpv), and retained
higher IFNy expression than the PC group in the long-term (56 dpv).
IFNy is an important autocrine signal for APCs and can cause T cell-
mediated cellular immune responses. In addition, STAT1 levels
increased significantly at 14 dpv when compared to that in the PC
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group. STAT1 responds to IFNy stimulation by forming a heterodimer
with STAT2 which binds to the Interferon-Stimulated Response
Element (ISRE) promoter, thereby affecting immune regulation.
Collectively, glycyrrhizic acid was confirmed to increase the expression
of both type I and type II IFNs, thereby increasing the immune response.

MyD88 is an immunoregulatory gene that plays an important role
in innate immunity. It mediates the triggering of inflammatory
cytokines through NF-kB via TRAF6 (Sugiyama et al., 2016) and
affects immune-related membrane proteins such as CD28, CD80, and
CD86. The detached NF-xB translocates to the nucleus, where it
attaches to a distinct DNA sequence and promotes cytokine release.
MyD388 levels were found to decrease over time in the PC group,
whereas they increased significantly over time in the Exp. group.
NF-kB levels increased significantly from 14 dpv in the Exp. group, and
this increase was maintained at 56 dpv. This increase could be attributed
to SIRTI. SIRT1 is known to suppress NF-kB by inactivating p53
(Gonfloni et al,, 2014). SIRT1 levels had increased significantly in the
Exp. group at 56 dpv. These results suggest that glycyrrhizic acid, by
regulating the expression of NF-kB, can consistently provide immune
stimulation without triggering a cytokine storm, and its use as an
adjuvant may enhance the safety of vaccines.

Collectively, we propose a putative mechanism of how the FMD
vaccine (containing glycyrrhizic acid) induces an immune response
in pigs as follows; first, after vaccination with the test vaccine
containing glycyrrhizic acid, glycyrrhizic acid-antigen complexes
become bound to porcine PBMCs and are endocytosed. RIG-I is
stimulated after recognition of the glycyrrhizic acid-antigen
complexes, inducing NF-kB activation through TRAF6 expression.
SIRT1 suppresses excessive NF-kB activity, thereby suppressing the
inflammatory response and maintaining homeostasis in the host.
NE-kB promotes the secretion of proinflammatory cytokines (such
as IL-1pB, IFNa, IENB, IFNy, TNFa, IL-12p40, and IL-23p19) via
activation of inflammasomes, and the secreted cytokines enter cells
through their respective receptors (such as IL-1p, IL-12R, and
IL-23R). These receptors are present on the surface of APCs,
conventional T cells, and unconventional T cells, and these
interactions induce a reversible response. The induced responses lead
to cytokine (i.e., NF-kB and IFNY) release from APCs, conventional
T cells, and unconventional T cells via MyD88, STAT1, and STAT4.
Specifically, IL-17A (secreted from unconventional T cells) forms
NETs to clear the virus in the early stages of viral infection, thereby
protecting the host. In the mid-term immune response, CD80/86
(expressed on APCs) reacts with CD28 on the surface of CD4* T cells
to induce a cellular immune response, and IFNy (secreted from
conventional and unconventional T cells) stimulates naive B cells to
promote their differentiation into mature B cells. In the long-term
immune response, glycyrrhizic acid promotes the expression of
CD19-CD21-CD81 (a core receptor for B cells) and C3d (which acts
as an adjuvant when binding an antigen), which also promotes the
differentiation of memory B cells and induces a long-lasting
immune response.

In summary, it has been proven that the test vaccine containing
glycyrrhizic acid as an adjuvant induces an innate immune response,
strengthens the initial defense mechanism, and induces improved
antibody titers, VN titers, and immune-related gene expression in the
long term. Consequently, glycyrrhizic acid has been shown to positively
affect host defenses by contributing to cellular and humoral immune
responses and inducing long-lasting immunity. Glycyrrhizic acid is a
valuable adjuvant candidate as it is both soluble and economical, and also
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has potential as a practical novel immunomodulator because it
specifically targets immune cell-mediated responses.

Nevertheless, the absence of challenge experiment to evaluate the host
protective effect of FMD vaccines containing glycyrrhizic acid against viral
infection is a critical limitation of this study. Demonstrating the
effectiveness of host defense through viral challenge experiments is
undoubtedly the most important factor in evaluating the efficacy of
vaccines and adjuvants. FMDV challenge experiments in experimental
(mice) and target (pigs) animals can only be conducted within ABSL3
facilities. Our institute is affiliated with the Korean government and is the
only facility in Korea capable of conducting large scale of animal testing
within an ABSL3. Due to the high demand for challenge experiment
against veterinary viral disease including FMD and African swine fever
(ASF) experiments and limited space, ABSL3 animal experiments are
strictly managed on an annual plan. For this reason, we were unable to
perform the challenge experiment in this study in pigs. Further studies are
planned to evaluate the efficacy of the FMD vaccine, including assessments
of the glycyrrhizic acid-mediated host defense response (based on clinical
indicators, viral titers in sera and oral swab samples, etc.) in pigs.

Although this study demonstrated the effectiveness of glycyrrhizic
acid as an adjuvant for FMD vaccine, further studies are needed for
other diseases such as ASF virus (ASFV) and PRRSV.

The current study evaluated the immunomodulatory effects of
glycyrrhizic acid when administered via the intramuscular route.
Previous studies have shown that glycyrrhizic acid can be detected in
human plasma after oral ingestion, and may have the potential to
induce mucosal and systemic immune responses when administered
orally (Suzuki et al., 2017). Oral administration offers advantages over
direct intramuscular vaccination because it can simultaneously
stimulate mucosal and systemic immunity, is convenient, and allows
for the delivery of large doses (Brownlie, 1985; Wang et al., 2015).

Based on the current results, we are planning a future study to
evaluate the feasibility and efficacy of glycyrrhizic acid in inducing
immune responses when orally administered as a feed or drinking
water additive. In addition, we aim to examine the potential utility of
glycyrrhizic acid as a bait vaccine, especially for animal diseases that
are difficult-to-prevent and control.
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Sciences, Guangzhou, China, ?College of Veterinary Medicine, South China Agricultural University,
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Introduction: Pseudorabies (PR) is a highly contagious viral disease caused by the
pseudorabies virus (PRV), which can cause disease in a wide range of domestic
and wild animals. Studies have shown that new mutant strains have emerged in
pig farms in many regions and that commercial inactivated and live attenuated
vaccines are becoming less effective at protecting pigs.

Methods: Porcine pseudorabies glycoprotein D (gD) gene (GenBank: QEY95774.1)
with hexa-His tag to the C terminus for further purification processes was cloned
into the lentiviral expression plasmid pLV-CMV-eGFP by restriction enzyme, the
resulting plasmid was designated as pLV-CMV-gD. HEK-293T cells with robust
and stable expression of recombinant gD protein was established by infection with
recombinant lentivirus vector pLV-CMV-gD. We expressed porcine pseudorabies
virus gD protein using HEK-293T cells.

Results: We describe in this study that individual gD proteins produced by a
mammalian cell expression system are well immunogenic and stimulate high
levels of PRV-specific and neutralizing antibodies in mice and piglets. All mice
and piglets survived lethal doses of PRV, significantly reducing the amount of PRV
virus in piglets’ lymph nodes, lungs, spleen, and other tissues. It also significantly
reduced the time cycle and amount of viral excretion from piglets to the
environment through the nasal and anal cavities.

Discussion: The results suggest that PRV gD protein is expected to be a potential
candidate for the preparation of genetically engineered PR vaccines for the
prevention of PRV infection and the control of PR epidemics.

KEYWORDS

pseudorabies virus, 293T cells, recombinant gD protein, subunit vaccine, immune
protection
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1. Introduction

Pseudorabies (PR) is caused by pseudorabies virus (PRV),which
can infect both domestic animals (such as pigs, cattle, sheep, etc.) and
wildlife (such as lynx, foxes, wild boars, etc.), Recent studies suggest
that humans may also be potential hosts for this pathogen (Kong et al.,
2013; Masot et al., 2017; Minamiguchi et al., 2019; Cheng et al., 2020).
PRV, also known as suid herpesvirus (SuHV-1) or Aujeszky’s disease
virus (ADV), belongs to the herpesvirus subfamily of the herpesvirus
family (Nauwynck et al., 2007; Ai etal., 2018; Liu et al., 2021). Pigs are
the only known natural hosts of PRV, which has a diverse host
spectrum. PRV can be transmitted through the respiratory tract,
digestive tract, and seminal placenta, and clinical manifestations of
infection in pigs are diarrhea, vomiting, and neurological disorders
(Mettenleiter, 1996; Marcaccini et al., 2008). It will disrupt the
reproduction of maternal pigs, slow the growth of fertile pigs, and
increase the incidence of piglets, making PR removal more difficult
and causing huge losses to the world pig industry (Sun et al., 2016;
Verpoest et al., 2017; Jiang et al., 2020).

PRV is a double-stranded DNA virus with a viral genome of about
145kb that encodes 70-100 proteins, the majority of which are capsid
proteins, envelope proteins, epidermal proteins, and enzymes
(Mettenleiter, 2000). Eleven glycoproteins (gB, gC, gD, gE, gG, gH, gI,
gK, gL, gM, and gN) and four transmembrane proteins (UL20, UL43,
US9, and UL24) were identified on the virion envelope (Granzow
et al, 2001). In the course of infection, gC, gB, gD, gH, and gL
participate in the invasion of the virus and are the main antigens,
which stimulate the host’s innate immune response (Kramer et al.,
2011; Ye et al, 2015). Additionally, gD identifies and binds to
molecules that resemble immunoglobulin (Ig), including connexin-1,
connexin-2, and acetyl heparan sulfate (HS), which have a similar
affinity to nectin-1 in humans and pigs (Li et al., 2017). Notably, PRV
gD is the typical viral ligand for o herpesvirus entry into the host cell,
Viral invasion of cells depends on the binding of gD to cell surface
receptors (Krummenacher et al., 2005; Petrina et al., 2021). Moreover,
gD is the main glycoprotein of PRV, which can stimulate the body to
produce neutralizing antibodies against PRV infection (Fusco et al.,
2005; He et al, 2019). PRV gB is essential for virus entry and
transmission across cells, and gD is required for receptor engagement,
stabilization of viral particle-cell interactions, and further activation
of gB to become required for fusion competence (Hochrein et al.,
2004; Oku et al., 2021). Growing evidence suggests that gD is a crucial
protein for activating both humoral and cellular immune responses,
making it a promising target for the development of new vaccines
(Freuling et al., 2017; Aschner and Herold, 2021).

Due to the continuous evolution of PRV strains, currently
available attenuated and inactivated vaccines do not provide adequate
protection for pigs. Therefore, researchers are exploring subunit
vaccines as a potential avenue for novel vaccines. Evidence from
previous research indicates that subunit vaccines producing PRV gC
and gD proteins in Bacillus subtilis may successfully induce a mucosal
immune response, and the vaccine initiates the immune system more
effectively than conventional vaccines in the presence of maternal
immunity (Wang et al., 2019). PRV-gD mRNA triggered specific
neutralizing antibodies, significantly higher cytokine IFN-y/IL-2
levels than controls, and a considerable rise in the percentage of CD4"/
CD8" cells in peripheral lymphocytes, therefore protecting mice
against PRV (Jiang et al., 2020). Expression of gB, gC, and gD through
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the baculovirus system can provide better protection for piglets. At
7 days post-immunization, piglets in the gD and gB+gD groups
produced the highest NAs. After challenge with the PRV-HNLH
mutant strain, none of the piglets showed clinical signs, such as
elevated body temperature, and viral load and pathological damage
were significantly reduced. In addition, the duration of gD vaccine-
induced NAs was maintained for 4 months after a single vaccination
(Zhang et al., 2020). By constructing chimeric viruses, it was found
that injecting gC or gD may create excellent immunological effects
and protect piglets against PRV-HB1201 challenge (Ren et al., 2020).
Cao Z used baculovirus and Escherichia coli expression systems to
express gB, gD, and GM-CSE, respectively. The inoculated rabbits had
normal body temperatures, less pathological tissue damage, and a
significantly lower viral load in tissues (Cao et al., 2022).

As science and technology have advanced, more and more viral
proteins with favorable immunogenicity have been thoroughly
investigated by scientists. The recombinant porcine circovirus type 2
VP2 protein and swine fever virus E2 protein have been shown to
provide effective protection for piglets. Compared with prokaryotic
expression, mammalian cells can correctly process both self-expressed
and exogenous proteins and are the expression system of choice for
obtaining highly active proteins in vitro. To develop a more effective
vaccine against PRV variants, we generated gD protein using the
HEK-293T expression system, and the immunization effect of gD
protein in mice and piglets was evaluated.

2. Materials and methods
2.1. Viruses, cells, and antibodies

HEK-293T cells were grown in Dulbeccos Modified Eagle
Medium (DMEM; Gibco) with 10% fetal bovine serum (FBS; Gibco).
It was maintained at 37°C and 5% carbon dioxide (CO,) incubator.
PRV-HY was isolated from a pig farm in Guangdong, China, where a
PR outbreak occurred. We purchased Mouse monoclonal antibody
from Shenzhen Kejie Industrial Development that was tailored to
the PRV gE.

2.2. Construction of the expression
plasmids

Porcine pseudorabies glycoprotein D (gD) gene (GenBank:
QEY95774.1) with a hexa-His tag to the C terminus for further
purification processes was cloned into the lentiviral expression plasmid
pLV-CMV-eGFP by restriction enzyme, the resulting plasmid was
designated as pLV-CMV-gD. HEK-293T cells with robust and stable
expression of recombinant gD protein was established by infection
with recombinant lentivirus vector pLV-CMV-gD as previously
described (Chen et al.,, 2021). A total of 4 x 10* HEK 293T cells /well
were prepared in a 24-wells plate. On the following day, cells in each
well were infected with packaged recombinant lentivirus pLV-CMV-gD
at a MOI of 10 in DMEM medium containing 10% FBS with 6 ~ 8 g/
ml hexadimethrine bromide (Polybrene, Sigma, Germany) 0.24 h after
infection, cell culture media was replaced with fresh DMEM with 10%
FBS and for 3 ~ 5days at 37°C and 5% CO,, the optimal cell clone was
selective and named HEK 293T-gD. Recombinant gD protein in the
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supernatant of cell cultures was collected and purified with Ni NTA
resin affinity chromatography (GE Healthcare, US). In a nutshell, using
a GE AKTA Pure system, 100 ml of culture supernatants were filtered
through a 0.22 um filter and put onto a 5ml Ni-NTA column (GE) that
had been equilibrated in 20 mM Tris [pH 8.0]. Unbound proteins were
cleaned off the column by washing it with washing buffer (50 mM
NaH,PO,, 300mM NaCl, 20mM imidazole). The hexa-His-tagged
recombinant protein was eluted using elution buffer containing 50 mM
NaH,PO,, 300mM NaCl, and 250 mM imidazole. SDS-PAGE was used
to verify the pure protein, and the BCA Protein Assay Kit (Thermo,
USA) was used to quantify it according to the manufacturer’s
instructions. For animal immunization, the purified protein was
diluted to 100 pg/ml in PBS and mixed with an equal amount of
Montanide (TM) ISA 201 VG oil adjuvant (Seppic; 1 ml+ 1 ml).

2.3. Immunization scheme

The purified gD protein was diluted to 50 pg/ml and then used in
immunization tests in mice and piglets. Mice were immunized with
subcutaneous multipoint injection on 0 and 14 days. Blood was collected
from mice at 7, 14, 21, and 28 days after the first immunization, and the
levels of PRV-specific and neutralizing antibodies were measured. At
the end of the experiment, the surviving mice were euthanized
(Figure 1A). Piglets were immunized by intramuscular injection at 0
and 14 days. Blood was collected from piglets at 7, 14, 21, and 28 days
after the first immunization, and serum levels of PRV gD antibodies and
neutralizing antibodies were measured and challenged against PRV-HY
at 14 and 28 days. After the challenge, the rectal temperatures of piglets
were measured daily, and nasal and anal swabs of piglets were collected
every other day to determine the PRV gE gene copy number. At the end
of the experiment, surviving piglets were euthanized and tissue samples
were collected for HE and THC experiments (Figure 1B).

10.3389/fmicb.2023.1288458

2.4. Animal experiments

Four-week-old mice (n=40) were divided into three groups. After
acclimation, immunized mice with equal amounts of gD protein,
commercial porcine inactivated vaccine (PCIV; Kegian Biological
Company, Wuhan, China), DMEM, and PBS, the groups and doses are
shown in Table 1. The gD group was immunized with 10 pg gD protein
and subsequently immunized for the second time at 14 days, in addition
to the PBS group, all mice were challenged with 10° TCIDs, PRV-HY at
28 days post-immunization. Every other week, the tails of the mice are
amputated for blood collection and serum isolation. Mice were infected
with PRV-HY at 28 days after the first inoculation and monitored for
14 days to determine survival. Each dead mouse was euthanized by
intraperitoneal injection of pentobarbital sodium (200 pg/g).

Twenty healthy piglets at 4 weeks of age were randomly assigned to
four groups: gD group, commercial vaccine group, DMEM group, and
PBS group; the groups and doses are shown in Table 2. Antigens and
antibodies of PRRSV, CSFV, PRV, and PCV2 in the serum of all piglets
were negative. Each group was given 2ml of gD protein, or commercial
vaccine, DMEM culture media, and PBS through the muscle. Following
the initial vaccination, piglets’ eating habits and rectal temperature were
regularly monitored. Sera was isolated from piglets’ anterior vena cava
blood to assess PRV-specific and neutralizing antibody levels. In addition
to the PBS group, all piglets were infected with 10" TCIDs, PRV-HY
through the nasal cavity at 28days post-immunization. Piglet rectal
temperatures should be taken once daily; clinical signs such as piglet
feeding should be observed; and nasal and fecal swabs should be taken
at1,3,5,7,9,11,18, and 25 days post-challenge. Use qPCR to determine
viral load. At 25days post-challenge, the surviving piglets were
euthanized by intravenous injection of pentobarbital sodium (100 mg/
kg), Illness samples were collected, either fixed in 4% formalin zinc
fixative (Sigma Aldrich) for histopathology and immunohistochemistry
detection or frozen at —80°C for eventual viral gene copies assessment.
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FIGURE 1
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Experimental procedure for immune protection in mice and piglets. (A) Schematic diagram of antigen inoculation, challenge, and sample collection in
mice. (B) Schematic diagram of piglet inoculation antigen, challenge, and experimental sample collection.
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TABLE 1 Immunization strategy in mice.

Immunization time

Formulation Vaccine dose

Immunization pathway

points (DAI)
1 gD 0.14 Subcutaneous immunization 200 pl
2 commercial vaccine 0.14 Subcutaneous immunization 200 pl
3 DMEM 0.14 Subcutaneous immunization 200 pl
4 (PBS) negative control 0.14 Subcutaneous immunization 200 pl

TABLE 2 Immunization strategy in piglets.

Immunization time

Formulation

Vaccine dose

Immunization pathway

points (DAI)
1 gD 0.14 Intramuscular injection 2ml
2 Commercial vaccine 0.14 Intramuscular injection 2ml
3 DMEM 0.14 Intramuscular injection 2ml
4 (PBS) Negative control 0.14 Intramuscular injection 2ml

2.5. Neutralizing antibody test

Sera was tested for neutralizing PRV-HY antibodies using Vero
cells. Serum samples from mice and piglets were heat-inactivated at
60°C for 30min and then diluted with DMEM. A similar amount of
PRV-HY (200 TCID5,) was mixed thoroughly with 50 pl of the diluted,
inactivated serum. The mixture was then added to a 96-well plate with
monolayer Vero cells. Positive serum and blank cells were set up as
controls and cultured in DMEM containing 2% fetal bovine serum for
observation. The plates were incubated for 5days at 37°C in a 5%
carbon dioxide environment to check for cytopathic effect (CPE).
Reed-

Neutralizing antibodies were

Muench method.

calculated using the

2.6. Lymphocyte isolation and stimulation

Lymphocytes were extracted from the spleen of mice 14 and
28 days after the first immunization. Check for cell division using the
CCK-8 assay. Separate mouse spleen lymphocytes, then add 10° cells
per well to a 96-well plate with the ConA. After 48h of incubation at
37°C, 10 pl of CCK-8 was added to each well, followed by an additional
2h of incubation at 37°C. At a wavelength of 450 nm, absorption was
determined for each well. The stimulation index (SI) indicates the
proliferation level of mouse spleen cells.

2.7. Quantification of viral loads

Using a viral DNA/RNA kit, extract viral DNA from the sample
and set up the reaction apparatus according to ChamQTM SYBR qPCR
Master Mix instructions. Using qPCR, determine copies of the PRV gE
gene in the liver, lungs, and other piglet organs. The primer sequences
used  for  amplification ~ were:  upstream:  5-GTCT
GTGAAGCGGTTCGTGAT-3" and downstream: 5-ACAAGTC
AAGGCGCATCTAC-3'. A standard curve was generated using a series
of 7 dilutions containing the gE gene at copy numbers of 10° to 10
copies/pl as a template. The qQPCR settings were 50°C for 2min, 95°C
for 2min, 95°C for 15s, 60°C for 155, and 72°C for 45s for 40 cycles.
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2.8. Histopathology and
immunohistochemistry

After euthanasia, all animals were assessed for gross tissue damage
to the lungs, lymph nodes, kidneys, tonsils, and brain during autopsy
examinations. Three piglet organ samples were treated with 4%
formaldehyde, prepared in paraffin, and subsequently frozen. To stain
the slices with HE (Solarbio, China), they were dewaxed and washed.
Then, for 20min at 37°C, soak in 3% H,0,, followed by an hour of
blocking in 37% horse serum. Slices were washed three times in PBS,
then incubated with PRV gE monoclonal antibody (1:200) at 37°C for
30min, and then at 4°C overnight. The slices are washed in PBS to get
rid of any lingering antibodies, then incubated with HRP-labeled goat
anti-mouse IgG (1,500) for an hour at 37°C. To detect antibody binding,
use the HRPDAB chromogenic reagent kit purchased from Tiangen
Biotechnology in Beijing, China. Use the Leica DMI3000B microscope
(manufactured by Leica in Wetzlar, Germany) to take photographs.

2.9. Statistical analysis

One-way analysis of variance (ANOVA) was performed on the
data between groups by using GraphPad Prism 9 (San Diego, CA,
USA). Significance is presented as *p <0.05, *p<0.01, ***p <0.001.

3. Results

3.1. Identification of gD protein expression
in HEK-293T cells

We obtained recombinant lentivirus using a lentiviral packaging
system based on four plasmids (pPACKHI1-GAG, pVSV-G,
pPACKHI-REV, and pLV-CMV-eGFP). Secretory expression was
achieved in mammalian HEK-293T cells by lentiviral mediation, and
the recombinant gD protein was obtained by collecting cell cultures.
The expression of gD protein in transfected cell supernatant was
detected by Western blot using both anti-his antibody (Figure 2A) and
anti-PRV hyperimmune serum (Figure 2B). The results showed that
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gD protein with the expected molecular weight (50kDa) was  Mice were infected by intraperitoneal injection using a dose of 10°
efficiently expressed in HEK 293T-gD cells. Approximately 100ml  TCIDs, of PRV-HY at 28 days after vaccination. After the challenge
culture supernatants collected from HEK 293T-gD cells were purified ~ with PRV-HY, typical clinical signs such as pruritus, neurological
by the BioLogic LP protein purification system using nickel affinity = signs, and death were observed in the DMEM group of mice at
columns. The purified proteins were analyzed by experimental  2-6days post-challenge; on day 6 post-challenge, all mice in the
SDS-PAGE (Figure 2C), and the purified recombinant gD  DMEM group died (100%), while none of the other groups showed
concentration was detected by the BCA Protein Assay Kit. The results  typical clinical signs and death (Figure 3C). Overall, gD protein
showed that after the cell culture supernatant was purified by NiNTA  stimulated mice to produce higher levels of PRV-Ab, NAs, and
resin Affinity chromatography, the purity of gD was significantly ~ lymphocytes, and could completely protect mice from lethal doses of
improved, and the amount of gD protein reached 1.14 mg/ml. PRV infection.

3.2. Immunoprotective effect of PRV-gD in  3.3. Immunoprotective effect of PRV-gD in
mice piglets

To determine whether gD protein paired with ISA 201VG To further evaluate the protective effect of gD protein on piglets,
adjuvant protects mice from prevalent strains. At 7, 14, 21, and 28days 100 pg of gD protein was injected intramuscularly. At 7, 14, 21, and
after mice were immunized with the vaccine, we measured  28days after piglets were vaccinated, we measured PRV gD antibodies
PRV-specific antibody levels in mouse serum using the PRV-Ab  in piglets’ sera using an indirect ELISA quantification kit, and the
antibody quantification kit and found that both the gD protein group  results were expressed as S/P values at 40-fold serum dilution. Twenty
and the commercial vaccine group reached higher levels after the ~ one days after immunization, both the gD protein group and the
initial immunization. At 28 days after immunization, PRV-Ab was ~ commercial vaccine group had reached high levels, and the gD protein
significantly higher in the gD protein group than in the commercial ~ group had significantly higher antibody levels than the commercial
vaccine group (Figure 3A). At 7 days after the first immunization, the ~ vaccine group (Figure 4A). Seven days after the initial immunization,
neutralizing antibody reached a higher level; at 28 days after the  both the gD protein group and the commercial vaccine group reached
booster immunization, the serum NAs potency of mice in the gD higher levels of neutralizing antibodies; 28 days after immunization,
protein group reached 28, which was significantly higher than that of ~ the potency of NAs titer in the serum of piglets in the gD protein
the commercial vaccine group (Figure 3B). The results indicated that ~ group reached 27, which was significantly higher than that of the
the gD protein group could induce a higher level of humoral immune  commercial vaccine group (Figure 4B). The results showed that the gD
response within a shorter time after immunization. Mice were  protein group was able to induce a higher level of humoral immune
stimulated with ConA 14 and 28 days after immunization with the  response within a shorter time after immunization. Piglets were
vaccine, and then their proliferation levels were detected by CCK-8.1t  infected with the PRV-HY through the nasal cavity using a dose of 107
was found that the stimulation index was significantly higher inboth ~ TCIDs, 28days after vaccination. After the challenge, rectal
the gD protein group and the commercial vaccine group, and the  temperature, clinical symptoms, and piglet mortality were measured
stimulation index of the gD protein group was significantly higher  daily. The results showed that the rectal temperature of piglets in the
than that of the commercial vaccine group (Figure 3D). The results ~ DMEM group continued to increase for 4days, and the rectal
indicated that the gD protein group was able to induce a higher level ~ temperature of piglets in the DMEM group exceeded 40.5°C. The
of cellular immune response within a shorter time after immunization.  rectal temperature of piglets in the gD protein, commercial vaccine,
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FIGURE 2
Identification and quantification of gD protein expression. Western blot detection of gD protein expression in HEK 293T-gD cell supernatant using anti
his labeled antibody (A) and PRV high immune serum (B). M: marker, lane 1: pLV-CMV-eGFP control, lane 2: pLV-CMV-gD. (C) SDS-PAGE was used to
analyze the purified gD protein. Lane 1: crude culture supernatant; Lane 2: filtrate; Lane 3: eluate (500 mM imidazole); M: protein marker.
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FIGURE 3
Protection against challenge with virulent PRV-HY strain in mice. Mice were inoculated with gD protein, commercial vaccine, DMEM, and PBS. All mice
were immunized twice at 1 and 14 days and then challenged at 28 days with PRV-HY (10° TCIDs). Blood samples were collected weekly, and PRV-Ab
antibodies (A) to gD and neutralizing antibodies (B) in mice sera were determined. (C) The survival rate of mice. (D) Lymphocyte proliferation level in
mice. The data are representative of three independent experiments. Data were analyzed by One-Way ANOVA using GraphPad Prism 9. Significance is
presented as *p < 0.05, **p < 0.01, ***p < 0.001.

and PBS groups did not increase significantly (Figure 4C). We also
observed that piglets in the DMEM group showed typical clinical
signs such as severe respiratory problems, decreased appetite,
convulsions, diarrhea, and recumbency, while the other groups
showed no significant clinical signs. In addition, three piglets in the
DMEM group died at 7, 9, and 10 days after the PRV-HY challenge
(Figure 5D). In contrast, piglets in the gD protein group, the
commercial vaccine group, and the PBS group survived without any
significant CNS signs. Overall, the gD protein stimulates piglets to
produce higher levels of PRV-gD antibodies and NAs, which could
completely protect piglets against lethal doses of PRV-HY challenge.

3.4. Virus loads in nasal swabs, anal swabs,
and tissues of the piglets

At 28 days after immunization, piglets were challenged with high
doses of potent PRV-HY via the nasal route, and nasal swabs, anal
swabs, and piglet tissues were collected to detect the PRV gE gene copy
number by fluorescent quantitative nucleic acid amplification. The
results showed that nasal and anal swabs from all groups of piglets
were negative for the PRV gE gene at 1 day post-challenge. At 3-9 days
after the challenge, the PRV gE gene was detected in piglet samples
from all groups except the PBS negative control group, and the PRV
gE gene copy number in the gD protein and commercial vaccine
groups was significantly lower than in the DMEM group. On days 7
and 9, the nasal swab viral load was significantly lower in the gD
protein group than in the commercial vaccine group (Figure 5A). In
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addition, the PRV gE gene could not be detected in nasal and anal
swabs of the gD protein group on day 9 after the challenge. However,
the PRV gE gene could still be detected in the nasal swabs of the
commercial vaccine group on day 18 after the challenge, and the PRV
gE gene could also be detected in anal swabs of the commercial
vaccine group littermates on days 11 after the challenge (Figure 5B).
At the end of the experiment, all piglets were euthanized and then
pathologically dissected and tissue samples were collected to copies of
the PRV gE gene in lymph nodes, brain, lung, spleen, liver, and kidney
tissues. The results showed that the PRV gE gene was detected in piglet
tissues from the commercial vaccine and DMEM groups, but only a
small amount of the PRV gE gene was detected in the lymph nodes,
brain, and lung tissues of piglets in the gD protein group, and the
spleen and kidney were negative. In addition, the PRV gE gene copy
number in all piglet tissues from the gD protein and commercial
vaccine groups was significantly lower than in the DMEM group
(Figure 5C). In summary, after the challenge, piglets in the gD protein
group had lower viral shedding loads and shorter viral shedding times
through the nasal and anal, which may be related to the fact that gD
protein can stimulate the host to produce high levels of
neutralizing antibodies.

3.5. Pathological examination of piglet
tissues

Twenty-five days after the challenge, the surviving piglets were
euthanized by intravenous sodium pentobarbital (100 mg/kg),
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Blood samples were collected weekly after immunization in Piglets. Serum levels of gD and gB antibodies were measured at different time points.
(A) gD antibodies were determined for piglet serum. (B) NAs titers in piglets at different times after immunization with the vaccine. (C) Rectal
temperature of each group of immunized piglets after lethal dose challenge of PRV-HY. Data were analyzed by one-way ANOVA using GraphPad Prism

followed by necropsy and histopathological examination. Lymph
nodes, tonsils, lungs, spleen, liver, and kidneys were essentially normal
in PBS, gD protein, and commercial vaccine groups. Lungs of piglets
in the DMEM group exhibited severe pulmonary bruising, pulmonary
edema, and solid lung lesions; lymph nodes were bruised and
enlarged; tonsils were severely present and edematous; spleen was
hemorrhagic infarcted; liver had striated gray-white necrotic foci on
the surface; and renal medulla and renal cortex were severely
hemorrhagic (Figure 6A). Sections were stained with hematoxylin-
eosin (HE) to observe histopathological changes. The results showed
that compared with the PBS group, the gD protein group, and the
commercial vaccine group, the piglets in the DMEM group had
reduced lymphocytes in the submandibular lymph nodes and
hemorrhage in the medulla; inflammatory cell infiltration and
bruising in the brain capillaries; extensive alveolar epithelial cell
hyperplasia with massive inflammatory cell infiltration in the lungs,
significant widening of the alveolar diaphragm, and a small number
of inflammatory cells visible in the lumen of the fine bronchi; necrotic
tissue in the spleen, focal lymphocytes in the red medulla necrosis and
excessive congestion in the spleen; cell proliferation in the liver was
quite obvious; some glomeruli had inflammatory cell infiltration,
capillary hyperplasia, and massive neutrophil infiltration, and some
renal cystic lumens disappeared. The results showed that the gD
protein prepared in this study significantly attenuated the lesions in
lymph nodes, tonsils, lungs, spleen, liver, and kidneys caused by
PRV-HY infection (Figure 6B).
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3.6. Immunohistochemistry of piglet
tissues

Immunohistochemistry (IHC) experiments on piglet tissues using
PRV gE monoclonal antibody showed that a large number of
PRV-infected tan cells were present in lymph nodes, brain, lung, and
spleen tissues in the DMEM group, while the gD protein and
commercial vaccine groups had a smaller number of PRV-infected
cells and lighter staining (Figure 7A). In addition, we analyzed the
THC results using Image] to calculate the ratio of positive cells for each
tissue and score them. The results showed that the gD protein group
and the commercial vaccine group scored significantly lower than the
DMEM group (Figure 7B). These findings suggest that the gD protein
prepared in this study may reduce replication in PRV lymph nodes,
brain, lung, and spleen tissues, thus protecting piglets from lethal
doses of PRV-HY infection.

4. Discussion

PR is an acute infectious disease caused by PRV infection. Under
the current situation in China, PRV-infected pigs occur from time to
time, which has seriously jeopardized the development of the Chinese
pig industry and caused significant economic losses to the Chinese pig
industry (Freuling et al., 2017; Tan et al., 2021). Since late 2011, genetic
recombination has occurred between vaccine and wild strains of
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porcine pseudorabies virus, resulting in a significant increase in
virulence of newly emerged recombinant PRV strains, and new
porcine pseudorabies virus strains can evade the protection of
traditional inactivated and live vaccines, resulting in increased
morbidity and mortality in pigs, posing new challenges for porcine
pseudorabies disease prevention, control, and decontamination in
China (Hu D. et al., 2015; Ye et al., 2016). Therefore, the development
of safe and effective novel genetically engineered vaccines is essential
for the prevention, control, and prevalence of porcine pseudorabies,
and subunit vaccines have become a potential option due to their
stability and safety.

The selection of proteins with good immunogenicity is essential
for the development of genetically engineered vaccines. Numerous
studies have shown that porcine pseudorabies gD protein facilitates
viral adhesion to the host cell surface. gD is a key recognition receptor
involved in pathogen binding that stimulates the host to produce high
titers of neutralizing antibodies and exhibits good immunogenicity,
and this molecular recognition pattern of gD protein is essential for
PRV infection (Takahashi et al., 1993; Fan et al., 2014; Zhang et al.,
2021). In addition, gD proteins can recognize and attach to
immunoglobulin-like cell adhesion molecules, such as connexin-1,
connexin-2, and acetyl heparan sulfate. In humans and pigs, Nectin-1
is the only receptor reported for PRV cell entry. gD may have a similar
affinity to connexin-1, and gD-specific mAbs (10B6) exhibit potent
inhibition of PRV cell attachment and prevent virus transmission
between cells (Hammond et al., 2001; Krummenacher et al., 2005).
One study replaced the gD gene of the PRV Bartha-K61 strain with
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the gD gene of the HB1201 strain, and the recombinant Bartha-K61
strain gave pigs strong humoral and cellular immunity and protected
them from the lethal challenge of HB1201, suggesting that gD may
induce cellular immunity in cross-protection (Ren et al., 2020). In
addition, immunization of piglets with recombinant adenovirus-
expressing porcine pseudorabies virus gD protein stimulated the host
to produce high levels of neutralizing antibodies, and no viremia was
detected in piglets after the PRV challenge (Brisse et al., 2020). These
studies suggest that expression of porcine pseudorabies virus
individual gD protein may well induce re-emergence to produce
humoral and cellular immunity and reduce the PRV mutant strain
against piglets. The gD protein, which is essential for porcine
pseudorabies virus infection in host cells, can encode a protein closer
to the natural protein structure using the full-length gD gene. Taking
into account the conditions available in a fairly pre-laboratory setting,
a human embryonic kidney cell line (HEK 293T-gD) that can stably
express the gD protein was constructed by a lentiviral packaging
system in this study. The results showed that the HEK 293T-gD cell
line could secretly express porcine pseudorabies virus gD protein. In
subsequent experimental animal studies, the gD protein was found to
be sufficient to induce higher levels of humoral and cellular immunity
in mice, protecting them from lethal doses of PRV-HY.

Compared to viral and whole virus vaccines, recombinant
protein-based subunit vaccines are relatively stable and easy to
produce using recombinant protein technology, making them an
attractive vaccine platform (Manoj et al., 2004). In addition, the lack
of an active viral component minimizes the disease risk of subunit
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FIGURE 6
Overall changes in organ damage after challenging immunized pigs with PRV-HY. (A) Different piglet tissues (lymph nodes, tonsils, lungs, spleen, liver,
and kidneys) were collected and euthanized on the 25th day after the challenge and dissected for pathological examination, here showing
representative lesions in different organs. (B) Histopathological lesions rendering pigs immune after challenge with PRV-HY strain. The various tissues
shown were fixed, segmented, and stained with hematoxylin and eosin (HE).

vaccination, demonstrating an extraordinary safety profile. The HEK
293T mammalian cell expression system with high-efficiency
promoter (CMV) control allows high expression of recombinant
proteins, post-translational modification of proteins and correct
protein folding complexation, and expression products with good
immunogenicity and safety, which can compensate for the prokaryotic
expression system expressed proteins with low purity, immunogenicity,
and CHO expression system expressed proteins (Luckow et al., 1993).
In this study, the nucleotide sequence of recombinant gD protein was
optimized, His tag was introduced at the C-terminus of the target
protein, and HEK 293T cells that could be secreted for protein
expression were selected, and the final amount of purified PRV gD
protein expression reached 1.14mg/ml, and Western blot results
showed that the resulting gD protein had good antigenicity. High
levels of NAs could be detected in the serum of piglets immunized
with gD protein 28 days after immunization, and some piglet serum-
neutralizing antibodies have a titer of 2°.

To further evaluate the protective effect of gD protein on piglets
against challenge, piglets were challenged by nasal drops 28 days after
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immunization. The results showed that all piglets in the gD protein
group survived, indicating that gD protein induced immunity in
piglets sufficient to resist lethal challenge by 10’ TCIDs, PRV at a dose
that was 10 to 100 times higher than the normal dose used. It is
important to note that in contrast to previous studies, Hu found that
piglets inoculated with the rSMXgI/gE1TK attenuated drug line (at a
dose of 10° TCIDs) had a fever lasting 4 days and rectal temperatures
at 40 and 42°C after challenge with the PRV variant SMX strain at 10
TCIDs, (Hu R.-M. et al., 2015). In this study, after the challenge,
piglets in the gD protein group showed no typical clinical signs and
all piglets did not develop fever, while some piglets in the commercial
vaccine group epidemic had rectal temperatures above 40.5°C. The
results of the study by Ren, ] showed that two piglets in the Bartha-
K61 group that died after the challenge exhibited severe hemorrhage
in the lungs, lymph nodes, and kidneys, pulmonary coagulation, and
cerebral edema. Piglets immunized with Bartha-gCHB1201 and
Bartha-gDHB1201 showed moderate or mild hemorrhagic and
coagulopathic lesions in the lungs and only mild lymph node
enlargement (Ren et al., 2020), and these results were consistent with
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FIGURE 7
Immunohistochemical examination and scoring of piglet tissues. (A) Piglet lymph nodes, brain, lung, and spleen tissues were fixed, divided, and stained
with PRV monoclonal antibody (1:400). Yellowish-brown color indicates a PRV-positive signal. (B) The percentage of positive cells was scored by
ImageJ calculation. Asterisk indicates a significant difference: *p <0.05, **p < 0.01, ***p <0.001.

our results (Figure 6A). In addition, the number of viral gene copies
in nasal swabs and anal swabs of piglets in the gD group significantly
resisted the commercial vaccine group and had a shorter detoxification
cycle to the environment. Compared to the commercial vaccine
group, piglets in the gD group showed fewer pathological changes in
lymph nodes, lungs, spleen, liver, and kidneys, and fewer positive cells
in tissues were infected with PRV. We speculate that this may be due
to the ability of the gD protein to rapidly induce higher levels of
neutralizing antibodies in the host and that PRV-neutralizing
antibodies can neutralize most of the virus when it enters the
peripheral blood. On the other hand, the ISA 201 adjuvant effectively
stimulates the host to produce strong mucosal immunity in concert
with the gD protein, and these speculations need to be investigated in
our subsequent studies. Based on this, the genetically engineered PR
vaccine prepared from the HEK 293T expression system is a potential
vaccine candidate for the prevention of PRV infection and the control
of PR epidemics. Although the preliminary results of this study
demonstrated that PRV gD protein could induce high titers of
neutralizing antibodies in mice and piglets, there was no in-depth

Frontiers in Microbiology

discussion on the organism’s level of cellular immunity, whether it
could protect against different PRV strains, and the mechanism of the
immune effect exerted by the gD protein, which is the direction of our
future work.

5. Conclusion

In conclusion, we describe in this study that individual gD
proteins produced by a mammalian cell expression system are well
immunogenic and stimulate high levels of PRV-specific and
neutralizing antibodies in mice and piglets. All mice and piglets
survived lethal doses of PRV, significantly reducing the amount of
PRV virus in piglets’ lymph nodes, lungs, spleen, and other tissues. It
also significantly reduced the time cycle and amount of viral excretion
from piglets to the environment through nasal and anal cavities. The
results suggest that the PRV gD protein is expected to be a potential
candidate for the preparation of genetically engineered PR vaccines
for the prevention of PRV infection and the control of PR epidemics.
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feline herpesvirus type |
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Chunxia Wang?, Zhenjun Wang?, Guoliang Luo?, Li Yi?,
Xiaofeng Shan?*, Yuening Cheng*and Erkai Feng®
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Feline calicivirus (FCV) and Feline herpesvirus type | (FHV-I) are the main
pathogens causing upper respiratory tract infections in cats, and some wild
animals. These two viruses always coinfection and cause serious harm to pet
industry and wild animals protection. Established a rapid and accurate differential
diagnosis method is crucial for prevention and control of disease, however, the
current main detection method for these two viruses, either is low sensitivity
(immunochromatographic strip), or is time-consuming and cannot differential
diagnosis (conventional single PCR). Nanoparticle-assisted polymerase chain
reaction (Nano-PCR) is a recently developed technique for rapid detection
method of virus and bacteria. In this study, we described a dual Nano-PCR
assay through combining the nanotechnology and PCR technology, which for
the clinical simultaneous detection of FCV and FHV-I and differential diagnosis
of upper respiratory tract infections in cats or other animals. Under optimized
conditions, the optimal annealing temperature for dual Nano-PCR was 51.5°C,
and specificity test results showed it had no cross reactivity to related virus, such
as feline panleukopenia virus (FPV), feline Infectious peritonitis virus (FIPV) and
rabies virus (RABV). Furthermore, the detection limit of dual Nano-PCR for FCV
and FHV-I both were 1x 108 ng/pL, convert to number of copies of virus DNA
was 6.22 x 10°copies/pL (FCV) and 2.81 % 10°copies/pL (FHV-I), respectively. The
dual Nano-PCR detected result of 52 cat clinical samples, including ocular, nasal
and faecal swabs, and (3 FCV-positive samples), was consistent with ordinary PCR
and the clinical detection results. The dual Nano-PCR method established in this
study with strong specificity and high sensitivity can be used for virus nucleic acid
(FCV and FHV-I) detection of clinical samples of feline upper respiratory tract
infections feline calicivirus and feline herpesvirus while providing support for the
early diagnosis of cats that infected by FCV and FHV-I.

KEYWORDS

feline calicivirus, feline herpesvirus type I, Nano-PCR, detection diagnostic technology,
infectious disease
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1. Introduction

As the main pathogen causing upper respiratory tract infections
in cats and some wild animals such as lions, tigers, and leopards, the
clinical characterization of FHV-I and FCV is almost identical, include
respiratory inflammation, ocular inflammation, hair loss around the
eyes, and thick secretions from the eyes and nose. Therefore, it is
nearly impossible to distinguish the viruses based on clinical
symptoms. Most of the time, laboratory nucleic acid detection
methods are needed. In these methods, specific PCR amplification
technology plays an important role in differential diagnosis (Bo et al.,
2023; Jindong et al., 2023; Ying et al., 2023).

FCV, belongs to the order of Picornavirales and the family of
Caliciviridae, is a nonenveloped single-stranded positive-sense RNA
virus with a genome length of approximately 7,700 bp and three open
reading frames (ORFs) (Kai et al,, 2017). The ORF1 encodes 7
non-structural proteins, and ORF2 and ORF3 encode the major
structural protein VP1 and the minor structural protein VP2,
respectively. VP1 is encoded by the conserved region of the gene
sequence, and the presence of the virus is often determined by
identifying the VP1 fragment. FCV is highly contagious and can cause
mild to severe respiratory and oral disease in cats. Most strains are
nonlethal, but a few are lethal. FCV is easily mutated, so FCV vaccines
do not completely protect against the mutated strains (Zhanding et al.,
2019; Chengyun et al., 2023; Weijie et al., 2023).

FHV-1, also known as viral rhinobronchitis, is a member of the
Varicellovirus genus of the herpesvirus subfamily Alphaherpesvirina.
It is an enveloped, double-stranded DNA virus with a genome length
of approximately 126-135kb with 78 open reading frames that can
encode 74 kinds of proteins. Currently, only one serotype of the virus
has been identified. FHV-I replicates and proliferates on the
conjunctiva, respiratory epithelial cells, and neuronal cells. The virus
mainly infects domestic cats and cats such as lions, tigers and leopards
and has a mortality rate of up to 50%. FHV-I is different from FCV in
that its survivability is relatively low, and it is sensitive to organic
solvents such as acid, ether, and chloroform. It can be killed by
common disinfectants, and it does not survive at high temperatures
(Meihui et al., 2023; Weijie et al., 2023; Xinyan et al., 2023).

Currently, the detection method of FCV and FHV-I is based on
the initial judgment of clinical symptoms, or using test strips but the
sensitivity is very low, and the early stage of the disease cannot
be detected. There is also a method of virus isolation, but the efficiency
is low and time-consuming.

Nanoparticle-assisted polymerase chain reaction (Nano-PCR) is
a recently developed technique for rapid detection method of virus
and bacteria (Jianke et al., 2015). Gold nanoparticles can promote the
combination of primers and templates by increasing the thermal
conductivity of the PCR, which can improve the specificity and
sensitivity of the detection method (Lin et al., 2017). In 2019, Qin T,
et al. established nanoparticle-assisted PCR (Nano-PCR) assay for the
detection of canine parvovirus (CPV), and in 2022, Jingfei et al.
published the Nano-PCR detection method of feline panleukopenia
virus (FPV) (Tong et al.,, 2019; Jingfei et al., 2022). All of these just
detect one pathogen, and not-simultaneous detection of FCV and
FHV-I and differential diagnosis of upper respiratory tract infections
in cats or other animals.

Therefore, in this study, we described a dual Nano-PCR method,
which can specifically detect FHV-I and FCV at the same time and it
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will provide important technical support for the prevention of animal
diseases in the pet industry. Meanwhile, this study also provides more
sensitive and efficient detection methods for the timely diagnosis and
prevention of other wild protected animal diseases susceptible to FCV
and FHV-1.

2. Materials and methods
2.1. Sources of experimental materials

FCV, FHV-1, FPV, Rabies virus (RABV) cDNA and FIPV were
isolated and preserved by the Institution of Special Animals and Plant
Sciences, Chinese Academy of Agricultural Sciences (CAAS). Gold
nanoparticles were purchased from Shiao Biotechnology Co., Ltd.
(Changchun, Jilin). EasyPure® Viral DNA/RNA Kit was purchased
from TransGen Biotech (Beijing, China). RevertAid Master Mix was
purchased from ThermoFisher Scientific. Plasmid Mini Kit I and Gel
Extraction Kit were purchased from Omega. pMD™ 19-T Vector
Cloning Kit was purchased from Takara (Beijing). 2 x M5 HiPer plus
Taq HiFi PCR mix (with blue dye) was purchased from Beijing Jumei
Biotechnology Co., Ltd.

2.2. Experimental instruments

A high-speed centrifuge was purchased from Thermo Fisher
Scientific (China) Co., Ltd.; a nanophotometer was purchased from
Implen GmbH; a Multi-Temp Platform was purchased from Monad
Biotech Co. Ltd.; a gene amplification instrument was purchased from
Beijing Dinghaoyuan Technology Co., Ltd.

2.3. Design primers

According to the gene sequences of FCV strains and FHV-I strains
in GenBank, primers were designed using Oligo7.0 and Primer5.0,
and the primers were synthesized by Jilin Province Kumei
Biotechnology Co., Ltd. Refering to Table 1 for details.

2.4. Viral nucleic acid extraction

The FCV and FHV-I viruses frozen at —80°C were thawed, and
the RNA of FCV and the DNA of FHV-I were extracted using the
EasyPure ® Viral DNA/RNA Kit purchased from TransGen Biotech.
The DNA was stored at —20°C, and the RNA was obtained from

TABLE 1 Primers for the dual Nano-PCR method.

Primer  primer sequences (5-3) ~ Segment  Target
length gene
((e]9)]

FCV-F TAGATATGGGTTTAGAAGGG ‘
242 vP1

FCV.R | TTAGATTGGAAGCGGATG ‘

FHV-LE  AGATTTGCCGCACCATACCTTC ‘
518 TK

FHVIR  CCGGGCTTTGAAAACACTGAAT ‘
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Thermo Scientific RevertAid Master Mix and reverse transcribed into
cDNA. The remaining RNA was stored at —80°C, and the obtained
cDNA was stored at —20°C.

2.5. Construction of FCV- and FHV-I-
positive plasmids

Using the extracted FCV cDNA and FHV-1 DNA as templates, the
primer sequences designed in 2.3 were used to amplify the target
fragments, gel recovery and purification of the target fragments were
then performed, and they were connected to the pMD™ 19-T vector.
Technology Co., Ltd. provided sequencing services and finally
FCV-positive plasmids and FHV-I-positive plasmids were obtained.

2.6. Establishment of a common dual PCR
method for FCV and FHV-I

The FCV- and FHV-I-positive plasmids obtained in 2.5 were used
as templates for PCR amplification. Reaction system (20 pL): 10 uL
2 x M5 HiPer plus Taq HiFi PCR mix (with blue dye); 0.5pL FCV-E
0.5pL FCV-R, 0.5pL FHV-I-E 0.5pL FHV-I-R; 0.25uL template;
volume to 20pL. The reaction conditions were as follows:
predenaturation at 95°C for 3 min; denaturation at 94°C for 25s,
annealing at 53°C for 255, and extension at 72°C for 10s for a total of
35 cycles; and extension at 72°C for 5 min. PCR amplification products
were detected by agarose gel electrophoresis.

2.7. Establishment of a dual Nano-PCR
detection method for FCV and FHV-I

2.7.1. Optimization of nanoparticle size and
dosage

Gold Nanoparticles of different sizes (30, 50, 70, 100 nm) were
used sequentially. There was a total of four groups; each group used
different amounts of Nanoparticles (0.5, 1.0, 1.5, 2.0 pL). PCR system
(20 uL): 10 uL 2 x M5 HiPer plus Taq HiFi PCR mix (with blue dye);
0.5pL FCV-E 0.5pL FCV-R, 0.5uL FHV-I-E 0.5pL FHV-I-R,
respectively; different amounts (0.5, 1.0, 1.5, 2.0 pL) of Nano gold
particles (30, 50, 70, 100 nm) were added, and 0.25 puL of the template
was added, respectively. The mix was volumed up to 20 pL with water.
The reaction conditions were predenaturation at 95°C for 3 min;
denaturation at 94°C for 255, annealing at 53°C for 255, 72°C for 10s,
for a total of 35 cycles; and 72°C for 5 min. PCR amplification products
were detected by agarose gel electrophoresis.

2.7.2. Optimization of annealing temperature

The FCV- and FHV-I-positive plasmids obtained in 2.5 were used
as templates, the annealing temperature gradient was set at 50.0-
60.0°C, and the other reaction conditions were the same. Nano-PCR
system (20 pL): 10 pL 2 x M5 HiPer plus Taq HiFi PCR mix (with blue
dye); 0.5uL FCV-F, 0.5uL FCV-R, 0.5pL FHV-I-E, 0.5pL FHV-I-R;
0.25pL template; volume up to 20uL with water. The reaction
conditions were as follows: predenaturation at 95°C for 3 min;
denaturation at 94°C for 25s, annealing at 50.0-60.0°C (12 annealing
temperatures in total) for 255, and extension at 72°C for 10s for a total
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of 35cycles; and extension at 72°C for 5min. PCR amplification
products were detected by agarose gel electrophoresis.

2.7.3. Specificity test

The optimized dual Nano-PCR detection method for FCV and
FHV-I was used to detect the DNA or cDNA of FCV and FHV-I, FCV,
FHV-I, FPV, FIP, and RABYV to verify the specificity of the method.

2.74. Sensitivity test

The concentrations of FCV- and FHV-I-positive plasmids
determined by the Nanophotometer were 165.20 ng/pL and 159.45ng/
pL, respectively, and the
6.22x 10" copies/pL and 2.81 x 10" copies/pL, respectively. ddH,0O was
used to dilute the two groups of positive plasmids according to a

converted copy numbers were

10-fold ratio, and the plasmids of each dilution were used as templates
to perform dual Nano-PCRs and common dual-PCRs. The products
were subjected to agarose gel electrophoresis, and the electrophoresis
bands were compared.

2.8. Clinical sample testing

Fifty-two cat eye, nose and faecal swabs were collected from
different regions in Changchun City virual DNA and RNA were
extracted by using Takara Mini BEST Viral RNA/DNA Extraction Kit
Ver.5.0 (Takara, Beijing China) extracting. The RNA was reverse
transcribed into cDNA. The DNA and ¢cDNA of samples were detected
by the established common Nano-PCR and dual Nano-PCR.

3. Results

3.1. Establishment of a common dual PCR
method for FCV and FHV-I

Through PCR amplification of the target fragments of FCV- and
FHV-I-positive plasmids, after detection by agarose gel electrophoresis,
the expected target fragments of 242 bp and 518 bp were obtained, and
the ordinary dual PCR detection experiment was successfully
established, as shown in Figure 1.

2000bp

1000bp
750bp
500bp

200bp

100bp

FIGURE 1

Establishment of a common dual PCR method. M: DNA molecular
quality standard; 1. negative control; 2: positive control; 3—6: FCV-
and FHV-I common dual PCR.
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3.2. Establishment of the FCV and FHV-I
dual Nano-PCR method

Using the dual Nano-PCR system, the target fragments of FCV-
and FHV-I-positive plasmids were amplified, and after agarose gel

2000bp

1000bp
750bp
500bp

200bp

100bp

FIGURE 2

Establishment of a dual Nano-PCR method. M: DNA molecular
quality standard; 1: negative control; 2: positive control; 3—-6: FCV-
and FHV-I dual Nano-PCR.

10.3389/fmicb.2023.1285268

electrophoresis, target fragments with expected sizes of 242bp and
518 bp were obtained, as shown in Figure 2.

3.2.1. Optimization of nanoparticle size and
dosage

By simultaneously controlling the nanometre size as an independent
variable and the amounts of nanoparticles as an independent variable, and
keeping other conditions unchanged, the results of PCR products detected
by agarose gel electrophoresis are shown in Figure 3. It can be seen from
the figure that the target fragment is the brightest when the nanoparticle
size is 50nm and the amount added is 2 pL, so this condition is the final
result of optimizing the nanoparticle size and dosage.

3.2.2. Optimization of annealing temperature

Figure 4 shows the results of agarose gel electrophoresis after the
FCV- and FHV-I-positive plasmids underwent an annealing temperature
gradient (50.0-60.0°C) PCR. It can be seen from the figure that the target
band is the clearest when the annealing temperature is 51.0°C and 52.0°C,
so the final optimal annealing temperature was 51.5°C.

3.2.3. Specificity test
Bands of 242bp and 518bp appeared in the amplification results
of FCV and FHV-I viruses using the established dual Nano-PCR

FIGURE 3

Optimization of nanoparticle size and dosage. M: DNA molecular quality standard; 1: Negative control; 2; 25nm; 3: 30 nm; 4: 50 nm; 5: 70 nm; 6:
100 nm; 7: Positive control; 1pL; (A): 0.5 pL of nanoparticle; (B): 1.0 pL of nanoparticle; (C): 1.5 pL of nanoparticle; (D): 2.0 pL of nanoparticle.

h

-
J

2000bp

1000bp
750bp
500bp

200bp
100bp

FIGURE 4

Optimization of annealing temperature. M: DNA molecular quality standard; 1: negative control; 2: 50.0°C; 3: 50.4°C; 4: 51.0°C; 5: 52.0°C; 6: 53.2°C; 7:

54.0°C; 10: 57.0°C; 11: 58.0°C; 12: 59.5°C; 13: 60.0°C

§ 9 10 11 12 13
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method; only 242 bp bands appeared in the detection results of FCV
virus; and only 518 bp bands appeared in the detection results of
FHV-I virus. There were no bands in the detection of other pathogens,
and the results are shown in Figure 5. It can be seen that the established
dual Nano-PCR method has good specificity.

3.2.4. Sensitivity experiment

FCV- and FHV-I-positive plasmids were diluted 10 times to 107/,
107%,107%,107%, 107>, 1075, 1077, 107, and 10~°. Each dilution was used
as a template, and dual Nano-PCR and ordinary PCR experiments
were carried out at the same time. It can be seen from Figure 6 that the
dual Nano-PCR still had bands at 1x10~® ng/pL, which was two
orders of magnitude higher than the sensitivity of ordinary PCR.

3.3. Clinical sample testing

Using the dual Nano-PCR method established in this study to detect
viruses in a total of 52 cat eye, nose and faecal swabs obtained from

10.3389/fmicb.2023.1285268

different regions in Changchun City, three bands were detected at 242 bp,
the positive rate of FCV was 5.8%, and there were no cases of FHV-I. This
result was consistent with the ordinary PCR detection established in 2.6.

4. Discussion

FCV was first isolated from the gastrointestinal tract of cats in
New Zealand in 1957 and FCV vaccines have been used for more than
40years, but outbreaks still occur, which due to the strong mutation
ability of FCV. Sometimes, feline calicivirus virulent systemic disease
(FCV-VSD), with higher mobility was always record in many contries
(Caringella et al., 2019), FHV-1 is a double-stranded DNA virus with
stable structure. FHV-I rarely mutates, and it can detoxify
intermittently and easy to lose activity. Therefore, it is not easy to cause
large-scale outbreaks and the detection rate is low, but 80% of cats will
carry it for life after infection (Yuzhen et al., 2023). Therefore, in this
study, only 3 FCV strains were detected in 52 clinical samples, and no
FHV-I strains were detected.

M

2000bp

1000bp
750bp
500bp

200bp
100bp

FIGURE 5

FPV; 6: FIPV; 7: RABV.

Specificity experiment of the dual Nano-PCR method. M: DNA molecular quality standard; 1: negative control; 2: FCV and FHV-I; 3: FCV; 4: FHV-I; 5:

FIGURE 6

Sensitivity experiment of the dual Nano-PCR method. M: DNA molecular quality standard; 1-9: Plasmid dilutions are 10-%, 102, 10-%, 104, 10>, 1075,
1077, 1078, 10~°; 10: negative control; (A): double ordinary PCR; (B): dual Nano-PCR.
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Among various detection technologies for viral pathogens such as
FCV and FHV-], quantitative real-time PCR (qPCR) can achieve relative
quantification, with high sensitivity. However, it takes longer, costs more,
and experimental operation is strict. It can only detect one pathogen at a
time. In recent years, FCV and FHV-I have shown a trend of clustering
in domestic cats or Feline animals, which has seriously threatened to the
health of felines and the prevalence of families with pets (Huahua, 2021;
Kingyan et al., 2022). The dual Nano-PCR detection method of FCV and
FHV-I established in this study is convenient and fast, and the optimized
annealing temperature is approximately 4°C lower than that of common
Nano-PCR (Jun and Chunhai, 2007). This method has the advantages of
thermostabilising the surface of DNA polymerase, adjusting the stability
of DNA polymerization and reaction, reducing the Tm value, improving
the amplification efficiency and having higher sensitivity and specificity
than traditional PCR methods. According to the brightness of the strips
under different nanometre diameters, it can be inferred that the
brightness and diameter have a normal distribution trend, the optimum
size is reached at approximately 50 nm, and the amplification efficiency
is the highest at this time. Nanocarriers have advantages for basic research
in the field of traumatic brain injury. This is worthy of indepth research
(Jain et al., 2021; Sajinia and Roger, 2021; Xingshuang et al., 2023).

In this study, the dual Nano-PCR established also has some
limitations. Although this method can simultaneously detect two
pathogens causing upper respiratory tract infections, its sensitivity may
be lower than that of a single detection (Sailike et al., 2021). Although
we have bound nanoparticles, there may still be efficiency issues in
primer substrate binding under both single and simultaneous reaction
conditions, making it difficult to achieve a lower detection limit. We hope
to further enhance reaction sensitivity by combining other chemical or
biological materials that can promote the reaction in the future.

In conclusion, the dual Nano-PCR method of FCV and FHV-I
established in this study has good specificity, and high sensitivity, and
the minimum detection amount can reach 107® ng/puL. Early diagnosis
of FCV and FHV-1, which present similar clinical characteristics, high
infection rates, and easy spread provides important diagnostic
support. This method provides important testing methods for the
prevention and treatment of upper respiratory tract diseases in cats,
as well as early differential diagnosis and timely next step treatment in
wild protected animals susceptible to infection with the virus. This
study further applies the combination of chemical materials and
animal disease detection reactions, and also confirms the widespread
application value of nanotechnology.
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Developing a multi-epitope
vaccine candidate to combat
porcine epidemic diarrhea virus
and porcine deltacoronavirus
co-infection by employing an
immunoinformatics approach

Wei Hou?, Hegiong Wu?, Wenting Wang?, Ruolan Wang?,
Wang Han?, Sibei Wang?, Bin Wang*? and Haidong Wang*

!College of Veterinary Medicine, Shanxi Agricultural University, Jinzhong, China, 2Single Molecule
Nanometry Laboratory (Sinmolab), Nanjing Agricultural University, Nanjing, China

Coinfection of porcine epidemicdiarrheavirus (PEDV)and porcine deltacoronavirus
(PDCoV) is common in pig farms, but there is currently no effective vaccine to
prevent this co-infection. In this study, we used immunoinformatics tools to design
a multi-epitope vaccine against PEDV and PDCoV co-infection. The epitopes
were screened through a filtering pipeline comprised of antigenic, immunogenic,
toxic, and allergenic properties. A new multi-epitope vaccine named rPPMEV,
comprising cytotoxic T lymphocyte-, helper T lymphocyte-, and B cell epitopes,
was constructed. To enhance immunogenicity, the TLR2 agonist Pam2Cys and
the TLR4 agonist RSO9 were added to rPPMEV. Molecular docking and dynamics
simulation were performed to reveal the stable interactions between rPPMEV and
TLR2 as well as TLR4. Additionally, the immune stimulation prediction indicated
that rPPMEV could stimulate T and B lymphocytes to induce a robust immune
response. Finally, to ensure the expression of the vaccine protein, the sequence
of rPPMEV was optimized and further performed in silico cloning. These studies
suggest that rPPMEV has the potential to be a vaccine candidate against PEDV
and PDCoV co-infection as well as a new strategy for interrupting the spread of
both viruses.

KEYWORDS

PEDV, PDCoV, vaccine, multi-epitope, immunoinformatics

1 Introduction

Currently, the alphacoronavirus porcine epidemic diarrhea virus (PEDV) and
deltacoronavirus porcine delta coronavirus (PDCoV) are two main swine enteric coronaviruses
(Koonpaew etal., 2019; Hou et al., 2023): the former can infect swine of all ages and cause watery
diarrhea, vomiting, and dehydration, and the latter causes acute diarrhea, vomiting, and
dehydration in neonatal piglets (Tang et al., 2021; Hou et al., 2023). Especially, the co-infection
of the two viruses, which both continue to emerge and reemerge worldwide, causing more severe
mortality and economic losses.
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To rapidly and efficiently prevent and control PEDV and PDCoV
co-infection, the vaccine is a valuable means (Trovato et al., 2020). As
a vaccine development route, the traditional methods are time-
consuming and labor-intensive (Nabel, 2002), and such vaccines often
contain large proteins or the entire organism, resulting in an
unnecessary antigenic load and increasing the likelihood of eliciting an
allergic reaction (Chauhan et al., 2019). These problems can be solved
by using peptide-based vaccines, which are made up of brief
immunogenic peptide fragments that can elicit highly targeted immune
responses, thereby reducing the likelihood of an allergic reaction. In
peptide-based vaccine development, effective screening and
immunogen design are major challenges since short peptides typically
have weak immunogenic effects due to their small molecular weights
(Sun et al.,, 2022). According to reported works, the coronavirus S
protein plays an important role in viral entry and virus-host interaction,
and it is the primary target for stimulating the host cell immune
response and inducing neutralizing antibodies (Sun et al., 2008; Li
et al,, 2021). Furthermore, it was also reported that the S proteins of
PEDV and PDCoV have good immunity and the potential for vaccine
development (Wang et al., 2016; Zhai et al., 2023). Therefore, the S
protein is the preferred region for immunogen screening and the
design of the PEDV and PDCoV vaccine. For immunogen screening,
the typical epitope screening is to insert a peptide with the target
epitope into the plasmid and verify the immune effect of the epitope
through large experiments (De Groot et al., 2001). Immunoinformatics
approaches, which can eliminate the need for time-consuming and
expensive manipulation as well as complex procedures, have emerged
as a crucial tool for epitope localization and are playing an increasingly
important role in epitope discovery as well as in successful vaccine
design (Khan et al,, 2018; Dong et al., 2020). Khan et al. (2021) used
immunoinformatics methods to design a universal multi-epitope
vaccine against SARS-CoV-2. Rowaiye et al. (2023) developed a
multiepitope vaccine candidate to curb the outbreaks of African swine
fever virus using the immunoinformatics. Therefore, these
immunoinformatics approaches can be employed for vaccine design
for the PEDV and PDCoV co-infection.

In this study, we employed immunoinformatic approaches to
predict and design a safe and effective multi-epitope candidate vaccine
derived from the S protein for prevalent PEDV and PDCoV variants.
The designed vaccine named rPPMEV comprises a range of predicted
epitopes, can interact with TLRs, and has the potential to stimulate T
and B lymphocytes to induce a strong immunological response. The
findings of this study provide a new vaccine candidate for the
prevention of PEDV and PDCoV co-infection.

2 Materials and methods

To predict and design a safe and effective multi-epitope candidate
vaccine for PEDV and PDCoV co-infection, procedures listed in
Figure 1 were implemented. In this section, these procedures are
briefly mentioned below.

2.1 Identification of target antigens
PEDV strains CH/HLJJS/2022, CH/HBXT/2018, and SXSL were
selected since they have been highly pathogenic in recent years (Zhang

etal, 2019; Liu et al,, 2022; Yao et al., 2023). The spike (S) glycoproteins
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UUT43943.1, AZ149329.1, and UWU45211.1 of these three PEDV
strains were selected as candidate antigens for epitope prediction due to
their significant usefulness in PEDV vaccines (Zhang et al., 2019, Liu
et al., 2022, Yao et al.,, 2023). In addition, PDCoV strains CH-HLJ-20,
HNZK-02, Swine/CHN/SC/2018/1, CHN/Sichuan/2019-MK993519.1,
and CHN-TS1-2019-MT663769.1 were selected for vaccine development
as these have been prevalent in recent years (Kong et al., 2022). The S
glycoproteins QZA57171.1, AXP32216.1, QCO76963.1, QGZ00525.1,
and QZX45753.1 of these five PDCoV strains were selected as preparatory
antigens because the S protein has good immunity for PDCoV vaccine
design (Zhai et al., 2023). The sequences of all S proteins were obtained
from the National Center for Biotechnology Information (NCBI)
database.!

2.2 Prediction of signal peptide

To determine whether the signal peptide is present in the
candidate antigen proteins, the signal peptide of the S protein was
predicted using SignalP-5.0 server® (Almagro Armenteros et al., 2019).
The following T and B cell epitope predictions all need to remove the
signal peptides.

2.3 Prediction of cytotoxic T lymphocyte
epitopes

The Immune Epitope Database (IEDB) server® was used to predict
cytotoxic T lymphocyte epitopes (CTLs) (Fleri et al., 2017). The
epitope length of 9 residues was used to predict the epitope through
45 common swine leukocyte antigen (SLA) class I molecules by
running the “IEDB-recommended” method. Then, the epitopes were
screened using a TAP score >1.0, an IC50 <500 nM, and a proteasome
score >1.0. The dominant epitopes, which simultaneously appeared in
at least three SLA-T alleles in each viral strain and had high antigenicity
(> 0.9 for PEDV, > 0.8 for PDCoV), were further predicted by using
VaxiJen v2.0." Finally, the common dominant epitopes of the PEDV
and PDCoV strains were used to construct the final vaccine.

2.4 Prediction of helper T lymphocyte
epitopes

The online server NetMHClIIpan 4.0° was used to predict helper
T lymphocyte epitopes (HTLs). A length of 15 amino acid residues
was used for epitope prediction through 27 high-frequency human
MHC II (HLA-II) alleles (Ros-Lucas et al., 2020). The threshold for
strongly binding peptides was set to its default value. The dominant
epitopes, which simultaneously appeared in at least three HLA-II
alleles in each viral strain and had high antigenicity (> 0.9 for PEDV,
> 0.5 for PDCoV), were further predicted by using VaxiJen v2.0.

https://www.ncbi.nlm.nih.gov/gene/
http://www.cbs.dtu.dk/services/SignalP/

https://www.iedb.org
http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html
https://services.healthtech.dtu.dk/service.php?NetMHCllpan-4.0
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FIGURE 1
The prediction procedures of the multi-epitope candidate vaccine for PEDV and PDCoV co-infection.

Finally, the common dominant epitopes of the PEDV and PDCoV
strains were used to construct the final vaccine.

2.5 Prediction of linear B cell epitopes

For the prediction of linear B cell epitopes (LBEs), the IEDB server
with the method of Bepipred Linear Epitope Prediction 2.0 at the default
threshold of 0.5 was used. Then, the predicted epitopes were screened
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using VaxiJen v2.0. Finally, the common epitopes with high antigenicity
(>0.9) of the PEDV or PDCoV strains were used for vaccine construction.

2.6 Construction of the multi-epitope
vaccine

The final subunit vaccine was constructed by sequentially
combining the generated peptide sequences with appropriate linkers.
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To improve the antigenicity and immunogenicity of the vaccine, the
toll-like receptor 4 (TLR4) agonist RS09 and the TLR2 agonist
dipalmitoyl-S-glycero-cysteine (Pam2Cys) were added to the
N-terminal and C-terminal via the EAAAK linker, respectively
(Jackson et al., 2004; Meza et al., 2017; Albutti, 2021). The CTLs,
HTLs, and B cell epitopes were joined by AAY, GPGPG, and KK,
respectively. In addition, the TAT sequence (11 aa) was added to its
carboxyl terminus to enhance the intracellular delivery of the vaccine
(Frankel and Pabo, 1988).

2.7 Antigenicity, allergenicity, and
physicochemical property analyses of the
multi-epitope vaccine

The antigenicity and allergenicity of the multi-epitope vaccine
were analyzed using the online software VaxiJen v2.0 and AllerTop v.
2.0,¢ respectively. The physicochemical characteristics of the multi-
epitope vaccine, such as its molecular weight, atomic composition,
theoretical isoelectric point (PI), half-life, stability, hydropathicity, and
other properties, were predicted using the online program Protparam.”

2.8 Prediction of the secondary and tertiary
structures of the multi-epitope vaccine

The secondary structure of the multi-epitope vaccine was
predicted using SOPMA online analysis software® (Deléage, 2017).
The initial tertiary structure was predicted by Robetta server’ (Baek
etal, 2021). After primary 3D modeling, the initial tertiary structure
was further optimized by GalaxyRefine server'® (Yu et al., 2022). Later,
the refined structure was validated using two online tools: SWISS-
MODEL workspace and ProSA-web.”? The SWISS-MODEL
workspace was used to evaluate the quality of protein by analyzing the
Ramachandran plot (Waterhouse et al., 2018). The ProSA-web was
used for protein validation by generating a z-score (Wiederstein and
Sippl, 2007).

2.9 Prediction of conformational B cell
epitopes

The conformational B cell epitopes (CBEs) of the multi-epitope
vaccine were predicted using the online software IEDB ElliPro tool"”
with the default parameters of a minimum score of 0.5 and a
maximum distance of 6 angstrom (Ponomarenko et al., 2008), and
visualized with PyMol.

6 http://www.ddg-pharmfac.net/AllerTOP

7 https://web.expasy.org/protparam/

8 https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html
9 https://robetta.bakerlab.org

10 http://galaxy.seoklab.org/

11 http://swissmodel/expasy.org/assess

12 https://prosa.services.came.sbg.ac.at/prosa.php

13 http://tools.iedb.org/ellipro/
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2.10 Molecular docking between the
multi-epitope vaccine and TLRs

The molecular docking between the vaccine construct and the
TLRs was performed using ClusPro server' (Kozakov et al., 2017).
The receptors were TLR2 (PDB ID: 6NIG) and TLR4 (PDB ID: 4G8A),
and the ligand was the multi-epitope vaccine. The PDB file of the
docking results was loaded into Ligplot and PyMol to analyze the
interaction interface residues.

2.11 Molecular dynamics simulation of the
docked complex

To understand any state changes in a given biological environment,
the molecular dynamics (MD) simulation was applied to the TLR2-
Vaccine and TLR4-Vaccine complexes using GROMACS (GROningen
MAchine for Chemical Simulations) (He et al., 2021). First, in all MD
simulations, the protein-ligand complex architecture was generated
using the AMBER99 force field. The protein was then solvated in a
cubic box of TIP3P waters (Grifoni et al., 2020), with a minimum
distance of 1.0nm (TLR2-Vaccine, TLR4-Vaccine) between the
protein and box edge (Ismail et al., 2020). The charged protein
complex was neutralized by the addition of ions using a genion tool
(Shukla et al., 2018). Additionally, the solvated electroneutral system
was relaxed through energy minimization in order to avoid steric
conflicts and inappropriate geometry. Then, 100 ps of NVT [substance
(N), volume (V), and temperature (T)] equilibration and 100 ps of
NPT [substance (N), pressure (P), and temperature (T)] equilibration
were used to acclimate the system without restrictions. After proper
minimizations and equilibrations, a productive MD run of 20 ns was
performed for all the complex systems, and the parameters, root mean
square deviation (RMSD) and root mean square fluctuation (RMSF),
which define the stability of the docked complex on simulation,
were computed.

2.12 Immune stimulation

To detect the immune response of the multi-epitope vaccine to the
host, the C-ImmSim server'” was used for the immune simulation
(Rapin et al,, 2010). The time steps were set at 1, 84, and 168 (one time
step corresponds to 8h). The number of simulation steps was set at
1,050 (Bhatnager et al., 2021). The other parameters were used as the
default simulation parameters.

2.13 Codon adaptation and in silico cloning

To achieve superior expression of recombinant protein, the codon
adaptation of the multi-epitope vaccine was performed by the online
tool Java Codon Adaptation Tool (JCat)'® (Grote et al., 2005).
Escherichia coli (Strain K12) was chosen to express the vaccine protein.

14  https://cluspro.bu.edu/login.php?redir/queue.php
15 http://kraken.iac.rm.cnr.it/C-IMMSIM/
16 https://www.jcat.de/
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The indicators, codon adaptation index (CAI) the ideal value is (1)
and percentage GC content (the ideal range is 30%-70%), were
analyzed (Puigbo et al., 2007). For in silico cloning of the vaccine
construct, pET28a (+) was selected as the vector. The codon-optimized
sequence of the vaccine was cloned into the vector through the Xhol
and BamHI restriction sites by SnapGene tool."”

3 Results and discussion

3.1 The acquisition of vaccine-candidate
antigens

Nowadays, the co-infection of PEDV and PDCoV, which both
continue to emerge and reemerge worldwide, causes massive
economic losses to the swine industry globally (Jiao et al., 2021). To
rapidly and efficiently prevent and control virus infection, the
development of vaccines has become imperative. In this study, we used
immunoinformatics to discover and design a multivalent epitope
vaccine to combat PEDV and PDCoV. The schematic procedure of the
multi-epitope selection and the final vaccine construction is shown in
Figure 2. The development of a new vaccine derived from a highly
virulent virus provides cross-protection against low-virulence virus
infection (Yao et al., 2023), and a vaccine developed from the strains
responsible for the current outbreak will be successful in preventing
viral infection (Rock, 2017; Borca et al., 2020; Moise et al., 2020). Thus,
the three highly pathogenic PEDV strains and five prevalent PDCoV
strains were selected for vaccine development. Furthermore, because
the S proteins of PEDV and PDCoV strains have strong
immunogenicity and the potential to generate vaccines (Wang et al.,
2016; Zhai et al., 2023), the S proteins were selected as the preparatory
antigens for immunogen screening and the design of a new PEDV and
PDCoV vaccine. The GeneBank accession numbers of the three PEDV
strains and five PDCoV strains, as well as the antigenicity of all S
proteins, are shown in Supplementary Table S1, and the amino acid
sequence of all S proteins is shown in Supplementary Data.

To prepare an epitope vaccine, obtaining the epitopes of the
relative antigen is the key point (Li et al., 2013). Firstly, to determine
whether these S proteins contain signal peptide regions, the signal
peptide was examined before the epitope prediction. The findings
reveal that the signal peptide sequence of PEDV is 1-18
(MKSLTYFWLLLPVLSTLS), while the signal peptide region of
PDCoV is 1-19 (MQRALLIMTLLCLVRAKFA)
(Supplementary Table S1). Then, to avoid specifying or inhibiting
protein localization, the signal peptide sequences were removed from
the epitope prediction of all S proteins (Mahmud et al., 2021).
Secondly, it was reported that cytotoxic T cells are important for
specific antigen recognition and the helper T cells are an essential
component of adaptive immunity, which function in activating B cells,
macrophages, and even cytotoxic T cells (Dimitrov et al., 2013; Gupta
et al., 2013), the two types of epitopes, CTLs and HTLs, of T cell
epitopes were predicted in this study. Furthermore, the B cell epitope
was also screened for the vaccine construct since it could trigger the
production of antigen-specific immunoglobulins, which are crucial

17 http://www.snapgene.com/
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components of adaptive immunity (Sarkar et al., 2022). After epitope
prediction, the inclusion criteria for immunodominant epitopes are
as follows: (1) the common dominant CTLs simultaneous appearance
in at least three SLA-I alleles of each PEDV strain or PDCoV strain
and with a high antigenicity score; (2) the common dominant HTLs
simultaneous appearance in at least three HLA-II alleles in each PEDV
strain or PDCoV strain and with a high antigenicity score; (3) the
common dominant LBEs simultaneous appearance in each PEDV or
PDCoV strain and with high antigenicity. Finally, 10 CTLs, 8 HTLs,
and 9 LBEs were chosen for constructing the new multi-epitope
vaccine rPPMEV (Supplementary Table S2). Then, according to the
reports, TLRs are constitutively expressed in innate immune cells and
play a vital role in viral recognition, leading to antiviral signaling
cascades. Specifically, cell membrane receptors TLR2 and TLR4 play
an important role in recognizing envelope glycoproteins (Kurt-Jones
et al., 2000; Boehme and Compton, 2004; Takeda and Akira, 2004;
Barton, 2007; Temeeyasen et al., 2018). To significantly improve the
immunogenicity and antigenicity of rPPMEV, the TLR2 agonist
Pam2Cys (FNNFTVSFWLRVPKVSASHLE) and TLR4 agonist RS-09
(APPHALS), which can trigger activation of TLR2 and TLR4
signaling, respectively (Jiang et al., 2023), were incorporated into the
vaccine design. Additionally, to conjugate and enhance expression
function and prevent the production of neo-epitopes, linker selection
is a significant concern in the development of multi-epitope vaccines
(Chenetal, 2013). The EAAAK linker, which can effectively separate
and decrease interaction between vaccines as well as increase the
thermal stability of the chimeric protein (Saadi et al., 2017), was used
to join the adjuvants RS-09 and Pam2Cys. The AAY, GPGPG, and KK
linkers were utilized to join the CTLs, HTLs, and B cell epitopes,
respectively. The TAT sequence was attached to the C-terminal of the
vaccine construct to enhance vaccine intercellular delivery. Finally, the
new multivalent vaccine, rPPMEV, which was designed using
immunoinformatics techniques, has a length of 439 amino acids, as
illustrated in Figure 3.

3.2 Allergenicity, antigenicity, and
physicochemical property analyses of
rPPMEV

To evaluate the safety of rPPMEV, an allergenicity analysis was
carried out using the AllerTop v. 2.0 server. The results show that
rPPMEYV and its closest protein (UniProtKB accession number
014514) are non-allergic. Moreover, the antigenicity analysis of
VaxiJen v2.0 reveals that rPPMEV exhibits strong antigenicity with
a score of 0.7241, which is above the threshold of 0.4. These results
demonstrate that rPPMEV is safe for administration to swine.
Additionally, the physicochemical properties of rPPMEV were also
analyzed, as the physical properties of proteins significantly affect
their immune function (Tkai, 1980). The finding shows that rPPMEV
6,617 total
C,154H3274N55,0627Ss, and a molecular weight of 47 KD, which can

has 439 amino acids, atoms, the formula
be easily purified since the molecular weight of the protein is less
than 110 KD (Barh et al., 2013). The theoretical pI of rPPMEYV is
9.39, and it includes 28 negatively charged residues and 46 positively
charged residues. The instability index of rPPMEV was calculated
to be 33.81 (a value below the threshold value of 40 means that the

protein is stable), indicating that rPPMEV should be stable upon
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PEDV and PDCoV strain identification (A), vaccine design (B), rPPMEV feature assessment (C), the interaction analysis of rPPMEV with TLR2 and TLR4
immune receptors (D), rPPMEV immunological characteristics analysis (E), and in silico cloning (F).
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FIGURE 3

The design and construction of rPPMEV. The rPPMEV contains 439 amino acids, and the components needed in rPPMEV construction are represented
in different colors.

expression in host systems. Furthermore, the aliphatic index of
rPPMEV is 68.54, and the Grand average of hydropathicity
(GRAVY) of rPPMEYV is-0.249 (the range of GRAVY is —2 to 2, a
negative value means that protein is hydrophilic) (Sha et al., 2020),
showing that rPPMEYV is hydrophilic.
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3.3 The prediction of rPPMEV secondary
and tertiary structure

An ideal peptide-based vaccination designed using

immunoinformatics techniques should trigger a strong immunological
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response without having any negative side effects (Tahir ul Qamar
etal, 2020; Shantier et al., 2022). The secondary structure determines
the stability of protein structure, which is essential for antigen
proteolysis, presentation, and activation of T and B cells (Scheiblhofer
et al., 2017), and the tertiary structure determines the molecular
recognition by the TCR (Greenbaum et al., 2007). As a result of
secondary prediction, there is 31.89% alpha helix, 25.06% extended
strand, 7.52% beta turn, and 35.54% random coil in rPPMEV, as
shown in Figure 4A. Among these regions, the naturally unfolding
protein regions and alpha-helical coiled coils, as basic types of
“structural antigens,” can induce antibody recognition after infection
(Corradin et al., 2007). Subsequently, the tertiary structure of the
vaccine was predicted using the Robetta server. There are five models
outputted in the result. The z-score was calculated on all models
through ProSA-web. The z-scores of models 1-5 are —7.43, —7.64,
—-6.92, -6.19, —6.59,
Supplementary Figure S1. Model 2 was selected as the initial model of
rPPMEYV (Figure 4B) since it has the highest quality with the lowest
z-score (Figure 4C). The Ramachandran plot shows that Model 2 has
91.53% favored region, 1.60% outlier region, and 0.00% rotamer

and respectively, as shown in

region (Figure 4D). To improve the structure quality and protein
stability, the initial model was refined by the GalaxyRefine server. As
aresult, five optimized 3D models are presented. The z-scores of these
optimized models 1-5 are —7.84, —7.69, —7.62, —7.93, and —7.66,
respectively (Supplementary Figure S2). Similar to the initial model
selection, the optimized Model 4 was adopted as the final tertiary
structure of rPPMEV (Figure 4E), which has the lowest z-score
(Figure 4F) and performs at 93.59%, 1.14%, and 1.16% in the favored,
outlier, and rotamer regions, respectively (Figure 4G).

3.4 Prediction of conformational B cell
epitopes

To predict CBEs, the rPPMEV was analyzed through the ElliPro
server. The results show that there are 238 residues, with values
ranging from 0.676 to 0.842, distributed across the eight B cell epitopes
in rPPMEV. The epitopes range from 11 to 77 amino acid residues, as
shown in Figure 5 and Supplementary Table S3.

3.5 Molecular docking between rPPMEV
and TLRs

To prevent and control viruses, the ability of vaccines to induce
a brisk and consistent immune response is critical. To achieve the
objective of the proposed work, it is necessary to design a vaccine that
can interact with the target immune cell receptors (Choudhury et al.,
2022). The TLRs are a class of essential protein molecules involved in
innate immunity as well as a link between nonspecific and specific
immunity (Takeda and Akira, 2004). TLR2 and TLR4 can recognize
viral structural glycoproteins, resulting in the production of
inflammatory cytokines (Choudhury et al., 2022). To evaluate the
interaction and binding consistency between rPPMEV and TLRs,
molecular docking was performed with the rPPMEV ligand and TLR2
as well as TLR4 receptors, respectively. The results show that there are
30 docking results of rPPMEV-TLR2 (Supplementary Table S4) and
rPPMEV-TLR4 (Supplementary Table S5), respectively. The
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conformation of the docked rPPMEV-TLR2 with the lowest
interaction energy (—1119.4kcal/mol) is shown in Figure 6A. The
interaction interface residues of this rPPMEV-TLR2 complex were
analyzed by PyMol in 3D and Ligplot in 2D, respectively. The findings
reveal that the complex subunits interact through one ionic bond and
11 hydrogen bonds, as illustrated in Figures 6B,C. Similar to the
rPPMEV-TLR2, the rPPMEV-TLR4 model was selected according to
its lowest energy weighted score (—1032.7 kcal/mol), as shown in
Figures 7A,D. The interaction interface residue analysis in 3D and 2D
formats reveal that there are 2 ionic bonds and 25 hydrogen bonds at
the docking interface of rPPMEV and the TLR4 Chain B, as shown
in Figures 7B,C, one hydrogen bond at the docking interface of
rPPMEV and the TLR4 Chain C, as shown in Figures 7EF, and 4
hydrogen bonds at the docking interface of rPPMEV and the TLR4
Chain D, as shown in Figures 7G,H. These results indicate that
rPPMEYV has excellent performance in tightly binding to TLR2 and
TLR4 to trigger a strong immune response.

3.6 Molecular dynamics simulations
between rPPMEV and TLRs

To evaluate the structural stability of the rPPMEV-TLR2 and
rPPMEV-TLR4 complexes, the MD simulation was conducted
using GROMACS. The results of MD simulations of the
rPPMEV-TLR2 and rPPMEV-TLR4 complexes are presented in
Figure 8. With 100 ps of the time interval, the temperatures of the
two simulation systems (rPPMEV-TLR2, rPPMEV-TLR4) are both
around 300K (Figures 8A,B), and the pressure of the two systems
is around 1.4 atmosphere (Figure 8C) and 0.75 atmospheres
(Figure 8D), respectively. These results indicate that the system is
stable, and the MD operation is successful. In addition, during a
20ns MD simulation, the RMSD value of the rPPMEV-TLR2
complex rises sharply to 0.4nm in 2ns and then remains at
0.43 nm (Figure 8E), while the RMSD value of the rPPMEV-TLR4
complex reveals a large fluctuation between 0 and 2 ns before being
constant around 0.5nm (Figure 8F). It was reported that the
RMSD of the ligand is considered to be fixed within 1 nm, stable
below 2 nm, and unstable above 2 nm during molecular docking
(Eweas et al., 2021). The RMSD results of rPPMEV-TLR2 and
rPPMEV-TLR4 are both less than 1 nm within 20 ns, indicating
that the interaction of the two complexes at the docking interface
is fixed. Furthermore, RMSF values demonstrate that the RMSF
profiles of most amino acid residues of the rPPMEV-TLR2
complex (Figure 8G) and the rPPMEV-TLR4 complex (Figure 8H)
are below 0.45nm, and only a few residues have significant
changes. These results prove that the two complexes have stability
and stiffness.

3.7 Immune simulation

Asan intracellular pathogen, cellular and humoral immunity induced
by vaccines is essential for killing and eliminating viruses. To evaluate the
immunological efficacy of rPPMEV, the immune stimulation of rPPMEV
was performed by the C-ImmSim Server. The results show that the
rPPMEYV can induce three peaks in antibody levels after three vaccine
doses, as shown in Figure 9A. The antibodies IgM +IgG, IgM, and IgG2
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FIGURE 4

The prediction of rPPMEV secondary and tertiary structure. (A) The prediction of rPPMEV secondary structure. The blue "h" represents the alpha helix,
the red "e" represents the extended strand, the green “t" represents the beta turn, and the yellow “c” represents the random coil. (B) The prediction of
rPPMEV initial tertiary structure. The alpha helix, extended strand, beta turn, and random coil are marked in the 3D model with the colors of red, cyan,
green, and gray, respectively. (C) The z-score of the rPPMEV initial tertiary structure. (D) The Ramachandran plots of the rPPMEV initial tertiary
structure. (E) The prediction of the rPPMEV final tertiary structure. In the 3D model, the “red,” “cyan,” “green,” and “gray” parts represent alpha helix,
extended strand, beta turn, and random coil, respectively. (F) The z-score of the rPPMEYV final tertiary structure. (G) The Ramachandran plots of the
rPPMEYV final tertiary structure.

are found in the primary immunization. Further, as immune responses  injections. These increasing levels of antibodies in the immune response
enhance, the levels of total IgM +1gG, IgM, and IgG1 +IgG2 antibodies  are mainly attributed to the increase in the total count of B-lymphocytes
elevate, indicating that antibody titers increase after the second and third ~ and T-lymphocytes. As shown in Figure 9B, the B cell population is highly
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FIGURE 5

The prediction of conformational B cell epitopes. (A) to (E) display the five CBEs of rPPMEV. The "yellow" regions are the predicted conformational

B cell epitopes of rPPMEV.
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The molecular docking of rPPMEV and TLR2. (A) The docked complexes of rPPMEV and TLR2 with the lowest interaction energy. (B) The interaction
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hydrogen bond, and the red dotted line represents the ionic bond.
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stimulated upon immunization. Apart from B-lymphocytes, rPPMEV
also induces the formation of three gradually rising peaks in the T helper
(TH) (Figure 9C) cell and active TH cell (Figure 9D) populations after
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three injections, respectively. Moreover, the active cytotoxic T lymphocyte
(TC cell) count sustains growth after each immunization (Figure 9E). In
the end, as shown in Figure 9F, the concentrations of IFN-y and IL-2 are
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The immune simulated response spectrum of rPPMEV in the C-ImmSim server. (A) The production of various types of antibodies after vaccination.
(B) The population of B cells after vaccination. (C) The population of helper T cells after vaccination. (D) The population of helper T cells in various
states. (E) The population of cytotoxic T cells in various states. (F) Secretion levels of cytokines after vaccination.
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both at high levels during each injection, indicating that rPPMEV may
have the ability to induce a sufficient immune response (Kar et al., 2020).

3.8 Codon optimization and in silico

cloning

To generate an appropriate plasmid construct harboring the

50.87, indicating that the protein of the vaccine has a high potential to
be well expressed in E. coli (Ali et al., 2017). Subsequently, the

improved sequence of 1,317 bases was cloned into the pET28a (+)
vector between the Xhol and BamHI restriction sites using Snap-Gene

software, as shown in

vaccine construct sequence, codon optimization was embarked upon,

as shown in Figure 10A. The results show that the improved sequence
has a codon adaptation index (CAI) value of 0.98 and a GC content of
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Figure 10B.

4 Conclusion

In summary, our study highlights a promising vaccine for PEDV
and PDCoV prevention. The vaccine has several advantages. (1) The
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peptides of the vaccine, derived from the S proteins with the good
immune activity of the current common PEDV and PDCoV strains,
have a more promising protective effect for the host in either the case
of the current epidemic PEDV or PDCoV infection alone or in the
case of co-infection than the original peptide molecules for the
prevention of PEDV or PDCoV alone. (2) The vaccine, which contains
multiple MHC epitopes, the TLR2 agonist Pam2Cys, and The TLR4
agonist RS-09, could target antigen-presenting cells to initiate innate
immune responses and provide high levels of either antibody
production or cytotoxic cellular response. (3) The vaccine has strong
immunogenicity, antigenicity, non-toxicity, and non-sensitization
properties. The physicochemical and immunological properties of the
vaccine are based on bioinformatics analysis. Although it was reported
that the vaccines designed by this method have been proven to
produce protective effects in vivo and some of them have entered the
clinical trial stage (Mahmud et al., 2021), the efficacy evaluation of the
vaccine rPPMEV still needs to be evaluated by in vivo and in vitro tests
to finally prove the efficacy of this vaccine.
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Introduction: Canine parvovirus-2 (CPV-2) is one of the most common infectious
diseases in dogs characterized by severe gastroenteritis, vomiting, and bloody
diarrhea. Little information is available about this topic in Egypt, particularly in the
Delta region. This study reports the prevalence and molecular analysis of CPV-2
variants collected from El-Gharbia and Kafrelsheikh governorates in the Delta of
Egypt.

Methods: In this study, 320 rectal swabs were collected from infected domestic
dogs from two districts in delta Egypt. The samples were investigated by rapid
immunochromatographic test and polymerase chain reaction for detection the
prevalence of CPV-2 variants. The genetic characterization was performed using
restriction fragment length polymorphism (RFLP) analysis and partial VP2 gene
sequence.

Results and discussion: The viral antigen was detected in (264/320, 82.5%) of
samples by IC test, while PCR was found more sensitive by detecting (272/320,
85%) positive samples. The RFLP technique using Mboll restriction enzyme was
successfully used for the differentiation of CPV-2c antigenic variants from CPV-
2a/2b strains. Interestingly, the molecular and phylogenetic analysis revealed that
both CPV-2a and CPV-2c are circulating in the study area. Deduced amino acid
sequence analysis showed changes at residue (N426E) and residue (T440A).: Our
results indicated that CPV-2 is prevalent among dogs in Egypt, and therefore
further molecular and epidemiological studies of CPV-2 are warranted.

KEYWORDS

canine parvovirus, PCR, RFLP, VP2 gene, Egypt
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1 Introduction

Canine parvovirus (CPV) is a highly infectious and fatal viral disease
of canines since the late 1970s. Despite intensive vaccination, the virus is
still a leading cause of acute gastroenteritis and canine mortality, especially
among non-immunized young puppies (Liu et al., 2017). Dogs of all ages
can get parvovirus, but puppies are more sensitive to the infection
showing clinical signs within 3-8 days, in the form of fever, hemorrhagic
gastroenteritis, vomiting, and bloody or watery diarrhea (Kim et al,
2017). Canine parvovirus is classified in the family of Parvoviridae,
Parvovirinae subfamily, and Protoparvovirus genus (Timurkan et al,
2019). It is a naked DNA virus containing a linear, negative single-
stranded genome of approximately 5.2kb in length. The viral DNA is
featured by two major open reading frames (ORFs). The first ORF
includes/encodes two non-structural proteins (namely NS1 and NS2) that
involve in virus multiplication, while the second one encodes the capsid
proteins (VP1 and VP2) (Saei et al., 2017).

It seems that the virus was a host mutant from the feline
panleukopenia virus in 1978 in the United States after point mutations in
few nucleotide in the VP2 gene, and consequently, the virus spreads
worldwide (Timurkan et al., 2019). It was first reported as CPV type-2
(CPV-2) to be differentiated from canine parvovirus type 1 (CPV-1)
which is non-pathogenic to canine species (Yip et al., 2020). A few years
after the emergence of the original strain, two antigenic variants of CPV-2
emerged and were classified as CPV-2a and CPV-2b and within few
months they had become the predominant types worldwide (Buonavoglia
et al, 2001). The VP2 is the main capsid protein expressing the main
antigenic determinants, and amino acid mutations in this protein have
important biological effects such as changes in the antigenic properties,
host range and viral pathogenicity (Zhou et al., 2017). Typing CPV-2
variants is mainly based on changes in amino acids in VP2 protein residue
426 (Asn in CPV-2a and CPV-2b besides Glu in CPV-2c), though other
specific amino acid alterations in VP2 residues have also been observed
(Buonavoglia et al., 2001).

The CPV2a and CPV2b variants are both circulating throughout
the world and can infect both dogs and cats, however, they exhibit a
low virulence in cats. In 1990, the novel variants with one amino acid
alteration (CPV2a297A) and (CPV2b297A) in the VP2 gene replaced
CPV2a and CPV2b (Charoenkul et al., 2019). The amino acid
substitution (Asp-426 Glu) in VP2 gene generated a new variant,
known as CPV-2c, that infects several canine breeds (Lambe et al,,
2016). This new variant initially emerged in Italy in 2000 but recently
has spread to other countries (Timurkan et al., 2019). This amino acid
change (D426E) of CPV-2c strain is caused by the change of (T — A)
in the third codon position at nt 4,062 +4,066, creating a Mboll
restriction site (GAAGA) which is unique to CPV-2¢ (Liu et al., 2017).
Therefore, these mutants (types 2¢) can be distinguished from the
other antigenic types (2a and 2b) by enzyme digestion using Mboll
enzyme (Timurkan et al., 2019). However, restriction fragment length
polymorphism (RFLP) analysis is not capable of differentiating
CPV-2b from CPV-2a, because both types are not digested by Mboll
(Buonavoglia et al., 2001). Diagnosis of CPV-2 based on clinical signs
is misleading since many other pathogens can cause similar symptoms
in dogs. Therefore, a clinical diagnosis should always be confirmed
with laboratory tests (Sun et al., 2019). A number of molecular assays
(gene amplification- based) have been applied for CPV-2 diagnosis,
such as PCR, real-time PCR, loop-mediated isothermal amplification,
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multiplex PCR, and RFLP (AL-Hosary, 2018). In Egypt, the virus was
initially recorded in 1982, in military police dogs (AL-Hosary, 2018).
Since then, it has been circulating among dog population in Egypt. In
2012, the presence of CPV2b in Egypt was confirmed by sequence
analysis and in 2014, serotypes 2b and 2c were detected among dog
population (Amthal, 2014). Genetic characterization was used in 2018
to identify genotypes 2a and 2b, with special emphasis on numerous
mutations in genotype 2b (Zaher et al., 2020). Another Egyptian study
revealed the predominance of CPV-2c strains among the collected dog
samples (Ndiana et al., 2022). At present, all variants (CPV-2a,
CPV-2b and CPV-2c¢) are reported in Egypt (AL-Hosary, 2018;
Soliman et al., 2018; El-Neshwy et al., 2019). Although several research
studies regarding the molecular characterization of CPV variants in
Egypt are present (AL-Hosary, 2018), for the best of our knowledge
no previous reports were conducted on El-Gharbeya and Kafrelsheikh
governorates in the Delta of Egypt Clearly, further studies are needed
to highlight the different CPV-2 variants circulating in Egypt in Nile
Delta region. The present study was designed to perform molecular
characterization of CPV-2 variants from clinically infected dogs in the
El-Gharbia and Kafrelsheikh governorates, using PCR and RFLP
followed by VP2 sequencing.

2 Materials and methods
2.1 Ethical considerations

The study was performed according to the regulating rules of
Institutional Review Board of Faculty of Veterinary Medicine,
Kafrelsheikh University, Egypt (IRB number KFS-2019/09).

2.2 Study area and sampling

A total of 320 rectal swabs were collected from private veterinary
clinics in El-Gharbia, and Kafrelsheikh governorates (Delta of Egypt)
during the period from September 2019 to January 2021 from
clinically infected domestic dogs showing fever, bloody diarrhea,
dehydration and vomiting with history of previous vaccination in
some dogs. The studied area, El-Gharbia and Kafrelsheikh
governorates are based in the middle of the Delta of Egypt. The data
of each puppy regarding age, breed, sex and clinical signs are recorded
in Table 1. Samples were collected by licensed veterinarians following
obtaining informed consent from the animals’ owners.

Rectal swabs were immersed in labeled tubes containing sterile
phosphate-buffer saline (PBS) with 10% of antibiotic solution and
centrifuged at 12.000 rpm (10 min). The supernatant fluids were then
collected and kept at —80°C until processing.

2.3 Rapid Immunochromatic test for CPV
antigen detection

All rectal swabs were tested by CPV rapid Ag detection kits
(APETCARE) (China) as per manufacturer’s instructions. Briefly,
fecal samples were collected from dogs using rectal swabs. The swabs
were then introduced into the specimen tube containing 1 mL of assay
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TABLE 1 Details of examined puppies (breed, age, sex, clinical signs and vaccination status).

10.3389/fmicb.2023.1254060

Number of Age (months) Vomit/ Vaccination status PCR(-)
samples diarrhea samples
10 Griffon 3 Male Severe Not vaccinated +
4 Husky 35 Female Severe Not vaccinated -
8 Pit bull 3 Female Moderate Vaccinated +
12 Pit bull 2 Male Severe Unknown -
2 G. Shepherd* 3 Female Mild Vaccinated +
6 Golden 6 Female Moderate Vaccinated +
4 Pit bull 4 Male Moderate Vaccinated +
6 G. Shepherd 4 Male Mild Vaccinated +
8 G. Shepherd 2 Male Severe Unknown +
4 Pit Bull 4 Male Mild Vaccinated +
10 G. Shepherd 2.5 Female Moderate Not vaccinated -
10 G. Shepherd 25 Male Severe Not vaccinated +
12 G. Shepherd 2.5 Female Severe Vaccinated -
10 Griffon 12 Female Mild Vaccinated +
12 G. Shepherd 3 Female Moderate Not vaccinated +
4 Pit Bull 6 Male Moderate Vaccinated -
10 Golden 3.5 Male Mild Vaccinated +
10 Pikinwa 12 Male Mild Vaccinated +
8 Boxer 2 Male Severe Not vaccinated -
10 Pit bull 3 Male Moderate Unknown —
4 Pit Bull 2 Male Severe Vaccinated +
6 Golden 2 Female Severe Vaccinated +
8 Pit Bull 3 Female Severe Vaccinated +
4 Pit Bull 2 Male Moderate Not vaccinated +
2 G. Shepherd 25 Male Severe Vaccinated -
10 G. Shepherd 25 Female Severe Vaccinated +
14 G. Shepherd 3 Male Severe Vaccinated +
4 Pit Bull 25 Male Severe Not vaccinated +
6 Pikinwa 3 Male Severe Vaccinated -
4 Pit Bull 3 Female Severe Not vaccinated +
8 Pit Bull 6 Male Moderate Vaccinated +
2 G. Shepherd 4 Male Severe Unknown +
8 G. Shepherd 3 Female Severe Not vaccinated -
10 Golden 12 Male Moderate Vaccinated +
10 Golden 4 Male Mild Vaccinated -
14 Boxer 35 Female Severe Unknown +
8 Boxer 2 Male Moderate Not vaccinated +
14 G. Shepherd 6 Male Moderate Not vaccinated +
6 G. Shepherd 8 Female Severe Not vaccinated +
16 Golden 6 Male Severe Unknown -

G. Shepherd* = German shepherd.
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TABLE 2 Oligonucleotide primers used for amplification of VP2 gene of suspected CPV infected field cases.

Reference

Length of

amplified fragment

583bp Buonavoglia et al. (2001)

Primer Oligonucleotide sequence
Forward 5" CAGGAAGATATCCAGAAGGA 3’ VP2 gene
Reverse 5GGTGCTAGTTGATATGTAATAAACA 3

diluent. The samples were mixed with the diluent and applied into the
sample hole of the device of the test strip. Positive results are indicated
by a visible T band in the corresponding testing window.

2.4 DNA extraction

The Viral genomic DNA was extracted from 300 pL of rectal swab
suspensions using Gene Jet Viral DNA/RNA Extraction Kit
(ThermoFisher Scientific, United States) as per the manufacturer’s
protocol then the purified DNA was preserved at —20°C till used.

2.5 PCR amplification of VP2 gene

The PCR was conducted in 25pL volumes, consisting of
12.5pL of 2X PCR Master Mix (ThermoFisher Scientific, USA),
1 pL of forward and reverse primers, 5uL of DNA, and 5.5 pL of
PCR grade water. PCR was conducted in an Applied biosystem
2,720 thermal cycler using 2 sets of primers which amplify a
583bp of the VP2 gene. DNA was amplified using primers
described elsewhere (Buonavoglia et al., 2001) (Table 2). The PCR
cycle condition comprised an initial denaturation step at 94°C for
5min, followed by denaturation at 95°C for 30s, annealing at
55°C /2 min and extension at 70°C/2 min (35 cycles), and a cycle
of final extension at 72°C for 5 min. Regarding the positive control
samples, DNA was extracted from a lyophilized Vanguard Plus
CPV vaccine (Pfizer), while the negative control tube included
only primers and nuclease free water to reach the final volume.
Visualization of the resulting amplified PCR products was
performed using 1.5% agarose gel electrophoresis and amplicons’
size was estimated using the 100 bp DNA marker (ThermoFisher
Scientific, US). PCR -positive products were purified with
purification kit (Thermo Fisher, United States) as per the
manufacturer’s protocol”

2.6 Restriction fragment length
polymorphism analysis

This step was carried out by digestion of purified amplicons with
5units of the Mbo II restriction enzyme (Fast Digest, ThermoFisher
Scientific, USA) following the manufacturer’s instructions. Briefly,
10pL of DNA, 1pL of restriction Enzyme, 2 uL of green buffer and
17 pL of nuclease free water were mixed and incubated at 37°C in a
heat block (5min). Then, the enzyme was inactivated by heating at
65°C for 5min. The cleavage manner of the amplicons was detected
on 2% agarose gel.
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2.7 DNA sequencing and phylogenetic
analysis

QIAquick PCR product extraction kit (Qiagen, Valencia) was used
to purify amplicons of the CPV-2 VP2 gene of four selected isolates
based on different geographical areas. Using the same PCR primers,
isolates were sequenced by BigDye Terminator V3.1 cycle sequencing
kit using an Applied Biosystems 3,130 genetic analyzer (ABI, USA).
The resulting sequence data were then submitted and deposited in the
GenBank databases under the following accession numbers
MW544032 (CPV/Egy1/2021), MW544033 (CPV/Egy2/2021),
MW544034 (CPV/Egy3/2021), and MW544031 (CPV/Egy4/2021).
The VP2 gene’s identity to GenBank accessions was established using
blast analyses (BLASTn).! By using the CLUSTAL W Multiple
Sequence Alignment tool of the MEGA X software, the nucleotide
sequences were then aligned and compared with other CPV reference
strains accessible in the GenBank database, and then translated into
amino acid sequences. MEGA X software was used for phylogenetic
the 1,000
bootstrap repetitions.

analyses using neighbor-joining method and

2.8 Sequence retrieval and alignment

In this study, sequence retrieval and alignment of canine
parvovirus VP2 sequences were performed using the CLC Genomics
Software. The primary objective was to align these sequences with the
wild-type reference sequence (NP_955539.1). The alignment process
facilitated the identification of conserved regions and potential
mutations, shedding light on the genetic diversity and possible
implications for virulence and vaccine development (Figure 1).

2.9 Molecular modelling

To determine the functional importance of the mutated residues
in the retrieved sequences, requests for building 3D molecular models
were submitted to the SWISSMODEL server (Waterhouse et al., 2018).
The model building and quality were assessed by GMQE and
QMEANDIsCo Global score (Studer et al., 2020). To evaluate the
influence of mutations on the collective binding potency amid
interactions among VP2 protein monomers, computations were
carried out to gauge both the binding efficacy and the dissociation
constant (Kd). The analysis was performed at “Predicting the change
in proteins binding affinity” tool (PANDA) (Abbasi et al., 2021).

1 http://www.ncbi.nlm.nih.gov/

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1254060
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://www.ncbi.nlm.nih.gov/

Magouz et al.

10.3389/fmicb.2023.1254060

20
|

40
|

WT
MW544031-1
MW544032-1
MW544033-1
MW544034-1

WT
MW544031-1
MW544032-1
MW544033-1
MW544034-1

WT
MW544031-1
MW544032-1
MW544033-1
MW544034-1

YPEGDWIQN INFNLPVTNDNVLLPTDP IGGKTGINYTN IFNTYGPLTALNNVP
YPEGDWIQN INFNLPVTEDNVLLPTDP IGGKTGINYTN IFNTYGPLTALNNVP
YPEGDWIQN INFNLPVTNDNVLLPTDP IGGKAGINYTN IFNTYGPLTALNNVP
YPEGDWIQN INFNLPVTEDNVLLPTDP IGGKTGINYTN IFNTYGPLTALNNVP
YPEGDWIQN INFNLPVTNDNVLLPTDP IGGKAGINYTN IFNTYGPLTALNNVP

60 80 100
| | |

PVYPNGQ IWDKEFDTDLKPRLHVNAPFVCQNNCPGQLFVKVAPNLTNEYDPDA
PVYPNGQ IWDKEFDTDLKPRLHVNAPFVCQNNCPGQLFVKVAPNLTNEYDPDA
PVYPNGQ IWDKEFDTDLKPRLHVNAPFVCQNNCPGQLFVKVAPNLTNEYDPDA
PVYPNGQ IWDKEFDTDLKPRLHVNAPFVCQNNCPGQLFVKVAPNLTNEYDPDA
PVYPNGQ IWDKEFDTDLKPRLHVNAPFVCQNNCPGQLFVKVAPNLTNEYDPDA

120 140
| |

SANMSR IVTYSDFWWKGKLVFKAKLRASHTWNP IQQMS INVDNQFNYVPSN IG
SANMSR IVTYSDFWWKGKLVFKAKLRASHTWNP IQQMS INVDNQFNYVPSN IG
SANMSR IVTYSDFWWKGKLVFKAKLRASHTWNP IQQMS INVDNQFNYVPSN IG
SANMSRIVTYSDFWWKGKLVFKAKLRASHTWNP IQQMS INVDNQFNYVPSN IG
SANMSR IVTYSDFWWKGKLVFKAKLRASHTWNP IQQMS INVDNQFNYVPSN IG

53
53
53
53
53

106
106
106
106
106

159
159
159
159
159

160
|

GMKIVYEKSQLAPRKLY
GMKIVYEKSQLAPRKLY
GMKIVYEKSQLAPRKLY
GMKIVYEKSQLAPRKLY
GMKIVYEKSQLAPRKLY

WT
MW544031-1
MW544032-1
MW544033-1
MW544034-1

176
176
176
176
176

FIGURE 1

performed by CLC genomic software.

Multiple sequence alignment of the retrieved canine parvovirus VP2 proteins with the reference sequence (NP_955539.1). The alignment was

2.10 Prediction of changes in canine capsid
VP2 protein antigenicity

Molecular modeling investigations indicated that the predicted
mutations are situated on the outer aspects of the capsid VP2 viral
protein and are accessible to the surrounding liquid. This could
potentially alter the immune recognition properties or antigenicity of
the canine VP2 protein. Inquiries to assess the antigenicity of both the
original and altered versions of the VP2 protein were submitted to the
VaxiJen server (Doytchinova and Flower, 2007).

3 Results

3.1 Clinical manifestations and CPV antigen
detection

In the present study, 320 clinically suspected CPV-2 infected
puppies were clinically investigated in private veterinary clinics
for pet animals in El-Gharbia and Kafrelsheikh provinces. The
animals showed clinical signs ranging from mild to severe
(Table 1). Out of 320 examined rectal swabs, 264/320 were found
positive for CPV antigen by rapid IC test. The infection rate was
higher in dogs aged less than 6 months (224/272) (82.3%) while
dogs in the aged group of 6-12 months exhibit a lower infection
rate (48/272) (17.6%). The German shepherd breed was found to
be the most predisposed breed in this study (112/272) followed by
Pit bull (72/272), Golden (40/272), Pikinwa (16/272) Boxer
(24/272), Griffon (8/272).

Frontiers in Microbiology

3.2 PCR ampilification of CPV-2 VP2 gene

Using conventional PCR, 85% (272/320) of samples were
identified as positive by successful amplification a 583 bp of VP2 gene.

3.3 RFLP characterization for CPV strains

Restriction Fragment Length Polymorphism was performed
successfully on 272 PCR-positive samples. The RFLP analysis of 272
samples classified 69 samples as CPV-2c strains by digestion of the
purified DNA fragments into 500 bp and 83 bp fragments while the
other 203 samples remained undigested indicating that they belong to
CPV -2a/b strains.

3.4 Sequence alignment and phylogenetic
analysis

Pairwise statistical analysis of the sequences indicated that there
were from 0 to 2 substitutions of amino acids, suggesting a sequence
identity ranging from 99.43 to 100% (Figure 2). Analysis of the
nucleotide and deduced amino acid sequences showed changes at
position 1,278-1,280 resulting in (Asn — Glu) amino acid change at
residue 426 (N426E) of the VP2 in strains CPV/Egy2/2021 and CPV/
Egy4/2021 which is CPV-2c specific. Another amino acid substitution
at residue 440 (Thr — Ala) (T440A) was observed in strains CPV/
Egy1/2021 and CPV/Egy3/2021 compared to the reference strain
(accession number AAB02800.1) (Figure 3). The Phylogenetic analysis
showed that the resulting CPV VP2 partial sequences belonged to two
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FIGURE 2
Pairwise comparison of the retrieved canine parvovirus VP2 proteins with the reference sequence (NP_955539.1). The upper right diagonal panel is the
number of amino acid differences. The lower left diagonal panel is the identity%.
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residue 426 and 440 in partial VP2 gene. Dots indicate identical letters.
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Deduced amino acid sequence alignment of CPV/Egy1/2021, CPV/Egy2/2021, CPV/Egy3/2021 and CPV/Egy4/2021 showing amino acid substitution at

different clades CPV-2a and CPV-2c. The strains CPV/Egy1/2021 and
CPV/Egy3/2021 were clustered in the CPV-2a clade with 99.4-100%
identity to other Egyptian and non-Egyptian (China, Korea, Thailand)
strains. Whereas, strains CPV/Egy2/2021 and CPV/Egy4/2021 were
clustered in CPV-2c clade with 99.6-100% identity to other Egyptian
and non -Egyptian (Taiwan/Vietnam/China/Nigeria) strains. In
addition, a comparison of the current 4 Egyptian CPV sequences to
the commercially used vaccine strains CPV Pfizer (FJ197847.1) and
VAC Schering quantum (GU212792.1) proved that the vaccinal
strains were from a different branch (Figure 4).

3.5 Molecular modeling studies

The VP2 protein structures of the sequenced hits were generated
using the SWISSMODEL website (Figures 5A, B). All the sequences
exhibited the closest resemblance to the canine parvovirus capsid VP2
protein structure with the PDB ID 1P5Y, determined at a resolution
of 3.20A. The percentage of similarity in sequence between the
reference and obtained sequences was 98.86%, with a complete
coverage of 100%. The structural analysis demonstrated that neither
of the mutants, N426E and T440A, have binding sites at the interface
of capsid proteins; instead, they are both oriented toward the solvent
(Figure 5A). For deeper understanding of the impact of mutations on
the overall binding strength among VP2 protein monomer
interactions, calculations were performed to assess the binding energy
and the dissociation constant (Kd). Results showed that both
mutations induced a decrease in the binding energy of
AAG=-2.026 kcal/mol and in Kd by 0.033. This indicates stronger
binding of VP2 monomers in the mutant forms. This might contribute
to more stabilized capsid in the mutant forms of the virus.
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3.6 Predicted changes in antigenicity

Table 3 provides a summary of changes in the antigenicity of the
canine parvovirus capsid VP2 protein across different variants.
Antigenic probability values have been calculated, along with
corresponding antigenic scores, for each protein. The antigenic
probability values range from 0.5390 to 0.5513, indicating the
likelihood of these variants to be recognized by the immune system.
The antigenic scores mirror these probabilities and suggest a consistent
antigenic nature among the listed variants. The “Antigenic probability”
column seems to indicate the likelihood of a protein to trigger an
immune response. The values for all variants fall within a relatively
close range, suggesting that these proteins share similar potential for
antigenicity. However, the mutants has a little bit lower antigenicity
score, which might indicate that the mutants might escape the
immune reaction and hold possible immune resistance.

4 Discussion

Canine parvovirus is a serious infectious viral disease, which
attacks puppies during the first few months of their lives. Clinical
diagnosis of CPV infection seems very difficult since vomiting and
diarrhea are similar to other enteric diseases (Parthiban et al., 2012).
In the current study, the identification and molecular characterization
of CPV-2 from rectal swabs collected from diseased dogs were done
using IC, PCR and RFLP followed by VP2 sequencing and
phylogenetic analysis. The infection rate was higher in dogs aged less
than 6 months which is in accordance with the hypothesis that
maternal antibodies are transmitted via colostrum, protecting the
young puppies against infectious diseases (Sharma et al., 2018). In
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contrast, a previous work (Phukan et al., 2010) recorded the highest
infection rate among dogs aging 6-12 months suggesting that it may
be due to vaccination failure. Regarding breed disposition, the
German shepherd breed was found to be the most predisposed breed
in this study followed by Pit bull, Golden Pikinwa, Boxer and Griffon.
This came in agreement with previous studies which reported that Pit
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bull and German shepherd are more susceptible to be infected with
CPV-2 than other dog breeds (AL-Hosary, 2018; Elbaz et al., 2021).
The immunochromatographic assay is a simple, inexpensive, and
rapid CPV diagnostic method available in veterinary clinic practice.
It was able to detect (264/272) (82.5%) of infected cases. Meanwhile,
PCR technology seems more sensitive than IC for the detection of
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FIGURE 5
Molecular modeling studies and 3D model generation. (A) The obtained structure model of the retrieved sequences shows the site of mutations (blue
arrow). The structure comprises 60 replicates of VP2 protein. (B) Insight into the site of mutation showing the N426E and T440A mutants. The
backbone of alanine and asparagine are displayed in green. The structure of glutamate and threonine is colored by atoms.

TABLE 3 The changes in canine parvovirus capsid VP2 protein
antigenicity.

Protein Antigenic Antigenic score
probability

Wild type Antigenic 0.5513

MW544031 Antigenic 0.5390

MW544032 Antigenic 0.5390

MW544033 Antigenic 0.5441

MW544034 Antigenic 0.5441

CPV-2, as it was able to detect 272/320 (85%) of infected cases based
on the amplification of a highly conserved region of the VP2 gene,
which is similar to previous research at the national level (Elbaz et al.,
2021). Previous study revealed that negative IC test results do not
exclude CPV-2 infection, but positive IC test result always indicates
CPV-2 infection (Kantere et al., 2015). The high rate of PCR-positive
samples (85%) suggests that CPV2 plays a significant role in producing
diarrhea in puppies in Egypt, as previously documented (Zaghawa
and Abualkhier, 2019; Sayed-Ahmed et al., 2020). In the present study,
many animals were unvaccinated which enforces the need to increase
vaccination efforts to decrease CPV-2 prevalence. However, CPV-2
negative results suggested that other contributing factors may
be associated with severe diarrhea, which needs more investigation
(Castillo et al., 2020). Mutation of the VP2 is critical in CPV evolution
playing a significant role in the differentiation of CPV-2 variants.
Molecular and sequence analysis of the VP2 gene of CPV-2 is the gold
standard for identifying CPV-2 strains and provides crucial
information on the circulating viruses in the study area and their
relationship with other worldwide circulating strains (Hoang
etal., 2019).

The RFLP approach with the Mboll restriction enzyme was
utilized successfully to differentiate CPV-2 variants (Moon et al.,

Frontiers in Microbiology

2020). The nucleotide variation of strains CPV/Egy2/2021 and CPV/
Egy4/2021 created an Mboll restriction site (GAAGA) unique to
CPV-2¢, and so it was possible to distinguish these genotypes from the
CPV-2a/2b by simple digestion of the 583 bp amplicon that yielded
two fragments of about 500 and 80bp in size. This is similar to a
previous work (Buonavoglia et al, 2001) that found that the
PCR-RFLP assay with enzyme Mboll can only detect CPV-2¢
genotypes. Other studies revealed that the PCR-RFLP test had a 100%
typeability, while that of the southern blot test was only (75%) (Smith
etal,, 2002). On the other hand, this work is inconsistent with previous
research (Castro et al., 2011) which reported that CPV-2a can display
the same RFLP results as CPV 2c, suggesting that MbolI-based RFLP
analysis is a defective technique. On the other hand, a previous study
(Timurkan et al., 2019) showed that CPV 2a/2b are not digested with
Mboll enzyme and consequently are indistinguishable, suggesting the
importance of sequence analysis to definitively characterize these
strains by indicating the amino acid residues (Timurkan et al., 2019).
Therefore, to obtain precise results in the molecular typing of CPV-2
variants, future research must involve both sequencing and RFLP
analysis (Castro et al., 2011).

Reviewing the previous studies, there are molecular
characterization studies of CPV341 2 in Egypt. A lower prevalence of
parvovirus (43% using PCR) (35% using IC test) was detected in an
Egyptian study included three provinces (Cairo, Sohag and Assiut)
(Abdel-Baky et al.,, 2023). Others (Zaher et al., 2020) also reported a
lower prevalence of CPV-2 (40%) by rapid Ag Test Kit. In a study
among 3,864 diseased dogs in Egypt, parvovirus infection was the
major cause of diarrhea and vomiting (Rakha et al., 2015) The presence
of CPV-2b has been reported by (Awad et al., 2019), while other study
(AL-Hosary, 2018) revealed the close antigenic relationship of CPV-2a
with Chinese serotypes suggested that this serotype may be introduced
from China to Egypt. While (Awad et al., 2018) reported Parvovirus
isolates which were 100% related to Portugalian isolates. Serotypes

CPV-2b/2c were reported by Elbaz et al. (2021) and CPV- 2a and
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CPV- 2b were also reported in previous Egyptian studies (AL-Hosary,
2018; Soliman et al., 2018; El-Neshwy et al., 2019). At present (Zaghawa
and Abualkhier, 2019) recorded that the three variants are circulating
in dog population in Egypt. In this study, nucleotide sequencing of four
selected samples showed that they belong to CPV-2 type 2a and 2c.
The exposed region that comprises amino acids 267-498 of the
VP2 protein is identified as the large GH loop which shows the greatest
variability among CPV variants exhibiting the main antigenic site
which manages tissue tropism, host range and antigenicity of virions
by interlinkage with cell transferrin receptors (TfR). Numerous studies
reported that TfR have a significant role in the host cell susceptibility
to CPV 2 infection. Replacement of amino acids of the 3 fold residues
may also interfere with the neutralization of virus by monoclonal
antibodies (Fagbohun and Omobowale, 2018). Since the appearance of
the new viral strains, research about mutations of their amino acid has
been ongoing (Hao et al., 2020). By continuous tracking of these point
mutations, the emergence of new sublineages can be expected before
significant changes in amino acids take place (Jantafong et al., 2022).
These mutations aid in capsid stability, enhanced receptor-binding
capability, resulting in wide host range, and increased the pathogenicity
of the new viruses (Ndiana et al., 2022). Here, amino acid substitutions
in the VP2 were detected at residue 426 in samples CPV/Egy2/2021
and CPV/Egy4/2021 (N426E) confirming the CPV-2c genotype. This
amino acid substitution tendency of (N426E) (CPV-2c¢ carrying a Glu)
on residue 426 of VP2 was first detected in 2000 in Italy (Jantafong
et al,, 2022). This mutation has been also emphasized by Elbaz et al.
(2021) who confirmed that the main residue to distinguish between the
three strains was residue 426. Changing an asparagine (N) to glutamine
(E) in a protein can have significant ramifications for its arrangement,
operation, and interactions. Asparagine is an uncharged, polar amino
acid featuring an amide side chain, while glutamine, also polar, and
bears a negative charge because of its carboxylic acid side chain
(illustrated in Figure 5B). The shift from a neutral side chain (Asn) to
a negatively charged one (Glu) could introduce repulsions or attractions
with adjacent residues due to electrostatic forces. This alteration might
induce modifications in local structural components like a-helices and
f-sheets. The difference in size between the two side chains might cause
clashes or create novel chances for interactions within the protein’s
three-dimensional structure. The negative charge of glutamine could
establish fresh interactions or disrupt existing ones, potentially
influencing the protein’s operation. Another amino acid mutation at
residue 440 (T440A) in CPV-2a strains (CPV/Egy1/2021 and CPV/
Egy3/2021) were also detected in this study. This residue which
represents at the top of the threefold spike was also recorded as the
major viral antigenic site and that high rates of this substitution are
associated with the emerging of new CPV 2 variants (Capozza et al.,
2023). This was similar to previous research (Timurkan et al., 2019)
reported that (T440A) mutations have emerged probably as a result of
antigenic drift of the viral genome leading to positive selection to
improve escaping from the immune system suggesting that these
modifications could lower vaccine efficacy and/or expand the
pathogenicity of CPV-2 variants. This amino acid T440A mutation in
CPV-2a strains has also observed in Italy (Dei Giudici et al., 2017),
Taiwan (Chiang et al., 2016), and Korea (Yoon et al., 2009). While a
previous study (Dei Giudici et al., 2017) has reported this mutation also
in CPV-2b and CPV-2c strains. The mutation of threonine to alanine
(depicted in Figure 5B) can yield varied outcomes based on the protein,
its particular function, and the nearby conditions. Threonine (T), a
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polar amino acid, has a hydroxyl (-OH) group in its side chain. It is
comparatively larger and bulkier than alanine (A), a nonpolar amino
acid with a simple methyl group in its side chain. The hydroxyl group
in threonine often engages in hydrogen bonding interactions. In
contrast, alanine lacks a hydroxyl group and usually avoids hydrogen
bonding interactions. It is commonly known for promoting helix
formation due to its compact side chain. Substituting threonine (polar)
with alanine (nonpolar) could lead to shifts in the local hydrophobic
properties of the protein segment where the alteration happens. If
threonine participated in hydrogen bonding interactions, the mutation
could disturb those connections, potentially impacting the protein’s
stability and folding. On the other hand, deduced amino acid alignment
showed some unique mutations (S542L, H543Q, Q549H, and N557T)
in the CPV-2 ¢ serotype which were not detected in the present study.

5 Conclusion

A molecular survey of CPV-2 in domestic dogs was carried out in
two governorates at the Delta region of Egypt. Results revealed that
both CPV-2a and CPV-2c are obviously circulating in the study area.
Deduced amino acid sequence analysis showed changes at residue
(N426E) and residue (T440A). Continuous and periodical monitoring
and molecular detection of CPV-2 variants should be further explored
on a large scale investigations to determine the dynamics of the
prevalent variants in contributing pathogenicity, host range, vaccine
failure, and even the sensitivity of diagnostic tests. These data will
facilitate early and proper diagnosis of the disease and aid in the
development of different strategies for future vaccination.
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Introduction: The detection of African swine fever virus (ASFV) is commonly
performed using quantitative real-time PCR (gqPCR), a widely used virological
method known for its high sensitivity and specificity. However, gPCR has a
limitation in distinguishing between infectious and inactivated virus, which can
lead to an overestimation of viral targets.

Methods: To provide insights into ASFV infectivity, we evaluated the suitability
of PMAXxx, an improved version of propidium monoazide (PMA), as a means to
differentiate between infectious and non-infectious ASFV. Pre-treatment with
50 wuM PMAxx for 15 min significantly reduced the gPCR signal of ASFV in
the live vaccine. Additionally, thermal treatment at 85°C for 5 min effectively
inactivated the live ASFV in the vaccine. Based on a standard curve, the sensitivity
of the PMAxx-gPCR assay was estimated to be approximately 10 copies/uL.
Furthermore, we observed a strong agreement between the results obtained
from PMAxx-gPCR and pig challenge experiments. Moreover, we utilized the
PMAxx-gPCR assay to investigate the persistence of ASFV, revealing a close
relationship between viral persistence and factors such as temperature and type
of piggery materials.

Conclusion: The findings of this study suggest that pre-treating viruses
with PMAxx prior to gqPCR is a reliable method for distinguishing between
infectious and non-infectious ASFV. Thus, integrating of PMAxx-gPCR into
routine diagnostic protocols holds potential for improving the interpretation of
positive ASFV results obtained through gPCR.

KEYWORDS

African swine fever virus, propidium monoazide, quantitative PCR, viability, persistence

Introduction

African swine fever (ASF) is a devastating disease that affects domestic pigs and wild
boars. ASF outbreaks are currently occurring in Africa, Eastern Europe and Asia, causing
significant economic losses globally (Costard et al., 2009; Norbert Mwiine et al., 2019). The
African swine fever virus (ASFV), the pathogen responsible for ASE, is the sole member
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of the Asfarviridae family. It has a double-stranded DNA genome
of approximately 180-190 kb and encodes over 150 open reading
frames (ORFs) (Dixon et al, 2013). ASFV can survive in
the environment for extended periods and can be transmitted
through infected tick bites, direct contact with infected pigs,
and contaminated materials (Gaudreault et al., 2020; Pereira De
Oliveira et al., 2020). Due to the lack of commercial vaccines in
the past few decades, preventing severe ASF outbreaks heavily relies
on restricting animal movements and culling infected herds (Zhang
et al.,, 2020; Borca et al., 2021). Recently, a promising recombinant
vaccine candidate, ASFV-G-11177L, has been developed by deleting
the I177L gene from the genome of the highly virulent ASFV
Georgia strain (Borca et al., 2020, 2021; Tran et al., 2021, 2022).
This attenuated vaccine has been authorized as the first commercial
gene-modified live vaccine in Vietnam and has shown no residual
toxicity in long-term clinical studies (Borca et al., 2023). However,
the vaccine can be only given to pigs aged between 8 and 10 weeks
according to the directions. The residual infectious particles in the
environment poses significant challenges to ASF risk management
in the clearance of ASFV.

Quantitative real-time polymerase chain reaction (qPCR)
is highly sensitive and specific for detecting the presence of
viral genomes (Choi and Jiang, 2005, Hamza et al, 2011).
However, qPCR cannot differentiate between infectious and
inactivated viruses to directly indicate infectivity (Fittipaldi et al.,
2010). Methods that can rapidly provide information about viral
infectivity are of interest, given that only active viruses pose a
public health threat (Knight et al., 2013). Various methods have
been employed to detect infectious viruses, including cytopathic
effect, fluorescent microscopy, flow cytometry, and detection of
genome or envelope integrity (Zeng et al, 2022). Detection
methods involving cell culture are considered the gold standard
for quantifying certain viral infectivity. However, ASFV cultivation
requires costly primary porcine alveolar macrophages and is
constrained to biosafety level 3 laboratories (Blackmer et al,
2000; Rodriguez et al, 2009; Hamza et al., 2011). Additionally,
the proposal to analyze the integrity of viral genomes through
PCR amplification of long target regions may be related to
viral infectivity (Li et al, 2002; Simonet and Gantzer, 2006).
Nevertheless, viral inactivation can occur without damaging the
viral genome, limiting the general applicability of long target region
PCR as a surrogate marker for viral infectivity (Hamza et al., 2011).

Cellular or envelope integrity is one of the characteristics used
to distinguish between live and inactivated cells or enveloped
viruses. One promising strategy to overcome the limitations of
qPCR is pre-treating samples with photosensitizing dyes such as
ethidium monoazide (EMA) and propidium monoazide (PMA)
before qPCR (Parshionikar et al., 2010). This approach has been
successfully used to differentiate infectious and non-infectious
bacteria, protozoa, nematode eggs, fungi and viruses (Brescia
et al., 2009; Fittipaldi et al., 2010; Graiver et al., 2010; Kim
et al, 2011; Dreo et al, 2014). Theoretically, the dyes are
membrane-impermeant and bind irreversibly to nucleic acids by
photoactivation, leaving the DNA in viable cells intact (Nocker
et al., 2006). Modified nucleic acid structures interfere with PCR
amplification, resulting in reduced signal intensity in subsequent
qPCR (Rudi et al., 2005; Nocker and Camper, 2009). Moreover,
light exposure leads to the reaction of unbound excess dye with
water molecules, preventing the purified DNA from being further
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modified in cells with intact cell membranes (Nocker and Camper,
2009). Some studies have shown significant DNA loss in the
genomic DNA of live bacteria induced by EMA (Flekna et al,
2007), while PMA has been demonstrated to be more selective, only
penetrating dead bacterial cells and not cells with intact membranes
(Nocker et al., 2006). PMAxx, an improved version of PMA with
a higher molecular charge, inhibits PCR amplification of modified
DNA templates through a combination of removal of modified
DNA during purification and inhibition of template amplification
by DNA polymerases (Figure 1). In experimental bacterial strains,
PMAxx increased the difference between live and dead bacteria
by an additional 3 to 7 CT values compared to PMA (Nocker
et al., 2006). Recently, Liu et al. conducted a study to investigate
the addition of Triton X-100 for enhancing the penetration of
PMAxx into inactivated ASFV virions, which may be helpful to
interpret the results, though the infectivity of samples was still
distinguishable by PMAxx-qPCR without the assistance of Triton
X-100 (Liu et al., 2022). Moreover, these experiments were carried
out solely under laboratory conditions and the validity of the results
was not confirmed through animal inoculation.

The objective of this study was to evaluate the applicability
of pure PMAxx pre-treatment for differentiating infectious and
non-infectious ASFV and the correlation between PMAxx-qPCR
detection results and animal challenges. We also used PMAxx-
qPCR to assess the persistence of ASFV on commonly encountered
materials in pig farms. Our data demonstrate that PMAxx-qPCR
detection can improve the interpretation of ASFV qPCR-positive
results and provide better risk management strategies.

Materials and methods

Preparation of ASFV samples

NAVET-ASFVAC vaccine containing live-attenuated ASFV-G-
AI177L strain was purchased from Navetco National Veterinary
Joint Stock Company (NAVETCO). The vaccine was diluted with
saline at a twofold dilution ratio (ranging from 1:10 to 1:2560),
aliquoted and stored at —80°C until use. The experiments of
animal inoculation and viral persistence using NAVET-ASFVAC
vaccine were performed in a fattening pig farm in Binh Phuoc
province, Vietnam.

PMAXxx treatment

Each sample was divided into three portions: one portion was
heat-inactivated at 85°C for 10 min, while the other two portions
were kept at room temperature. PMAxx (Biotium, Inc., Hayward,
CA, USA) was dissolved in deionized water to obtain a stock
solution of 1 mM. Then, 10 L of the PMAxx solution was added to
190 L aliquots of both the non-heated and heat-treated samples,
resulting in a final concentration of 50 WM. Additionally, 10 pL
of deionized water was added to an untreated aliquot as a control
template for standard qPCR. These three aliquots were incubated
in the dark at 37°C for 15 min with occasional mixing to allow
reagent penetration. Subsequently, the samples were irradiated with
a PMA-Lite™ LED photoactivator (E90002, Biotium) at room
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FIGURE 1

Proposed mechanism of PMAxx modification of dead viruses. The envelope impermeant PMAxx dye (purple dot) selectively penetrates dead viruses
with compromised membranes. Upon exposure to light, PMAxx covalently modifies dissociated DNA. Genomic DNA was extracted from these
samples, while some of the PMAxx-modified DNA became insoluble and was lost during DNA extraction. Subsequent gPCR amplification of
modified DNA templates is inhibited, allowing selective quantification of DNA from viable viruses.

temperature for 15 min. The experiment was repeated in triplicate,
and DNA extraction of the samples was performed. Only when
the CT values of the heat-treated-PMAxx treated aliquots were
significantly higher than those of the PMAxx treated aliquots, the
presence of ASFV viral particles was considered to be existed.

Nucleic acid extraction

Samples were vortexed and centrifuged at 8,000 x g for
2 min. Genomic DNA from the samples (200 pL) was extracted
using the Virus DNA Extraction Kit II (Geneaid, Taiwan)
according to the instructions provided. The extracted nucleic
acid was eluted in 50 pL elution buffer and stored at 4°C for
subsequent qPCR analysis.

Quantitative PCR (gqPCR)

African swine fever virus-specific primers (forward: 5'-
AAAATGATACGCAGCGAAC-3/, reverse: 5-TTGTTTACCT
GCTGTTTGGAT-3') and a probe (5-FAM-TTCACAGCATT
TTCCCGAGAACT-BHQI1-3') targeting the B646L gene were
used for qPCR detection. A qPCR reaction mixture of 20 pL
was prepared, containing 10 WL PerfectStart R II Probe qPCR
SuperMix (TransGen Biotech, China), 0.5 LM primers and probe,
5 nL DNA template, and PCR-grade water. The reaction consisted
of an initial denaturation step at 95°C for 10 min, followed by 40
cycles of denaturation at 95°C for 15 s, annealing at 60°C for 15's,
and extension at 72°C for 30 s. QPCR results were recorded using
the Step One Plus™ Real-Time PCR System (ABI, 4376600).

Standard curve

A standard plasmid containing the ASFV B646L gene was
constructed as described previously (Li et al., 2022). Briefly, partial
sequences of the B646L gene were amplified by PCR. The products
and pMDI18-T plasmids (D101A, Takara, Japan) were digested
with the same restriction enzymes. The fragment was gel-purified
and ligated to the vector using DNA ligase (C301-01, Vazyme)
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following standard procedures. Positive clones were screened and
identified by sequencing. The standard curve was constructed using
logarithmic 10-fold dilutions ranging from 2.5 x 10 to 2.5 genome
copies. The ASFV genome copy numbers corresponding to the
copy numbers of the standard plasmid were calculated using the
following formula:

m X 6.022 x 108
1,840,105.22 x 1 x 10°

Copy number =

where m (/g) is the amount of plasmids measured using a BioSpec-
nano Micro-volume UV-Vis Spectrophotometer (Shimadzu,
Kyoto, Japan), 6.022 x 1023 is the Avogadro number, 1,840,105.22
(Da) is the molecular weight of standard plasmids calculated using
the Sequence Manipulation Suite (Stothard, 2000), and 1 x 10° is
used to convert the molecular weight of the plasmids to nanograms.
A fresh dilution set was prepared to construct the standard curve
for each qPCR run, which could convert CT values obtained from
qPCR analysis to ASFV genome equivalents.

Animal inoculation

The NAVET-ASFVAC vaccine was diluted with saline (1:2560)
and divided into four portions, with three portions (Groups B, C,
and D) subjected to water bath heating at 85°C for 0.5, 1, and
10 min, respectively. The infectiousness of ASFV particles in the
samples was quantified using PMA-qPCR. Then, each sample was
injected into the muscles of three ASFV-negative fattening pigs.
Throat swab samples were collected from each fattening pig 7 days
later as previously described (Li et al., 2022) and ASFV DNA was
measured using qPCR.

Detection of ASFV persistence on the
piggery materials

The vaccine was diluted with saline to a CT value of 25.
Latex gloves and packaging bags from the pig farm were cut into
squares with sides measuring 2 cm and soaked in the vaccine.
Dry feed particles of approximately 1 cm in length were selected,
and 50 pL of vaccine was added to each particle. The foam
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plastic heads of fertilization tubes were dipped into the vaccine.
These materials were then thoroughly air-dried and placed in
an incubator at temperatures of 4, 15, or 25°C for several days.
The samples’ ASFV infectivity was measured by PMAxx-qPCR in
three separate experiments after dissolution in 2 mL of saline. The
experiments were performed in a fattening pig farm in Binh Phuoc
province, Vietnam.

Statistical analysis

The significance of differences between CT values was evaluated
by unpaired Student’s t-test using GraphPad Prism v8.3.0. In all
cases, a value of P < 0.05 was considered significant.

Results

Optimization of the experimental
conditions

To determine the appropriate working concentration, various
doses of PMAxx were added to ASFV-positive vaccine samples
and exposed to light for 15 min. Subsequently, genomic
DNA was extracted and subjected to qPCR using ASFV-
specific primers and probes. The results displayed in Figure 2A
demonstrated that increasing concentrations of PMAxx led
to higher CT values, indicating greater inhibition of qPCR
amplification. Concentrations ranging from 25 to 50 pM led
to substantial inhibition, whereas higher concentrations did not
entirely eliminate QPCR signals in samples with high ASFV content.

To optimize the efficacy of PMAxx-DNA cross-linking, ASFV
nucleic acids were incubated with 50 wuM PMAxx at 37°C for
varying durations. As depicted in Figure 2B, inhibition increased
with longer incubation times. Pre-treatment with PMAxx for
15 min yielded similar results as a 30-min pre-treatment, suggesting
that a 15-min period achieved complete cross-linking of PMAxx
with ASFV DNA.

For the preparation of an inactive ASFV control, genomic DNA
solutions were subjected to thermal inactivation using water baths
set at 85°C for different durations. Subsequently, PMAxx was added
at a final concentration of 50 WM and incubated at 37°C for 15 min
with periodic mixing. Figure 2C indicated that heat treatment of
infectious ASFV for up to 30 min did not affect the qPCR CT
values. However, the signal from PMAxx-treated DNA was reduced
compared to untreated DNA at all-time points. Based on the degree
of inhibition, a thermal inactivation period of 5-30 min efficiently
inactivated ASFV and released DNA for subsequent reaction with
PMAxx at 85°C.

To guarantee efficient cross-linking, a PMAxx concentration of
50 wM, an incubation time of 15 min, and the thermal inactivation
at 85°C for 10 min were selected for subsequent experiments.

Sensitivity of the PMAxx-qPCR assay

To assess the sensitivity of the PMAxx-qPCR assay, a standard
curve was generated using a 10-fold serial dilution of standard
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plasmids containing ASFV B646L partial sequences. The CT
values were plotted against the logarithm of the standard plasmid
copies to perform linear regression analysis (Figure 3A). The
experimental points aligned in a straight line with a high correlation
coefficient (R? = 0.9983), indicating accurate prediction. The limit
of quantification for the PMAxx-qPCR assay was determined
by testing serially diluted vaccine samples containing ASFV-G-
AI177L. As shown in Figure 3B, samples with a mean CT value
of 34.38 were identified as having infectious ASFV by PMAxx-
qPCR, corresponding to approximately 10.57 copies of total ASFV
according to the linear relationship in Figure 3A. Therefore, the
detection limit of this assay was approximately 10 copies/pL when
testing for infectious ASFV in this vaccine.

Concordance between PMAxx-gPCR
assay and pig challenge results

To validate the reliability of the PMAxx-qPCR assay, the
diluted vaccine containing viable ASFV was subjected to different
durations of heat treatment at 85°C. The PMAxx-qPCR assay
was then performed to detect the ASFV activity in all samples.
Figure 4A demonstrated that heat treatment for 0.5 min (B) and
1 min (C) did not completely inactivate ASFV, while samples heated
for 10 min (D) showed no infectious ASFV. Each sample was
intramuscularly injected into three ASFV-negative fattening pigs,
and their throat swab samples was collected after 7 days. ASFV
genomic DNA was quantified using specific primers and probes
targeting the B646L gene. Figure 4B revealed that pigs challenged
with sample A (positive control), B, or C were successfully infected
with ASFV, while pigs injected with sample D remained ASFV-
negative throughout the experiment. These results demonstrated
a strong agreement between the PMAxx-qPCR assay and pig
challenge results.

Application of PMAxx-qPCR to determine
ASFV survival time on piggery materials

African swine fever virus can be transmitted to pigs through
close contact with contaminated piggery supplies (Gaudreault et al.,
2020). In this study, the persistence of ASFV particles on the surface
of piggery materials at different temperatures was estimated.

Different materials, including dry feed, the head of fertilization
tubes, latex gloves, and packaging bags were soaked in ASFV
vaccine, air-dried, and stored at different temperatures for several
days. ASFV on the materials was eluted with saline, and viral
infectivity was measured using PMAxx-qPCR (Table 1). Overall,
the survival time of infectious ASFV on the four different matrices
decreased with increasing temperature (from 20-45 days at 4°C
to 7-15 days at 25°C). The fertilization tubes showed the greatest
delay in ASFV survival time from 25 to 4°C (30 days), while latex
gloves exhibited the shortest change of survival time (13 days)
when the temperature decreased. Infectious ASFV persisted for
20 days on latex gloves at 4°C, whereas the survival time on
fertilization tubes was 45 days at the same temperature. Significant
differences in ASFV survival time were observed between latex
gloves and fertilization tubes at 25°C and 15°C, but no significant
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FIGURE 2

Optimization of PMAxx-qPCR assay conditions. (A) Vaccine samples containing ASFV-G-Al177L were treated with different concentrations of
PMAXxx-gPCR at 37°C for 15 min. Genomic DNA content was detected by gPCR using ASFV B646L gene-specific primers and probe. (B) Vaccine
samples containing ASFV-G-Al177L were incubated with 50 uM PMAxx at 37°C for different times. ASFV DNA was detected by gPCR. (C) Vaccine
samples containing ASFV-G-AI177L were heat-killed at 85°C for various times and then incubated with 50 pM PMAxx at 37°C for 15 min. ASFV DNA

was detected by gPCR. All assays were performed in triplicate.

difference was found between dry feeds and packaging bags at all
temperatures. These findings indicate that the persistence of ASFV
infectivity varied depending on the type of piggery material and

temperature.

Discussion

Quantitative PCR-based methods are commonly used for risk
assessment in pig production. However, samples from farms often
contain a mixture of infectious and non-infectious causative agents,
limiting the significance of qQPCR without information on residual
infectivity. Furthermore, incomplete or excessive disinfection is
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a prevalent issue due to the lack of information on disinfection
efficiency, resulting in residual live virus and failed reproduction, or
wasted resources and environmental pollution. A technically easy,
highly sensitive, widely applicable, and cost-effective method is
required to determine virus infectivity. To address this, alternative
methods have been proposed, such as using photoactivatable dyes
to eliminate signal interference from inactivated viruses during
PCR amplification. This technique has demonstrated success in
detecting infectivity in many viruses (Parshionikar et al., 2010;
Hamza et al., 2011; Sanchez et al., 2012; Leifels et al., 2015; Prevost
et al., 2016; Randazzo et al., 2016).

One photoactivatable dye that has garnered significant
attention, particularly for its potential use in assessing ASFV
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infectivity, is PMAxx. A recent review highlighted the promising
application prospects of a rapid infectious ASFV detection
technology based on PMA pre-treatment, which could greatly
enhance various aspects of ASF prevention and control,
including epidemic surveillance, disinfection treatment, and
drug development (Zeng et al,, 2022). In our study, we aimed
to demonstrate the potential of PMAxx pre-treatment in
distinguishing between infectious and non-infectious ASFV
strains in vaccine. We successfully detected as few as 10 copies/pL
of infectious ASFV using PMAxx-qPCR. Furthermore, there was
a strong correlation between the results of PMAxx-qPCR and
animal inoculation (Figure 4). Hence, the PMAxx-qPCR assay
may serve as a rapid and cost-effective analytical tool for assessing
the efficacy of virus-inactivating disinfectants by monitoring
capsid damage. By employing PMAxx-qPCR, the appropriate
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working concentration of disinfectants could be determined,
ensuring effective and economical usage. It should be noted we
utilized a vaccine containing ASFV-G-AI177L as the sole material
to develop the method. This choice was made in accordance
with biosafety management requirements. However, for potential
clinical application, it is crucial to assess the applicability of the
developed method to clinical samples such as blood, saliva, and
environmental samples in future studies. What's more, PMA is not
suitable for monitoring UV irradiation of bacteria and viruses. This
is because viability dyes rely on membrane integrity as a viability
criterion, whereas UV light primarily damages viral nucleic acids
(Nocker et al., 2006; Leifels et al., 2015). Similarly, PMAxx-qPCR is
not applicable to non-enveloped viruses.

In the case of thermally inactivated ASFV, theoretically, the
addition of PMAxx should completely eliminate the qPCR signal.
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TABLE 1 Detection of ASFV survival time on the piggery materials by PMAxx-qPCR.

Temperature | Materials 15 | 20 | 25 | 30 | 35 | 40 | 45 | 50 | 55 | 60 |
25°C Dry feed + + + + + + — — —
Fertilization tubes + + + + + + + — — —
Latex gloves + + + + + — — _
Packaging bags + + + + + + — — —
15°C Dry feed + + + + + + + - — -
Fertilization tubes + + + + + + + + — — —
Latex gloves + + + + + + + — — _
Packaging bags + + + + + + + — — —
4°C Dry feed + + + + + + + + + + - - —
Fertilization tubes + + + + + + + + + + + + + - — -
Latex gloves + + + + + + + + - - —
Packaging bags + + + + + + + + + + — — —

Piggery materials, including latex gloves, dry feed, packing bags and the head of fertilization tubes were soaked using vaccine of ASFV-G-AI177L. The materials were then laid out to dry thoroughly and stored at 25, 15, or 4°C for several days. ASFV infectivity was
measured by PMAxx-qPCR until no infectious ASFV was detected in three continuous sampling. All experiments were performed in duplicate under same conditions and representative results are shown. +: infectious ASFV positive; —: infectious ASFV negative.
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However, even with relatively high levels of PMAxx, CT values
could still be detected in the presence of high viral genome
concentrations (Figure 2). These findings align with observations
in viability qPCR, where complete prevention of PCR amplification
of thermally inactivated viruses is challenging (Leifels et al., 2015;
Moreno et al, 2015; Randazzo et al, 2016). The incomplete
inhibition could be attributed to several factors. Firstly, it may
stem from the limited concentration of PMAxx, which aims to
effectively eliminate non-infectious ASFV genomic DNA while
avoiding potential DNA loss due to overconcentration. Moreover,
the background levels could be influenced by the target sequence,
amplicon size, incubation temperature, and secondary structure
of the viral genome (Contreras et al., 2011; Soejima et al.,, 2011;
Schnetzinger et al., 2013; Leifels et al., 2015; Prevost et al., 2016).
Therefore, further studies should focus on optimizing the working
conditions of PMAxx to maximize the differentiation between
signals from infectious and inactivated viruses. This includes
determining the optimal concentration, incubation time, and
considering the addition of Triton, PMA enhancer, and protease
K (Randazzo et al., 2016).

The estimated survival time of infectious ASFV is affected
by several environmental factors, including pH, temperature,
type of fomite, light exposure, and the presence of viral
aggregates (Arzumanyan et al., 2021; Nuanualsuwan et al., 2022).
Previous studies have evaluated the persistence of infectious ASFV
on different materials under ambient temperatures. At 20°C,
infectious ASFV was detected in complete feed until 1 dpi, in
soybean meal until at least 21 dpi and in corncob particles
until 1 dpi (Niederwerder et al,, 2022). ASFV survived longer
in pork (18-83 days) than in tissues (9-17 days) and plasma
(14 days) at room temperature (Petrini et al., 2019; Mazur-Panasiuk
and Wozniakowski, 20205 Fischer et al, 2021). Additionally,
porous materials, such as rubber and cellulose paper, supported
ASFV viability for longer periods (14-22 days) than non-porous
materials, like glass and metal (11-17 days) at 25°C (Nuanualsuwan
et al., 2022). Infectious ASFV has also been detected in sterile
sand for at least 3 weeks, beach sand for up to 2 weeks, yard
soil for 1 week, and swamp soil for 3 days (Carlson et al., 2020).
However, farmers are particularly concerned about the survival
time of live ASFV on daily input materials accessible to pigs. In
our study, we estimated that ASFV remained infectious on the
surface of piggery materials for 7-15 days at 25°C (Table 1), which
aligns with previous research on other materials. Furthermore, we
observed variations in the persistence of ASFV on four matrices.
The causes of these differences remain unclear, but it is likely
linked to differences in their physicochemical properties, such
as the micropore size in the head of fertilization tubes and the
watertightness of latex gloves. Nonetheless, it is essential to disinfect
piggery materials thoroughly as they are significant carriers of
ASFV between domestic pigs. For those materials that cannot be
conventionally disinfected, sufficient static storage before transport
to pig farms is a viable option. The duration of static storage should
increase as the ambient temperature decreases.

Conclusion

This study aimed to develop and optimize the PMAxx-
qPCR assay for effective discrimination of infectious ASFV. The

Frontiers in Microbiology

10.3389/fmicb.2023.1290302

authenticity of the PMAxx-qPCR assay was verified by animal
inoculation experiments. Furthermore, the persistence of ASFV
was assessed on various surfaces, including latex gloves, dry feed,
packaging bags, and fertilization tubes. The results revealed that the
longevity of infectious ASFV decreased with rising temperatures
on the four different matrices tested. Notably, the porous head of
the fertilization tube exhibited higher stability than the waterproof
latex gloves. Based on these findings, it can be concluded that the
PMAxx-qPCR assay holds promise as an alternative method for
assessing ASFV infectivity. Its integration into routine diagnostics
can significantly enhance the interpretation of positive ASFV
results, leading to improved accuracy in identifying infected cases.

Data availability statement

The original contributions presented in this study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding authors.

Ethics statement
The animal study was approved by the Ethics
Committee at Northwest A&F University. The study was
conducted in accordance with the local legislation and
institutional requirements.

Author contributions

YL: Writing - draft, Project administration,

Methodology, Visualization. ZW: Methodology, Visualization,

original

Writing - review and editing. JQ: Methodology, Visualization,
Writing - review and editing. DH: Resources, Supervision,
Validation, Writing - review and editing. HV: Data curation,
Writing - review and editing. KT: Data curation, Writing - review
and editing. XW: Supervision, Writing — review and editing. XL:
Conceptualization, Funding acquisition, Writing - review and
editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the Taishan Industry Leadership Talent Project of
Shandong Province in China.

Conflict of interest

YL, ZW, JQ, and XL are employed by Xiajin New Hope Liuhe
Agriculture and Animal Husbandry Co., Ltd. DH, HV, KT, and XL
are employed by New Hope Binh Phuoc livestock Co., Ltd.

The remaining author declares that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1290302
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Liet al.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

Arzumanyan, H., Hakobyan, S., Avagyan, H., Izmailyan, R., Nersisyan, N., and
Karalyan, Z. (2021). Possibility of long-term survival of African swine fever virus in
natural conditions. Vet. World 14, 854-859. doi: 10.14202/vetworld.2021.854-859

Blackmer, F., Reynolds, K. A., Gerba, C. P., and Pepper, I. L. (2000). Use of integrated
cell culture-PCR to evaluate the effectiveness of poliovirus inactivation by chlorine.
Appl. Environ. Microbiol. 66, 2267-2268. doi: 10.1128/aem.66.5.2267-2268.2000

Borca, M. V., Ramirez-Medina, E., Silva, E., Rai, A., Espinoza, N., Velazquez-
Salinas, L., et al. (2023). ASF vaccine candidate ASFV-G-AI177L does not exhibit
residual virulence in long-term clinical studies. Pathogens 12:805. doi: 10.3390/
pathogens12060805

Borca, M. V., Ramirez-Medina, E., Silva, E., Vuono, E., Rai, A., Pruitt, S., et al.
(2021). ASFV-G-AI177L as an effective oral nasal vaccine against the Eurasia strain
of Africa swine fever. Viruses 13:765. doi: 10.3390/v13050765

Borca, M. V., Ramirez-Medina, E., Silva, E., Vuono, E., Rai, A., Pruitt, S., et al.
(2020). Development of a highly effective African swine fever virus vaccine by deletion
of the I177L gene results in sterile immunity against the current epidemic Eurasia
strain. J. Virol. 94:¢02017-19. doi: 10.1128/jvi.02017-19

Brescia, C. C., Griffin, S. M., Ware, M. W., Varughese, E. A., Egorov, A. I, and
Villegas, E. N. (2009). Cryptosporidium propidium monoazide-PCR, a molecular
biology-based technique for genotyping of viable Cryptosporidium oocysts. Appl.
Environ. Microbiol. 75, 6856-6863. doi: 10.1128/aem.00540-09

Carlson, J., Fischer, M., Zani, L., Eschbaumer, M., Fuchs, W., Mettenleiter, T.,
et al. (2020). Stability of African swine fever virus in soil and options to mitigate the
potential transmission risk. Pathogens 9:977. doi: 10.3390/pathogens9110977

Choi, S., and Jiang, S. C. (2005). Real-time PCR quantification of human
adenoviruses in urban rivers indicates genome prevalence but low infectivity. Appl.
Environ. Microbiol. 71, 7426-7433. doi: 10.1128/aem.71.11.7426-7433.2005

Contreras, P.J., Urrutia, H., Sossa, K., and Nocker, A. (2011). Effect of PCR amplicon
length on suppressing signals from membrane-compromised cells by propidium
monoazide treatment. J. Microbiol. Methods 87, 89-95. doi: 10.1016/j.mimet.2011.07.
016

Costard, S., Wieland, B., de Glanville, W, Jori, F., Rowlands, R., Vosloo, W., et al.
(2009). African swine fever: how can global spread be prevented? Philos. Trans. R. Soc.
Lond. B Biol. Sci. 364, 2683-2696. doi: 10.1098/rstb.2009.0098

Dixon, L. K., Chapman, D. A., Netherton, C. L., and Upton, C. (2013). African swine
fever virus replication and genomics. Virus Res. 173, 3-14. doi: 10.1016/j.virusres.2012.
10.020

Dreo, T., Pirc, M., Ramsak, Z, Pav§i¢, J., Milavec, M., Zel, J., et al. (2014). Optimising
droplet digital PCR analysis approaches for detection and quantification of bacteria: a
case study of fire blight and potato brown rot. Anal. Bioanal. Chem. 406, 6513-6528.
doi: 10.1007/s00216-014-8084-1

Fischer, M., Pikalo, J., Beer, M., and Blome, S. (2021). Stability of African swine fever
virus on spiked spray-dried porcine plasma. Transbound. Emerg. Dis. 68, 2806-2811.
doi: 10.1111/tbed.14192

Fittipaldi, M., Rodriguez, N. J., Codony, F., Adrados, B., Pefiuela, G. A., and
Moratd, J. (2010). Discrimination of infectious bacteriophage T4 virus by propidium
monoazide real-time PCR. J. Virol. Methods 168, 228-232. doi: 10.1016/j.jviromet.
2010.06.011

Flekna, G., Stefanic, P., Wagner, M., Smulders, F. J., Mozina, S. S., and Hein, L.
(2007). Insufficient differentiation of live and dead Campylobacter jejuni and Listeria
monocytogenes cells by ethidium monoazide (EMA) compromises EMA/real-time
PCR. Res. Microbiol. 158, 405-412. doi: 10.1016/j.resmic.2007.02.008

Gaudreault, N. N., Madden, D. W., Wilson, W. C., Trujillo, J. D., and Richt, J. A.
(2020). African swine fever virus: an emerging DNA arbovirus. Front. Vet. Sci. 7:215.
doi: 10.3389/fvets.2020.00215

Graiver, D. A, Saunders, S. E., Topliff, C. L., Kelling, C. L., and Bartelt-Hunt, S. L.
(2010). Ethidium monoazide does not inhibit RT-PCR amplification of nonviable
avian influenza RNA. J. Virol. Methods 164, 51-54. doi: 10.1016/j.jviromet.2009.11.024

Hamza, I. A., Jurzik, L., Uberla, K., and Wilhelm, M. (2011). Methods to detect
infectious human enteric viruses in environmental water samples, Int. J. Hyg. Environ.
Health 214, 424-436. doi: 10.1016/j.ijheh.2011.07.014

Kim, K., Katayama, H., Kitajima, M., Tohya, Y., and Ohgaki, S. (2011). Development
of a real-time RT-PCR assay combined with ethidium monoazide treatment for RNA

Frontiers in Microbiology

10.3389/fmicb.2023.1290302

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.

viruses and its application to detect viral RNA after heat exposure. Water Sci. Technol.
63, 502-507. doi: 10.2166/wst.2011.249

Knight, A., Li, D., Uyttendaele, M., and Jaykus, L. A. (2013). A critical review of
methods for detecting human noroviruses and predicting their infectivity. Crit. Rev.
Microbiol. 39, 295-309. doi: 10.3109/1040841x.2012.709820

Leifels, M., Jurzik, L., Wilhelm, M., and Hamza, 1. A. (2015). Use of ethidium
monoazide and propidium monoazide to determine viral infectivity upon inactivation
by heat, UV- exposure and chlorine. Int. J. Hyg. Environ. Health 218, 686-693. doi:
10.1016/j.ijheh.2015.02.003

Li,J. W, Xin, Z. T., Wang, X. W, Zheng, ]. L., and Chao, F. H. (2002). Mechanisms
of inactivation of hepatitis a virus by chlorine. Appl. Environ. Microbiol. 68, 4951-4955.
doi: 10.1128/aem.68.10.4951-4955.2002

Li, X, Li, Y., Fan, M,, Fan, S., Gao, W., Ren, J,, et al. (2022). Inguinal lymph node
sample collected by minimally invasive sampler helps to accurately diagnose ASF
in dead pigs without necropsy. Front. Vet. Sci. 9:1000969. doi: 10.3389/fvets.2022.
1000969

Liu, H., Meng, F., Nyaruaba, R., He, P., Hong, W., Jiang, M., et al. (2022). A triton
X-100 assisted PMAxx-qPCR assay for rapid assessment of infectious African swine
fever virus. Front. Microbiol. 13:1062544. doi: 10.3389/fmicb.2022.1062544

Mazur-Panasiuk, N., and Wozniakowski, G. (2020). Natural inactivation of African
swine fever virus in tissues: influence of temperature and environmental conditions on
virus survival. Vet. Microbiol. 242:108609. doi: 10.1016/j.vetmic.2020.108609

Moreno, L., Aznar, R., and Sanchez, G. (2015). Application of viability PCR to
discriminate the infectivity of hepatitis A virus in food samples. Int. J. Food Microbiol.
201, 1-6. doi: 10.1016/j.ijffoodmicro.2015.02.012

Niederwerder, M. C., Khanal, P., Foland, T., Constance, L. A., Stoian, A. M. M.,
Deavours, A., et al. (2022). Stability of African swine fever virus in feed during
environmental storage. Transbound. Emerg. Dis. 69, 3216-3224. doi: 10.1111/tbed.
14666

Nocker, A., and Camper, A. K. (2009). Novel approaches toward preferential
detection of viable cells using nucleic acid amplification techniques. FEMS Microbiol.
Lett. 291, 137-142. doi: 10.1111/j.1574-6968.2008.01429.x

Nocker, A., Cheung, C. Y., and Camper, A. K. (2006). Comparison of propidium
monoazide with ethidium monoazide for differentiation of live vs. dead bacteria by
selective removal of DNA from dead cells. J. Microbiol. Methods 67, 310-320. doi:
10.1016/j.mimet.2006.04.015

Norbert Mwiine, F., Nkamwesiga, J., Ndekezi, C., and Ochwo, S. (2019). Molecular
characterization of African swine fever viruses from outbreaks in Peri-Urban Kampala,
Uganda. Adv. Virol. 2019:1463245. doi: 10.1155/2019/1463245

Nuanualsuwan, S., Songkasupa, T., Boonpornprasert, P., Suwankitwat, N.,
Lohlamoh, W, and Nuengjamnong, C. (2022). Persistence of African swine fever virus
on porous and non-porous fomites at environmental temperatures. Porcine Health
Manag. 8:34. doi: 10.1186/s40813-022-00277-8

Parshionikar, S., Laseke, I., and Fout, G. S. (2010). Use of propidium monoazide in
reverse transcriptase PCR to distinguish between infectious and noninfectious enteric
viruses in water samples. Appl. Environ. Microbiol. 76, 4318-4326.

Pereira De Oliveira, R, Hutet, E., Lancelot, R., Paboeuf, F., Duhayon, M., Boinas,
F., et al. (2020). Differential vector competence of Ornithodoros soft ticks for African
swine fever virus: what if it involves more than just crossing organic barriers in ticks?
Parasit. Vectors 13:618. doi: 10.1186/s13071-020-04497-1

Petrini, S., Feliziani, F., Casciari, C., Giammarioli, M., Torresi, C., and De Mia, G. M.
(2019). Survival of African swine fever virus (ASFV) in various traditional Italian
dry-cured meat products. Prev. Vet. Med. 162, 126-130.

Prevost, B., Goulet, M., Lucas, F. S., Joyeux, M., Moulin, L., and Wurtzer, S. (2016).
Viral persistence in surface and drinking water: suitability of PCR pre-treatment with
intercalating dyes. Water Res. 91, 68-76. doi: 10.1016/j.watres.2015.12.049

Randazzo, W., Lopez-Galvez, F., Allende, A., Aznar, R,, and Sanchez, G. (2016).
Evaluation of viability PCR performance for assessing norovirus infectivity in fresh-
cut vegetables and irrigation water. Int. J. Food Microbiol. 229, 1-6. doi: 10.1016/j.
ijfoodmicro.2016.04.010

Rodriguez, R. A., Pepper, L. L., and Gerba, C. P. (2009). Application of PCR-based
methods to assess the infectivity of enteric viruses in environmental samples. Appl.
Environ. Microbiol. 75, 297-307. doi: 10.1128/aem.01150-08

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1290302
https://doi.org/10.14202/vetworld.2021.854-859
https://doi.org/10.1128/aem.66.5.2267-2268.2000
https://doi.org/10.3390/pathogens12060805
https://doi.org/10.3390/pathogens12060805
https://doi.org/10.3390/v13050765
https://doi.org/10.1128/jvi.02017-19
https://doi.org/10.1128/aem.00540-09
https://doi.org/10.3390/pathogens9110977
https://doi.org/10.1128/aem.71.11.7426-7433.2005
https://doi.org/10.1016/j.mimet.2011.07.016
https://doi.org/10.1016/j.mimet.2011.07.016
https://doi.org/10.1098/rstb.2009.0098
https://doi.org/10.1016/j.virusres.2012.10.020
https://doi.org/10.1016/j.virusres.2012.10.020
https://doi.org/10.1007/s00216-014-8084-1
https://doi.org/10.1111/tbed.14192
https://doi.org/10.1016/j.jviromet.2010.06.011
https://doi.org/10.1016/j.jviromet.2010.06.011
https://doi.org/10.1016/j.resmic.2007.02.008
https://doi.org/10.3389/fvets.2020.00215
https://doi.org/10.1016/j.jviromet.2009.11.024
https://doi.org/10.1016/j.ijheh.2011.07.014
https://doi.org/10.2166/wst.2011.249
https://doi.org/10.3109/1040841x.2012.709820
https://doi.org/10.1016/j.ijheh.2015.02.003
https://doi.org/10.1016/j.ijheh.2015.02.003
https://doi.org/10.1128/aem.68.10.4951-4955.2002
https://doi.org/10.3389/fvets.2022.1000969
https://doi.org/10.3389/fvets.2022.1000969
https://doi.org/10.3389/fmicb.2022.1062544
https://doi.org/10.1016/j.vetmic.2020.108609
https://doi.org/10.1016/j.ijfoodmicro.2015.02.012
https://doi.org/10.1111/tbed.14666
https://doi.org/10.1111/tbed.14666
https://doi.org/10.1111/j.1574-6968.2008.01429.x
https://doi.org/10.1016/j.mimet.2006.04.015
https://doi.org/10.1016/j.mimet.2006.04.015
https://doi.org/10.1155/2019/1463245
https://doi.org/10.1186/s40813-022-00277-8
https://doi.org/10.1186/s13071-020-04497-1
https://doi.org/10.1016/j.watres.2015.12.049
https://doi.org/10.1016/j.ijfoodmicro.2016.04.010
https://doi.org/10.1016/j.ijfoodmicro.2016.04.010
https://doi.org/10.1128/aem.01150-08
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Lietal.

Rudi, K., Moen, B., Dromtorp, S. M., and Holck, A. L. (2005). Use of ethidium
monoazide and PCR in combination for quantification of viable and dead cells in
complex samples. Appl. Environ. Microbiol. 71, 1018-1024. doi: 10.1128/aem.71.2.
1018-1024.2005

Sanchez, G., Elizaquivel, P., and Aznar, R. (2012). Discrimination of infectious
hepatitis A viruses by propidium monoazide real-time RT-PCR. Food Environ. Virol.
4, 21-25. doi: 10.1007/s12560-011-9074-5

Schnetzinger, F., Pan, Y., and Nocker, A. (2013). Use of propidium monoazide
and increased amplicon length reduce false-positive signals in quantitative PCR for
bioburden analysis. Appl. Microbiol. Biotechnol. 97, 2153-2162. doi: 10.1007/s00253-
013-4711-6

Simonet, J., and Gantzer, C. (2006). Degradation of the Poliovirus 1 genome by
chlorine dioxide. J. Appl. Microbiol. 100, 862-870. doi: 10.1111/j.1365-2672.2005.
02850.x

Soejima, T., Schlitt-Dittrich, F., and Yoshida, S. (2011). Polymerase chain reaction
amplification length-dependent ethidium monoazide suppression power for heat-
killed cells of Enterobacteriaceae. Anal. Biochem. 418, 37-43. doi: 10.1016/j.ab.2011.
06.027

Frontiers in Microbiology

206

10.3389/fmicb.2023.1290302

Stothard, P. (2000). The sequence manipulation suite: JavaScript programs for
analyzing and formatting protein and DNA sequences. Biotechniques 28, 1102, 1104.
doi: 10.2144/00286ir01

Tran, X. H,, Le, T. T. P, Nguyen, Q. H,, Do, T. T., Nguyen, V. D., Gay, C. G,,
et al. (2021). African swine fever virus vaccine candidate ASFV-G-AI177L efficiently
protects European and native pig breeds against circulating Vietnamese field strain.
Transbound. Emerg. Dis. 69, e497-e504. doi: 10.1111/tbed.14329

Tran, X. H,, Phuong, L. T. T., Huy, N. Q., Thuy, D. T., Nguyen, V. D., Quang,
P. H, et al. (2022). Evaluation of the safety profile of the ASFV vaccine candidate
ASFV-G-AI177L. Viruses 14:896. doi: 10.3390/v14050896

Zeng, D., Qian, B, Li, Y., Zong, K., Peng, W., Liao, K., et al. (2022). Prospects for the
application of infectious virus detection technology based on propidium monoazide
in African swine fever management. Front. Microbiol. 13:1025758. doi: 10.3389/fmicb.
2022.1025758

Zhang, S., Sun, A., Wan, B., Du, Y., Wu, Y., Zhang, A, et al. (2020). Development
of a directly visualized recombinase polymerase amplification-SYBR Green I method
for the rapid detection of African swine fever virus. Front. Microbiol. 11:602709.
doi: 10.3389/fmicb.2020.602709

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1290302
https://doi.org/10.1128/aem.71.2.1018-1024.2005
https://doi.org/10.1128/aem.71.2.1018-1024.2005
https://doi.org/10.1007/s12560-011-9074-5
https://doi.org/10.1007/s00253-013-4711-6
https://doi.org/10.1007/s00253-013-4711-6
https://doi.org/10.1111/j.1365-2672.2005.02850.x
https://doi.org/10.1111/j.1365-2672.2005.02850.x
https://doi.org/10.1016/j.ab.2011.06.027
https://doi.org/10.1016/j.ab.2011.06.027
https://doi.org/10.2144/00286ir01
https://doi.org/10.1111/tbed.14329
https://doi.org/10.3390/v14050896
https://doi.org/10.3389/fmicb.2022.1025758
https://doi.org/10.3389/fmicb.2022.1025758
https://doi.org/10.3389/fmicb.2020.602709
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

& frontiers

@ Check for updates

OPEN ACCESS

EDITED BY
Lihua Wang,
Kansas State University, United States

REVIEWED BY
Fernando Costa Ferreira,
University of Lisbon, Portugal

Mir Mubashir Khalid,

Gladstone Institutes, United States

*CORRESPONDENCE

Teng Chen
ctex1991@163.com

Rongliang Hu
ronglianghu@hotmail.com

These authors have contributed equally to
this work

RECEIVED 27 November 2023
ACCEPTED 08 January 2024
PUBLISHED 24 January 2024

CITATION

Fan J, Zhang J, Wang F, Miao F, Zhang H,
Jiang Y, Qi Y, Zhang Y, Hui L, Zhang D, Yue H,
Zhou X, Li Q, Wang Y, Chen T and

Hu R (2024) Identification of L11L and L7L as
virulence-related genes in the African swine
fever virus genome.

Front. Microbiol. 15:1345236.

doi: 10.3389/fmicb.2024.1345236

COPYRIGHT

© 2024 Fan, Zhang, Wang, Miao, Zhang,
Jiang, Qi, Zhang, Hui, Zhang, Yue, Zhou, Li,
Wang, Chen and Hu. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License

(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Microbiology

Frontiers in Microbiology

TYPE Original Research
PUBLISHED 24 January 2024
pol 10.3389/fmicb.2024.1345236

|dentification of L11L and L7L as
virulence-related genes in the
African swine fever virus genome

Jiagi Fan*23!, Jingyuan Zhang*, Fengjie Wang'?23,

Faming Miao??, Han Zhang??, Yigian Jiang??, Yu Qi?%3,
Yanyan Zhang?3, Lili Hui?3, Dan Zhang??, Huixian Yue?3,
Xintao Zhou'??3, Qixuan Li%3, Yu Wang?3, Teng Chen?** and
Rongliang Hu®23%*
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Introduction: African swine fever (ASF) is an infectious disease that causes
considerable economic losses in pig farming. The agent of this disease, African
swine fever virus (ASFV), is a double-stranded DNA virus with a capsid membrane
and a genome that is 170-194 kb in length encoding over 150 proteins. In recent
years, several live attenuated strains of ASFV have been studied as vaccine
candidates, including the SY18AL7-11. This strain features deletion of L7L,
L8L, L9R, L10L and L11L genes and was found to exhibit significantly reduced
pathogenicity in pigs, suggesting that these five genes play key roles in virulence.

Methods: Here, we constructed and evaluated the virulence of ASFV mutations
with SY1I8AL7, SY18ALS, SY18ALY, SY18AL10, and SY18AL11L.

Results: Our findings did not reveal any significant differences in replication
efficiency between the single-gene deletion strains and the parental strains. Pigs
inoculated with SYI8ALS8L, SY1I8AL9R and SY18AL10L exhibited clinical signs similar
to those inoculated with the parental strains. Survival rate of pigs inoculated with
10%°TCIDs, of SYI8AL7L was 25%, while all pigs inoculated with 10%°TCIDs, of
SY18AL11L survived, and 50% inoculated with 10%°TCIDs, SY18ALLIL survived.

Discussion: The results indicate that L8L, L9R and L10L do not affect ASFV SY18
virulence, while the L7L and L11L are associated with virulence.

KEYWORDS

African swine fever virus, L7L, L11L, virulence, recombinant virus

1 Introduction

African swine fever virus (ASFV) is the sole member of the Asfarviridae family and
Asfivirus genus (Iyer et al., 2006). ASFV is a double-stranded DNA virus that replicates in the
cytoplasm, and has a genome approximately 170-194kb in length, containing 150-167 open
reading frames (ORFs), and encoding over 150 proteins (Chapman et al., 2011). Various genes
in ASFV genome cause clinical differences, resulting in chronic, subacute, acute, and
hyperacute forms of infection in pigs, with domestic pigs typically exhibiting pronounced
clinical signs (Gomez-Villamandos et al., 2013). Pigs with acute ASF infection generally
succumb within about 10 days, displaying symptoms like high fever, anorexia, prostration, and
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cyanosis. In contrast, pigs with hyperacute ASF infection show no
symptoms, and die within a week (Bosch-Camos et al., 2020). The
mortality rate for subacute and chronic ASF is less than 100%.
Subacute and chronic forms of the disease are mainly characterized by
less virulent strains with a longer course of disease and Chronic
disease signs (include intermittent fever, arthritis, weight loss, and
skin ulcers; Sun et al., 2021a).

ASF was first identified in Kenya in 1921 (Wardley et al., 1983).
Genotype I ASFV, initially transmitted from Africa in 1957, has been
eradicated from all countries and regions except Sardinia, Italy, and
Africa, through aggressive prevention and control measures (Mur
et al,, 2016; Dixon et al., 2019). Since its introduction from Africa to
the Republic of Georgia in 2007, genotype II ASFV has continued to
spread to neighboring countries (Rowlands et al., 2008). In 2018,
ASFV emerged in China and several other Asian countries, and posed
a significant threat to the global pig industry (Zhou et al., 2018;
Ankhanbaatar et al., 2021; Mai et al., 2021). Endemic in China for
nearly 5 years, ASFV was later detected in surveillance studies, which
have identified naturally mutated low-virulence genotype II strains in
swine farms (Sun et al., 2021b). Additionally, genotype I ASFV has
been isolated from farms in Chinas Shandong and Henan provinces
(Sun et al,, 2021a). The emergence of low-virulence and genotype
I ASFV presents new challenges in the diagnosis, treatment,
prevention, and control of ASF in China (Urbano and Ferreira, 2022).

Researchers worldwide have strived to develop effective vaccines
to prevent and control ASFV infections (Borca et al., 2020; Zhang
Y. et al., 2021). In these endeavors, live attenuated vaccines (LAVs)
have become a significant focus. LAV are created by deleting one or
more specific genes in ASFV through homologous recombination,
leading to attenuated virulence and resistance to highly virulent
parental strains. Examples include ASFV-G-AI177L (Borca et al,
2020), SY18AI226R (Zhang Y. et al.,, 2021), ASFV-GZAI73R (Liu
et al., 2023a), ASFV-G-AA137R (Gladue et al, 2021), ASFV-
AQP509L/QP383R (Li et al., 2022), ASFV-G-AMGEF (Deutschmann
et al., 2022), ASFV-G-AI177L/ALVR (Borca et al., 2021), ASFV
SYI18AL7-11 (Zhang J. et al., 2021). ASFV SY18AL7-11 is an
attenuated strain obtained by deleting the ORFs of the L7L (alternative
name I7L), L8L (I8L), L9R (I9R), LIOL (I10L), and L11L genes in the
highly virulent strain ASFV SY18. The deletion of L7L-LI1IL from
ASFV SY18 genome was not found to alter the ability of the virus to
replicate in vitro. After intramuscular injection of animals with
SY18AL7-11 at 10**TCIDs, and 10°°TCIDs, all pigs, except for one
in the 10**TCIDs)-inoculated group, died during a 21-day observation
period. Thus, L7L-L11L genes were not associated with replication,
but instead virulence. Therefore, L7L, LSL, L9R, L10L and L11L were
separately deleted from ASFV SY18 genome here to identify which of
these genes were related to virulence. Our results showed that pigs
inoculated with the virus at 10**TCIDs, had overall survival rates of
25 and 100% upon deletion of L7L and L11L, respectively. The overall
survival rate was 0% in the remaining three groups. Thus, deletion of
the L7L and L11L genes reduced the virulence of the virus.

2 Materials and methods
2.1 Cells and viruses

Porcine primary alveolar macrophages (PAMs) were prepared as
described previously (Zhang Y. et al., 2021). The viral titer assay was
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performed according to the method described by Reed and Muench.
The strain ASFV SY18 (GenBank number: MH766894) used is a
porcine-derived isolate from the Changchun Institute of Veterinary
Medicine, Chinese Academy of Agricultural Sciences (Zhou
etal., 2018).

2.2 Multiple sequence alignment of L7L-L11
gene sequences

Twelve ASFV strains of seven genotypes were selected to perform
a multiple sequence alignment of L7L, L8L, L9R, LIOL, and LIIL
fragments. For this purpose, the MAFFT website was used, and the
Jalview was used to visualize alignment results.

2.3 Construction of ASFV mutants

The recombinant transfer vector (p72EGFPAL7L) contained a
fragment of about 1,200 bp of the gene flanking the L7L gene, and the
p72 promoter EGFP gene cassette. p72EGFPALSL, p72EGFPALOR,
p72EGFPALIOL, and p72EGFPALI1L were obtained identically.
PAM cells (2x10°) PAM cells were spread into a 6-well plate, the
recombinant transfer vector was added to the cells using
Jet-Macrophage (Polyplus) transfection reagent, 1 MOI of ASFV SY18
was added after 4h, and fluorescence was observed after 24h. The
fluorescence intensity was screened, and the purified virus was
obtained using the limited dilution method. Polymerase chain
reaction was used to identify the ASFV mutants, and specific
sequences are shown in Table 1. Recombinant viral DNA was extracted
and sent to Novogene (Tianjin, China) for next-generation sequencing.

2.4 Viral growth curves

A total of 2x 106 PAM cells were spread into 6-well plates, and
infected with ASFV SY18, SY18AL7L, SY18ALSL, SY18AL9R,
SY18ALIOL, SYI8ALIIL at an amount of 0.1 MOI. The samples were
collected at 2, 12, 24, 48, 72, and 96 h after infection. The samples were
then freeze-thawed three times, and the TCID50 of each sample
was determined.

2.5 Animal experiments

Experiments were conducted according to standard procedures
approved by the Animal Welfare and Ethics Committee of the
Changchun Veterinary Research Institute and the Animal Biosafety
Level 3 (ABSL-3) Laboratory.

2.5.1 Experiment 1

The virulences of SY18AL7L, SY18ALSL, SY18AL9R, SY18AL10L,
SYI8ALIIL with respect to ASFV SY18 were assessed using
commercial pigs weighing around 15kg. Each group of pigs (n=4)
was inoculated intramuscularly (i.m.) with 10**TCIDs; of the virus.
Clinical symptoms and temperature changes were recorded daily
throughout the experiment, and blood was collected on days 0, 3, 7,
10, 14, and 21 for nucleic acid and antibody detection. The
experimental observation period was 21 days, and surviving animals
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TABLE 1 Primer information.

10.3389/fmicb.2024.1345236

Virus Forward Primer (5'-3') Reverse Primer (5'-3’)
SYI8AL7L, SYISALSL TGGTAGTATTGTCCAAACCG TAGGGACTTATGTAGTTTCGTC
SYI8AL9R, SYISALIOL TCTTATGGATGGACGACCTC GGATTTGGACGACTTGGTC
SYISALILIL ACATATGATGTCTAGGAATA AACTTATAACAATTGCACTC

were euthanized. Viral loads in the tissues and organs of each test
animal were determined.

2.5.2 Experiment 2

Using commercial pigs around 15kg, each group of pigs (n=4)
was injected intramuscularly with 10*°TCIDs, SY18AL11L,
105°TCIDs, SY18AL11L and an equal amount of saline as a negative
control. After 28 days after inoculation, each group of animals was
inoculated intramuscularly with 10**TCID,, ASFV SY18. Clinical
performance and temperature changes were detected daily during the
test period, and blood was collected every 7 days for nucleic acid and
antibody detection. At the end of the test, the surviving animals were
euthanized and the viral load in the tissues and organs of the test
animals was detected.

2.6 Anti-African swine fever p54 antibody
assay

Indirect ELISA was used to detect anti-p54 antibodies. Anti-p54
antibodies were detected in each serum sample as previously
described, and sample optical density (OD) values were measured at
450 nm. Samples were considered antibody positive when the sample
0D450 nm/positive control OD450 nm (S/P) was greater than 0.25.

3 Results

3.1 Genetic diversity of L7L-L11L of ASFV
strains

A total of 309bp in L7L encodes 102-amino-acids, 312bp in L8L
encodes 103, 291 bp in LIR encodes 96, 531 bp in L10L encodes 170,
and 282bp in LIIL encodes 93 (Figure 1). They were located
between nucleotide positions 180,724 and 181,032 of the reverse
strand, 181,246 and 181,557 of the antisense strand, 181,752 and
182,042 of the plus strand, 182,118 and 182,630 of the antisense
strand, and 182,869 and 183,150 of the antisense strand of the ASFV
SY18 genome (Figure 2). Degree of conservation of L7L, L8L, L9R,
LIOL, and LIIL in ASFV isolates of multiple genotypes. A
comparison of the amino acid sequences of the isolate ASFV SY18
with those of genotype II strains isolated from Heilongjiang, China
(Pig/HLJ/2018), Georgia (Georgia/2007/1), and Estonia
(Estonia/2014) revealed that the amino acid sequences of L7L-LIIL
were completely identical. The amino acid sequence of L8L was
identical in genotype I and II isolates. The amino acid sequences of
L7L, L8L, L9R, L10L, and L11L were identical in the same genotype,
and a large gap was observed between the different genotypes. The
L7L sequence in the Pretoriuskop/96/4 strain (genotype X) was
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significantly different than those in other strains. The ASFV
genotype II is prevalent globally. Positions 1, 17, 21, 24, and 67 of
LI1L in genotype II ASFV SY18, Pig/HL]/2018, Georgia/2007/1, and
Estonia/2014 included a methionine. However, LI11L of OURTS88/3,
NHYV, Benin97/1 (genotype I) had 77 amino acids, L11L of Malawi
Lil/20/1 (genotype VIII) has 78, L11L of R8 (genotype IX) had 78,
LI1L of Pretoriuskop/96/4 (genotype XX) had 78 amino acids. These
strains did not include the first 16 amino acids found in LIIL of
ASFV SY18, with the 17th amino acid in the L11L of ASFV SY18
being the most common initial amino acid (the second occurrence
of methionine in the L11L of genotype II). The L11L of Tengani/62
(genotype V) contained 93 amino acids. The L11L of warm baths
(genotype III) had the same sequence of amino acids between
positions 3 and16 compared to L11L of ASFV SY18, except that the
first amino acid was not methionine. Therefore, the first 16 amino
acids of L11L in warm baths were also non-functional.

3.2 Creation of ASFV mutants

In order to identify the specific virulence genes among L7L-L11L,
we designed and constructed single-gene deletion strains (SY18AL7L,
SYI8AL8L, SYI8ALOR, SYI8ALIOL, and SY18ALI11L). The
construction method is shown in Figure 2. Target genes were replaced
with a green fluorescent gene cassette containing the p72 promoter
using a recombinant method. The recombinant viruses were purified
using fluorescence activity. The PCR assay determined that the target
bands of the gene were not detected, whereas the ASFV SY18 control
showed the target bands, confirming that single-gene deletion viruses
missing each target gene were successfully obtained (Figure 3).
Comparison of the whole-genome sequences of the ASFV mutant and
parental ASFV SY18 using second-generation sequencing revealed
that, apart from design changes, no unwanted mutations were detected
in the genomes of the constructed mutants.

3.3 Replication of ASFV mutants in porcine
macrophages

Macrophages were infected with each deletion strain at an MOI
of 0.1, and the parental ASFV SY18 was used as a control. Samples
were collected at 2, 12, 24, 48, 72, and 96 h post-infection (hpi). The
results shown in Figure 4 revealed no significant differences between
the growth curves of single-gene deletion viruses in target cells than
those of the parental strains in vitro. There was also no difference in
the replication pattern between the single-gene deletion strains, all of
which reached the highest titer at 72 hpi. These findings demonstrate
that the deletion of L7L, L8L, L9R, L10L, and L11L did not affect the
proliferative ability of ASFV in macrophages in vitro.
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Pretoriuskop_96_4,type_X,AY261363,L10Lpro/1-170

ASFV_SY18,type_II,MH766894,L11Lpro/1-93
OURTS8_3,type_I NC044957,L11L pro/1-77
NHV,type_ 1.NC044943L11L pro/1-77
Bening7_1,type_ I NCO44956,L11Lpro/1-77
Estonia_2014,type_IILS478113,L11Lpro/1-93
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7L-L11L. Panels (A—E) show sequences of L7L, L8L, L9R, L10L, and L11L, respectively. The
sequence of ASFV SY18 is placed on the top row for reference. Amino acids are indicated by their respective single letter codes. Matches are indicated
" Sequences were aligned using the MAFFT algorithm and Jalview software (Accessed 5 October 2023).

Frontiers in Microbiology

210

10.3389/fmicb.2024.1345236



https://doi.org/10.3389/fmicb.2024.1345236
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Fan et al. 10.3389/fmicb.2024.1345236

A

—— L7L-Larm end BEoNM  L7L-Rarm [
SY18AL7L
B

— SO LSL-Rarm |
SY18ALSL
C

—— LI9R-Larm ooy L9R-Rarm
SY18AL9R

181752 182042

D

—— L10L-Larm EGEP R 5vit0, EOTUFSIET R —
SY18AL10L

182118 182630

E

——| LI11L-Larm s RO L11L-Rarm [
SY18AL11L

182869 183150
FIGURE 2

Schematic diagrams of recombinant viral constructs. (A) A schematic diagram of the SY18AL7L construct ASFV SY18 in which the L7L was replaced by
a green fluorescent protein expression cassette. Panels (B—E) indicate the schematic diagrams of the constructs of SYI8ALSL, SYI8AL9R, SY18AL10L,
and SY18AL11L, respectively, where the target genes were replaced by an EGFP expression cassette.

3.4 Evaluation of the virulence of ASFV
mutants

To assess the virulence of SYISAL7L, SY18ALSL, SYISAL9R,
SY18AL10L, SYI8ALI1L, and ASFV SY18 (positive control group) for
pigs, each group was injected intramuscularly with 10*° TCID;, of
virus. The survival and body temperature results are shown in
Figures 5A,B and Table 2. Pigs in the ASFV SY18 group became febrile
on day 4 after infection, and showed typical symptoms of ASE, and
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died on day 8 post infection. Pigs in the SY18AL7L group showed
persistent fever between days 1 and 5. Three of these pigs died on the
9th, 12th, and 13th dpi, and one pig (S7-1) survived during the
observation period. Pigs in the SY18ALSL group died on days 7 and
8 post-infection, which was consistent with the timing of death in the
control group. However, only one animal in the SYI8ALSL group
showed elevated body temperature, whereas the remaining three
animals had normal body temperatures. Pigs in the SY18ALIR group
died 10 to 16 days and pigs in the SYI8AL10L group died 10 to 13 days
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FIGURE 3

1 234 M1

Recombinant virus identification. Panels (A—E) are PCR identification and purification results of SY18AL7L, SY18AL8L, SYI8AL9R, SY18AL10L,
SY18AL11L, panels (F-J) are the fluorescence maps of each single-gene deletion viruses, and panels (K—0) are the bright field of each single-gene
deletion viruses. M: DL5000 marker; al~a3, bl~b3, cl~c3, d1~d3, el~e3: each single-gene deletion virus detection samples; 4: ASFV SY18 control.
SY18AL7L and SY18AL8L amplified a 643 bp fragment in the presence of ASFV SY18; SY18AL9R amplified a 280 bp fragment in the presence of ASFV
SY18; SYI8ALIOL, and SY18AL11L amplified a 200 bp fragment in the presence of ASFV SY18.
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FIGURE 4

In vitro growth characteristics of recombinant viruses. PAM was
infected with ASFV SY18, SYI8AL7L, SY18ALS8L, SY18AL9R,
SY18ALIOL, SYI8ALILL at 0.1 MO, and the viral titers of three
independent experimental samples were determined at different
times of infection. y-axis represents the viral titer expressed as log10
TCIDso/mL, and the x-axis represents the time after infection (hours).

post infection, respectively. Deaths in both groups delayed backwards
compared with the control. All pigs in the SYI8AL11L group survived
the 21 days of observation, with three pigs experiencing a transient
increase in body temperature and one returning to normal
temperature after 6 days of fever.

The viral loads in the blood of the experimental animals are
shown in Figure 5C. Viral nucleic acids were detected in the blood of
all animals on day 3 after infection, except for one pig in the SY1I8AL7L
group. On the 3rd day of infection, all pigs in the ASFV SY18 group
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showed high viral loads in their blood (10°~10%% copies/mL), and
pigs in the SY18ALSL and SY18AL9R groups similarly showed high
viremia (1072-1077> copies/mL and 10%'*~10”"* copies/mL). On the
3rd day of infection, pigs in the SY18AL7L, SY18ALI10L, and
SY18ALI1L groups had lower viral loads in their blood compared to
the control group (0-10°* copies/mL, 10***~10""? copies/mL, and
10*¥-10°* copies/mL, respectively). The highest viral levels in the
blood of all animals were reached on the 7th dpi. Subsequently, the
viral load in the blood of surviving animals tended to decrease. The
presence of virus was not detected in the blood of 1 pig without fever
(S7-1) in the SY18AL7L group on the 3rd day, and the presence of the
virus was detected on the 7th day, after which and the virus level was
consistently low (10***~10** copies/mL).

3.5 Viral load of pig tissues after infection
with ASFV mutants

The pigs used in Experiment 1 were dissected, and organs
including the heart, liver, spleen, lungs, kidneys, inguinal lymph
nodes, thymus, submandibular lymph nodes, colon, bone marrow,
muscles, and joint fluids were collected and tested for the presence of
the virus. Figure 5D indicates that most animals had the virus in their
organs, with the spleen, liver, and bone marrow showing the highest
detection rates. In the SYI8ALI1L group, both the detection rate and
viral load in the organs were lower compared to other groups. In the
SY18AL7L group of non-febrile pigs (S7-1), post-dissection testing of
tissues showed no viral nucleic acid except in the muscle tissue (10>
copies/mL).

Specific antibody responses in pigs infected with ASFV mutants.
To assess the specific immune response, we determined the levels of
anti-p54 antibodies in the serum. As shown in Figure 5E, the sera of
each animal were negative for anti-p54 antibodies on day 7 of
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FIGURE 5

Survival, rectal temperature, viraemia, viral load in tissues and anti-p54 antibody levels in pigs inoculated with 103 TCIDs, ASFV recombinant virus.

(A) Survival of animals in each group. (B) Each line represents temperature data for individual animals. The dashed line indicates the fever threshold of
40.5°C. (C) Detection of ASFV genomic DNA in porcine blood. (D) Detection of ASFV genomic DNA in porcine tissues. (E) Anti-p54 antibody level in pig
serum. y-axis represents the S/P ratio (sample ODsonm/positive control ODgsonm), X-axis represents the number of days of immunization, and the dotted

immunization, and those that survived until day 14 (all pigs in the
S9-1, §9-4, S7-1 and SY18AL11L groups) were positive for anti-p54
antibodies. Pigs S9-1 and S9-4 produced higher levels of anti-p54
antibodies (S/p values of 1.123 and 1.197, respectively), yet died on
days 15th and 16th days. The S11-4 pigs in the SY18ALI1L group
expressed lower anti-p54 antibodies than S9-1, S9-4, but the S11-4
pigs survived the observation period. This finding demonstrates that
the expression of ASF-specific antibodies is not a marker for
animal survival.

3.6 Assessment of protective capacity of
SY18AL11L mutant

To assess the degree of attenuation of SY18AL11L, a low dose
(10**TCIDs;) and a high dose (10°°TCIDs,) of SY18AL11L were
inoculated intramuscularly. Another group of pigs was injected with
an equal amount of saline as control (Figures 6A,B; Table 3). All pigs
in the low-dose SY18ALI1L-infected group survived, with two pigs
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experiencing a transient increase in body temperature and two pigs
having persistent fever for 4-5days. All animals in the high-dose
SY18ALI11L-infected group showed elevated body temperatures
(>40.5°C), with symptoms of ASF in H-2 and H-3, which were
euthanized on days 11th and 15th days post-inoculated due to the
severity of the disease in both animals. Pigs in the control group
showed no adverse reactions. To determine the response of the
surviving pigs when challenged with the parental virus, a virus
provocation test was performed on all pigs that survived the
inoculation observation period (Figures 6C,D; Table 4). Each pig was
intramuscularly injected with 10**TCIDs, of SY18 cells, and observed
for 28 days. During the viral challenge, all pigs in the control group
had elevated temperatures, developed an ASF clinical reaction, and
were euthanized by the 9th day post-challenge (dpc). Pigs inoculated
with SYI8AL11L all survived during the challenge.

Animals inoculated with SY18AL11L strain developed viremia on
day 7 after immunization (Figure 7A), with the viral load in blood
reaching its maximum on day 7 or 14 post-infection, followed by a
slow decrease. After ASFV SY18 challenge, control animals exhibited
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high viral loads in their blood. SY18ALIl1L-infected animals
challenged with the parental virus exhibited a steady decline in blood
viral load after an increased on day 7. Then, no virus in blood of all
but 1 pig on the 28th dpc was be detected (Figure 7B). The ASFV load
in the tissues and organs of the animals was measured at the end of
the observation period. The results showed that pigs in the control

10.3389/fmicb.2024.1345236

group had higher viral detection in tissues and higher viral loads
(Figure 7C). Pigs that died during the immunization period (H2 and
H3) had relatively higher virus detection in tissues compared to other
pigs immunized with SY18AL11L.

The host antibody responses in animals inoculated with
SYI8ALI1IL are shown in Figure 7D. Animals inoculated with

TABLE 2 Clinical manifestations and survival after immunization with ASFV mutants.

No. of survivors/
total

No. of fever/
total

Mean value for fever parameter (SD) Fever (>40.5°C)

Day of onset Duration no. of Highest rectal

(days + SD) days (days + SD) temp (°C + SD)
10 TCID;, SY18AL7L 1/4 3/4 6.67+0.47 2.00+1.58 40.80+0.72
10 TCID,, SY18ALSL 0/4 1/4 5 2 40.25+0.28
10 TCIDs, SY18AL9R 0/4 4/4 445+0.83 7.75+3.11 41.56£0.19
10 TCIDy, SY18AL10L 0/4 4/4 4.50+0.50 6.50+1.11 41.60£0.07
10 TCIDy, SY18ALI1L 4/4 4/4 5.75+1.30 225+2.16 40.85+0.22
10 TCID;, ASFV SY18 0/4 4/4 4.00+0.00 2.50+0.50 41.03+0.04

*Only 1 pig in this group had fever and the rest of the pigs did not die directly after the fever was detected.
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SY18ALI11L were weakly positive for anti-p54 antibodies in sera of L3
and H4 on day 7 of immunization, and positive for antibodies on day
14, followed by high levels of antibodies in sera thereafter. H3 pigs in
the high-dose SYI8ALIIL group died on day 15 even though they
were positive for antibodies in serum on day 14 of immunization.
After the takedown challenge, pigs in the control group remained
negative, and antibodies in pigs inoculated with SYI8AL11L remained
at high levels.

4 Discussion

African swine fever continues to adversely impact the global pig
farming industry, and is expanding into new endemic areas.
Vaccination remains one of the most effective methods to prevent
the spread of this virus. However, the effectiveness of inactivated
vaccines has been unsatisfactory (Blome et al., 2014; Cadenas-
Fernandez et al., 2021). Subunit vaccines have seen limited research
due insufficient knowledge on viral proteins (Liu et al., 2023).
Effective subunit vaccines are still being investigated (Goatley et al.,
2020). Live attenuated virus vaccines, which are produced by
passaging tissues or cell cultures to generate ASFV and genetically-
engineered and attenuated ASFV, induce strong immunity against
ASFV-related strains. After years of ASF epidemics in some areas,
a decrease in pig mortality has been observed, leading to isolation
of naturally attenuated ASFV that cause subacute, chronic, or
subclinical forms of the disease (Arias et al., 2017). However, these
have very poor safety profiles, and are prone to causing persistent
viremia in pigs, along with symptoms of chronic ASF infection
(Gallardo et al., 2018). When ASFV grows in maladapted cells,
significant portions of the virus can be lost or mutated, resulting in
cell-adapted attenuated ASFV (Koltsova et al., 2021). The number

10.3389/fmicb.2024.1345236

of passages of cell-adapted attenuated ASFV is unpredictable, and
immunogenicity decreases when the number of passages is
excessive (Krug et al., 2015). Currently, genetically engineered live
ASFV with reduced virulence is the most promising ASF vaccine;
however, it may not completely clear the virus from pigs, and there
is a risk of virulence reversal. Therefore, the construction of ASFV
mutants by genetic engineering and the selection of rational
virulence-related genes are essential for the development of future
ASF vaccines.

ASFV has a genome 170-194kb in size, containing more than 150
open reading frames (ORFs). Functions of only a small fraction of
these ORFs have been characterized. The L7L-L11L ORF is located in
the right variable region of the ASFV genome, where LIOL is
homologous to KP177R (encoding the p22 protein), and L7L and L8L
genes are thought to be members of MGF110 (Vydelingum et al.,
1993; Zhang J. et al., 2021; Cackett et al., 2022). We found that the
replication efficiency of the 5 ASFV-mutants was similar to that of the
parental strains during in vitro experiments. Therefore, L7L-L11L are
not replication-associated genes. Current research on live attenuated
ASFV vaccines has focused on the rational attenuation of virulent
viruses through deletion of immunosuppressive genes (Liu et al.,
2023b). In a previous study, deletion of the L7L-L11L ORF in the
ASFV SY18 strain (genotype II) was found to significantly attenuate
virulence (Zhang J. et al., 2021). Therefore, virulence-related genes are
found in the ORF of L7L-L11L. Here, we found that inoculation of
pigs with deletion strains of the L8L, L9R, and L10L led to deaths of
all the pigs in each group. However, compared with the parental
strains, the death time of pigs infected with the deletion strains of the
L9R and L10L genes was delayed to a certain extent, one pig survived
after being infected by the deletion strain of the L7L gene, and all pigs
infected with the deletion strain of the L11L gene survived during the
observation period, despite showing fever. We reason that the reduced

TABLE 3 Clinical performance and survival of pigs immunized with SY18 /A\L11L.

No. of survivors/ No. of fever/

Mean value for fever parameter (SD) Fever (>40.5°C)

total fotal Day of onset Duration no. of Highest rectal
(days + SD) days (days + SD) temp (°C + SD)
10*° TCID,, SYI8ALLIL 4/4 4/4 7.75+2.17 3+2 40.9+0.35
10 TCID,, SYI8ALLIL 2/4 4/4 7+1.22 2.75+1.09 40.9+0.31
Mock 4/4 0/4 a a a

“The pigs did not have a fever.

TABLE 4 Clinical performance and survival rate after challenge.

No. of survivors/ No. of fever/

Mean value for fever parameter (SD) Fever (>40.5°C)

total total . .

Day of onset Duration no. of Highest rectal
(days + SD) days (days + SD) temp (°C + SD)

10*° TCIDs, SY18ALI1L

+10% TCID,, ASFV 4/4 0/4 a a a

SY18

10°° TCIDs, SY18ALI1L

+10% TCID;, ASFV 2/2 0/2 a a a

SY18

10°° TCID;, ASFV SY18 0/4 3/4 5.57+0.47 2334047 41.1740.12

“The pigs did not have a fever.
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Viraemia, changes in antibody levels and tissue viral content in pigs after immunization and attack attacks. Detection of ASFV genomic DNA in the
blood of pigs after immunization (A) and attack challenge (B). y values denote log10 copies/mL and x values denote time of inoculation and challenge.
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pathogenicity of SYI8AL7-11 is the result of the combined deletion
of the L7L and L11L genes.

The virulence of ASFV SY18 was not significantly altered by
deletion of L8L, and deletion of the LIIL significantly reduced the
pathogenicity of ASFV SY18. Vuono et al. performed a deletion of the
I8L (L8L) alone in the Georgia2010 strain (genotype II), and reported
no effects on viral replication or virulence, which is in agreement with
our findings (Vuono et al., 2021). Kleiboeker et al. deleted L1IL from
Malawi Lil-20/1 strain, which resulted in the death of all three pigs
inoculated with 10*°HADs, and the L11L deletion did not reduce the
virulence of Malawi Lil-20/1 (Kleiboeker et al., 1998). Malawi Lil-20/1
is a highly virulent strain isolated in Malawi, Africa, whose p72 type
belongs to genotype VIII, whereas the epidemic strain in China is
genotype II. The deletion of the same gene in different ASFVs may
thus result in different virulence-reducing effects. The CD2v gene
affects the virulence of BA71, ASFV-Kenya-IX-1033, and ASFV
HLJ/18, yet has no effect on the virulence of Lil-20/1 in Malawi (Borca
et al, 1998; Hemmink et al., 2022). Deletion of the DP148R reduced
the virulence of Benin 97/1 but had no effect on the virulence of ASFV
Georgia 2007/1 and ASFV HLJ18 (Reis et al., 2017; Chen et al., 2020;
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Rathakrishnan et al., 2021). This phenomenon also suggests that
studies on ASFV genes should take the background of the strains and
the differences between them into consideration. Because of space
constraints we conducted trials using young strains (weaner pigs or
grower pigs). The resistance and immunity of young pigs is lower
compared to that finisher pigs. ASF causes abortions in sows in late
pregnancy (Lohse et al., 2022). We demonstrated the virulence of five
ASFV-mutants only in young pigs. However, the specific effects of
these ASFV mutants on finishing pigs or gestating sows are uncertain
and will require further experimental studies.

5 Conclusion

Previous studies have shown that deletion of L7L-L11L genes in
ASFV SY18 significantly reduces viral virulence, and that virulence-
related genes exist among L7L-L11L. In this study, we constructed five
recombinant viruses with single-gene deletions using homologous
recombination technology, 10**TCIDs, doses of the recombinant
viruses were used to immunize pigs. All pigs in the SY18ALSL,
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SYI8AL9R, and SY18AL10L immunization groups died during the
observation period, while one pig survived in the SY18AL7L group,
and all pigs in the SYI18ALIIL group survived. The results
demonstrated that L8L, L9R, and L10L are not ASFV SY18 virulence
genes, whereas L7L and LIIL are related virulence. Pigs were
immunized with 10*°TCIDs, or 10°TCIDs, doses of recombinant
virus SYI8AL11L, and virus challenge protection experiments were
performed. The results showed that SYI8ALIIL could not
be completely detoxified by pigs after immunization, and large doses
of immunization could still lead to death. However, surviving pigs
could resist attack by the parental strain. Here, we found that
SY18ALIIL is an attenuated strain that protects against the parental
strain, but not suitable as a vaccine candidate. L11L is an ASFV SY18
virulence gene, whereas L7L has a slight effect on virus virulence. An
in-depth analysis of the functions of this gene may identify new targets
for the development of effective vaccines in the future.
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Abundant host and bacterial sequences can obscure the detection of less
prevalent viruses in untargeted next-generation sequencing (NGS). Efficient
removal of these non-targeted sequences is vital for accurate viral detection.
This study presents a novel 28S ribosomal RNA (rRNA) RT-gPCR assay designed
to assess the efficiency of avian rRNA depletion before conducting costly
NGS for the detection of avian RNA viruses. The comprehensive evaluation of
this 28S-test focuses on substituting DNase | with alternative DNases in our
established depletion protocols and finetuning essential parameters for reliable
host rRNA depletion. To validate the effectiveness of the 28S-test, we compared
its performance with NGS results obtained from both lllumina and Nanopore
sequencing platforms. This evaluation utilized swab samples from chickens
infected with highly pathogenic avian influenza virus, subjected to established
and modified depletion protocols. Both methods significantly reduced host rRNA
levels, but using the alternative DNase had superior performance. Additionally,
utilizing the 28S-test, we explored cost- and time-effective strategies, such as
reduced probe concentrations and other alternative DNase usage, assessed
the impact of filtration pre-treatment, and evaluated various experimental
parameters to further optimize the depletion protocol. Our findings underscore
the value of the 28S-test in optimizing depletion methods for advancing
improvements in avian disease research through NGS.

KEYWORDS

next-generation sequencing (NGS), lllumina, Nanopore, MinlON, 28S, RNA virus,
depletion

1 Introduction

In recent years, untargeted next-generation sequencing (NGS) technology has been
increasingly employed for the detection and characterization of RNA viruses, particularly in
the context of avian diseases (Chen et al., 2013; Tang et al., 2015; Goraichuk et al., 2016, 2017,
2019, 2021a,b; Croville et al., 2018; Ferreri et al., 2019; Tal et al., 2019; Patzina-Mehling et al.,
2020; Crossley et al., 2021; Chrzastek et al., 2022; Damir et al., 2023; Ip et al., 2023; Kariithi
etal., 2023; Techera et al., 2023). Avian viruses, including highly pathogenic avian influenza
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virus (AIV) and Newcastle disease virus (NDV), pose significant
threats to poultry populations and public health (Alexander, 1998;
Suarez, 2017; Swayne et al., 2020). One of the biggest risks to the
global poultry industry is the loss of animals and reduced egg
production associated with infection by these RNA viruses. Whole-
genome sequencing has become an important tool for the
characterization of transmission and epidemiology of infectious
diseases (Eyre, 2022). For example, the sequencing of AIV was
instrumental in defining the multiple introductions of highly
pathogenic AIV into North America in 2021-2022 (Alkie et al., 2022;
Bevins et al., 2022; Caliendo et al., 2022; Engelsma et al., 2022;
Guinther et al., 2022) and tracking outbreaks (Rasmussen et al., 2023;
Williams et al., 2023), farm-to-farm spread (Nagy et al., 2023; Youk
et al,, 2023), and spillovers to mammals (Agtiero et al., 2023; Elsmo
etal,, 2023; Leguia et al., 2023; Nguyen et al., 2023; Puryear et al., 2023;
Vreman et al., 2023). The diversity of poultry viruses is large, and
concurrent infection with other infectious agents can complicate
disease diagnosis. Therefore, the accurate and timely detection and
characterization of avian viruses is crucial for effective disease control,
surveillance, and management.

The typical NGS run is both cost and labor-intensive. Thus, a
common aim of all NGS experiments is to maximize the yield of
sequence reads of interest. The successful application of NGS for virus
detection in samples faces a critical challenge—the presence of
abundant host and bacterial sequences. These non-target sequences
commonly include ribosomal RNA (rRNA), which can comprise up
to 95% of total reads depending on the sample type (Morlan et al.,
2012; Fauver et al,, 2019). These sequences can overshadow the viral
genetic material, making it difficult to detect and characterize the less
prevalent viruses of interest (Morlan et al., 2012; Shi et al., 2022). The
removal of the most abundant host-specific rRNA (18S, 28S,
mitochondrial) and bacterial rRNA (168, 23S) is a fundamental step
in addressing this issue, as it can substantially improve the sensitivity
and accuracy of viral detection in NGS data.

Currently, depletion methods often involve enzymatic treatment
(Allander et al., 2001; Kapoor et al., 2008; Victoria et al., 2008; Bal
etal., 2018; Marotz et al., 2018; Oechslin et al., 2018; Oristo et al., 2018;
Nelson et al., 2019; Shi et al., 2019; Amar et al., 2021; Bruggeling et al.,
2021; Gan et al,, 2021), probe hybridization-based methods (Metsky
etal, 2017; Stark et al., 2019; Zeng et al., 2020; Gu et al., 2021; Parris
et al,, 2022), DNA-intercalating dyes (Nocker et al., 2009; Fittipaldi
et al., 2012), cell lysis (Hasan et al., 2016; Charalampous et al., 2019;
Yeoh, 2021), size selection (Ng et al., 2009; Hall et al., 2014; Kohl et al.,
2015; Liang and Bushman, 2021; Wang et al., 2021), and targeted
enrichment (Lee et al., 2017; Imai et al., 2018; Freed et al., 2020; Galli
et al.,, 2022; Singh, 2022). While these methods are effective to some
extent, their efficiency can vary, and the choice of enzymes, filter size,
etc., can significantly impact NGS outcomes and add to the cost of
testing each sample. Thus, there is a need for a systematic evaluation
and optimization of depletion methodologies to enhance the detection
of avian viruses via NGS. In our prior studies, we developed a targeted
RNase H-based depletion approach (Parris et al., 2022; Bakre et al.,
2023) to reduce the abundance of host and bacterial reads using DNA
probes designed to target chicken 18S and 28S rRNA, specific chicken
mitochondrial RNA, and select 16S and 23S bacterial rRNA
(O'Flaherty etal., 2018; Wille et al., 2018). Nonetheless, we consistently
engage in an optimization process to ensure that our protocols are
tuned for improved viral detection capabilities through increased
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sequencing depth and genome breadth of coverage for various avian
viral pathogens of interest. Therefore, a reliable cost-effective
quantitative polymerase chain reaction (QPCR) assay was sought as an
alternative to the cost-intensive NGS in the further optimization of the
depletion methods for effective reduction of host rRNA abundance in
the analyzed samples, ultimately heightening sequencing depth and
breadth of coverage of the target viral pathogens in these specimens.

The objective of this work was to develop a superior method to
deplete host rRNA before NGS library preparation and we also
introduce a novel 28S rRNA reverse transcription gPCR (RT-qPCR)
assay. This assay was designed to assess the efficiency of depletion
methods before conducting costly NGS for avian virus detection. This
comprehensive evaluation focuses on evaluating different DNAses in
our established RNase H-based depletion protocol (Parris et al., 2022;
Bakre et al., 2023), fine-tuning essential parameters for reliable host
rRNA depletion, and exploring other cost- and time-effective
strategies. The significance of this work lies in the 28S-test potential to
facilitate the further optimization of different depletion protocols to
improve the accuracy and sensitivity of avian virus detection via NGS,
ultimately contributing to better disease management and our
understanding of avian virus abundance.

2 Materials and methods
2.1 Samples

To validate the performance of the 285 rRNA RT-qPCR assay,
we compared its results to Nanopore and Illumina NGS data. Five
oropharyngeal (OP) and cloacal (CL) swabs were collected from 5
six-week-old specific-pathogen-free (SPF) white leghorn chickens
(Gallus domesticus; obtained from the Southeast Poultry Research
Laboratory in-house flocks, Athens, GA, United States) after they
succumbed to infection with a high dose of 6 log,,EIDs, per bird in
0.1mL of highly pathogenic H5N1 AIV A/turkey/Indiana/22-003707-
003/2022 in the animal BSL-3E facilities. Chickens had ad libitum
access to food and water throughout the experiment. The swabs were
immediately deposited into sterile cryovials containing 2mL of brain
heart infusion (BHI) transport media and were stored at
4°C. Additionally, OP and CL swabs obtained from four euthanized
SPF chickens (n=8) were spiked with low pathogenic LaSota
Newcastle Disease Virus (NDV) and were used to mimic field samples
for the optimization of 28S rRNA RT-qPCR.

2.2 Depletion methods

Aliquots of RNA extracts from the samples described above were
treated with different depletion methods designed to remove
abundant non-target host and bacterial sequences (Figure 1). These
treatments included filtration pre-treatment before nucleic acid
extraction (0.45 pm Nylon, 0.45 pm Nalgene surfactant-free cellulose
acetate (SFCA), and 0.22 pm Nalgene SFCA Syringe Filters, Thermo
Scientific, United States) and RNase H probe hybridization followed
by different DNase digestions. Our main focus was to refine our
established rRNA depletion method to enhance its capability to
selectively remove specific rRNA (18S, 28S, mitochondrial) and
bacterial rRNA (168, 23S). This method was compared to modified
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FIGURE 1
Overview of depletion methods applied in this study.

protocols in which DNase I (NEB, United States) was substituted with
the alternative DNase (TURBO DNA-free kit; Invitrogen,
United States) or rapid DNase (ezDNase, Invitrogen, United States),
which were all done in parallel. Additionally, a partial probe set
(CK28s rRNA4 and CK28s rRNA5) of varying concentrations was
tested in conjunction with the alternative DNase digestion to
selectively deplete chicken 28S rRNA (Parris et al., 2022; Bakre et al,,
2023). Briefly, 12-pL aliquots of RNA (with and without filtration
pre-treatment) were hybridized with DNA probes by incubating at
95°C for 5min, cooling gradually (0.1°C/s) to 22°C, and incubating
for an additional 5min at 22°C. RNA-DNA hybrids were then
degraded by incubating with RNase H at 37°C for 30 min, and either
DNase I, alternative DNase, or rapid DNase were used for further
digestion (30, 30, or 2 min, correspondently) to remove excess DNA
probes. The alternative DNase digestion was stopped by adding 0.2
volumes of DNase Inactivation Reagent as per the manufacturer’s
recommendations. DNase digestion time (30, 45, 60 min), repeated
RNase H degradation, as well as concentration of probes were also
tested. Finally, RNA was purified with the AMPure RNAClean XP
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beads (Beckman Coulter, United States) at 2.2 volume. Untreated
controls were included for each sample to provide a baseline reference.

2.3 Primer and probe design

We designed the 28S rRNA RT-qPCR assay for the performance
evaluation of different depletion methods before NGS sequencing.
After testing different sets of primers and probes targeting host 28S
rRNA, the final set of forward primer 285+3894
(5"-GTCGGCTCTTCCTATCATTGTG-3'), reverse primer 285-4026
(5"-CGCAACAACACATCATCAGTAGG-3’) and probe 285+3198
(5'-GCAGAATTCACCAAGCGTTGGATTGTTCACC-3* FAM
reporter dye with Zen/Black Hole Quencher 1; Integrated DNA
Technologies, Iowa City, IA) was selected. We then optimized the
annealing temperature RT-qPCR and evaluated the primer/probe
concentration and ratio to attain optimal conditions.

The RT-qPCR 28S-test was performed using the AgPath-ID
One-Step RT-PCR kit (Applied Biosystems, United States) in 25-uL
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reaction volumes comprised of 2puL of total RNA, 12.5pL of
2x RT-PCR buffer, 0.5 pL of the forward and reverse primers (20 pmol/
pL), 0.5pL of the probe (6 pmol/pL), 1 pL of AgPath Enzyme Mix
(Ambion, United States), and sterile nuclease-free water. The test
included an initial RT step (10 min at 45°C and 10min at 95°C) and
PCR steps of 40 cycles (10s at 94°C, 30s at 57°C, and 10s at 72°C). All
RT-qPCR tests were performed on a QuantStudio 5 real-time PCR
system (Applied Biosystems, United States).

Additionally, viral RNA preservation after different depletion
methods was evaluated by the NVSL AIV matrix gene (M-test)
RT-qPCR with the forward primer M+25 (5-AGATGAGT
CTTCTAACCGAGGTCG-3"), two reverse primers M-124 2002
(5"-TGCAAAAACATCTTCAAGTCTCTG-3"), M-124p 2009 (5-TG
CAAAGACACTTTCCAGTCTCTG-3") and probe M+64 (5'-TCA
GGCCCCCTCAAAGCCGA-3") and the USDA-validated NDV
M-test RT-qPCR with the forward primer M+4100 (5-AGTG
ATGTGCTCGGACCTTC-3"), reverse primer M-4220 (5'-CCTGAG
GAGAGGCATTTGCTA-3") and probe M+4169 (5-TTCTCTAGCA
GTGGGACAGCCTGC-3'), as previously described (Spackman et al.,
2002; Wise et al., 2004).

2.4 Library preparation and sequencing

To assess the effectiveness of our RT-qPCR 28S-test, we compared
its performance to the results of long-read Nanopore and short-read
Mlumina sequencing. For this, 5 untreated RNA extracts from swab
samples collected from AIV-infected birds were compared to the same
extracts but treated with our custom depletion protocol using DNase
I and the alternative DNase. Treated and untreated RNA extracts from
each sample were amplified via sequence-independent, single-primer
amplification (SISPA) as described previously (Chrzastek et al., 2017).
Briefly, first-strand cDNA was synthesized using 100 pmol of K-8 N
primer (5'-GACCATCTAGCGACCTCCACNNNNNNNN-3") with
the SuperScript IV First-Strand System (Invitrogen, United States)
following the manufacturer’s instructions. Second-strand synthesis
was performed using the DNA Polymerase I, Large (Klenow)
Fragment (NEB Inc., United States) with 10 pmol of K-8 N primer and
10pM dNTPs and resulting dsDNA was bead purified using the
AMPure XP beads (Beckman Coulter, United States). Amplification
of cDNA was performed using the Phusion High-Fidelity PCR Kit
(NEB Inc., United States) with the 10uM of K primer
(5"-GACCATCTAGCGACCTCCAC-3") under the following
conditions: 98°C for 305, followed by 35 cycles of 98°C for 105, 55°C
for 30s, and 72°C for 1 min, with a final extension at 72°C for 10 min.
After the SISPA amplification step, amplicons were bead-purified in a
1:1.8 sample volume to bead volume ratio and quantified using the
Qubit 1X dsDNA High Sensitivity Assay Kit (Invitrogen,
United States), followed by sample library preparation for Nanopore
and Illumina sequencing libraries.

The Nanopore sequencing libraries were prepared using the
Native Barcoding Kit 24 V14 (SQK-NBD114.24, Oxford Nanopore
Technologies, England) following the manufacturer’s instructions. The
final library was quantified using a High Sensitivity D5000 Screen
Tape on a 4150 TapeStation (Agilent Technologies, United States).
We then sequenced 20 fmol of the prepared library on a single R10.4.1
flow cell (FLO-MIN114, Oxford Nanopore Technologies, England)
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using a MinION MkIC instrument with the MinKNOW 23.04.8
software. Sequencing was run until all pores of the flow cell were
exhausted (~48h).

The Illumina libraries were prepared using the Illumina DNA
Prep (Illumina, United States) according to the manufacturer’s
recommendations. After quantification using the Qubit 1X dsDNA
High Sensitivity Assay Kit (Invitrogen, United States) and High
Sensitivity D5000 Screen Tape (Agilent Technologies, United States),
the libraries were pooled (4nM, 10pL each), spiked with a control
library (5% PhiX library v3), diluted to 12 pM final concentration and
sequenced (paired-end; 2 x 300 bp) using the 600-cycle MiSeq
Reagent Kit v3
MiSeq instrument.

(Illumina, United States) on an Illumina

2.5 Data analysis

After the sequencing run, Nanopore raw Pod5 files were
basecalled (high-accuracy, 400kbs) to generate FastQ files, that were
further demultiplexed and trimmed using Guppy 6.5.7 within the
MinKNOW 23.04.8 software on a MinION MKkIC instrument.
Reads with a minimum quality of 9 were considered for
further analysis.

The Illumina raw sequencing data was pre-processed within the
Galaxy platform, as described previously (Dimitrov et al., 2017). Raw
sequence reads were quality assessed using FastQC v0.63 (Andrews,
2010) residual adaptor sequence and low-quality bases were trimmed
using Cutadapt v1.16.6 (Martin, 2011). After control library reads
were removed using the Burrows-Wheeler alignment tool (BWA-
MEM; Li and Durbin, 2009), forward and reverse reads were merged
using PEAR v.0.9.6.1 (Zhang et al., 2014).

The host (Gallus gallus) reads were removed from the
pre-processed Nanopore and Illumina reads using a BWA-MEM tool.
The remaining unmapped reads were further used for taxonomical
classification by Kraken2 v2.0.8 using the PlusPF database (Wood and
Salzberg, 2014; Wood et al, 2019) and AIV genome consensus
assembly by BWA-MEM mapping with reference genome A/Turkey/
Indiana/22-003707-003/2022 (H5N1; GenBank accession numbers
0Q965225 to 0Q965232) within the Galaxy platform. The Kraken2
classified reads were further processed with Bracken v2.5 (Lu et al.,
2017) to estimate relative abundance at the family level. Individual
Bracken taxonomy tables for each treatment were merged with the
“combine_bracken_outputs.py” python script. The merged Bracken
data was processed with the R application “bracken_plot” (Vill, 2023)
to determine and visualize the top 10 taxa with the greatest median
relative abundances.

2.6 Statistical analysis

GraphPad Prism 9.3.1 was used for data representation and
statistical analysis. The One-way ANOVA followed by Tukey’s multiple
comparisons test was utilized to compare the relative difference of
cycle threshold (Ct) values among different depletion methods with
untreated control samples. For statistical purposes, all swab samples
with negative RT-qPCR results were assigned a Ct value of 40. The
value of p <0.05 was considered statistically significant.
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3 Results

3.1 RT-gPCR 28S-test design and
optimization

In our efforts to optimize the RT-qPCR 28S-test conditions,
we focused on refining the primer annealing temperature, primer/
probe concentration, and selecting the most suitable primer pair set.
To achieve this, we designed four pairs of sequence-specific primers
targeting host 28S rRNA based on sequences available in the NCBI
database. These primers were carefully designed to meet specific
criteria. They were relatively short, ranging from 20 to 25 base pairs in
length. We avoided the presence of three or more consecutive
nucleotides of the same type (e.g., AAA or GGG) in any of the
primers. Additionally, we ensured that each primer had a C or G at the
last nucleotide position at either or both ends, and their GC content
ranged from 45 to 50%.

Serial dilutions (1:10 dilution) of total RNA extracted from OP
and CL swabs collected from SPF birds were used to test the
performance of different primer/probe sets and their concentration.
To identify the optimal annealing temperature for each primer pair,
we conducted gradient RT-qPCR. After a series of tests, we determined
that the best-performing primer/probe set was 285+3894, 285-4026,
and 285+3918. We further refined the assay by selecting the optimal
primer/probe concentration and annealing temperature (data not
shown). after testing different concentrations, 10 pmol of each primer
and 3pmol of probe per reaction were chosen as optimal, at an
annealing temperature of 57°C.

3.2 Next-generation sequencing

First, we evaluated the performance of the RT-qPCR 28S-test
comparing our established RNase H-based rRNA depletion assay
(Parris et al., 2022; Bakre et al., 2023) and a modified protocol in
which evaluating alternative DNases. This assessment was performed
on five swabs collected from SPF chickens experimentally infected
with the highly pathogenic H5N1 AIV. These samples were subjected
to the established and modified depletion methods utilizing our
complete set of custom probes, which selectively depletes host-specific
rRNA (18S, 28S, mitochondrial) and bacterial rRNA (16S, 23S). Next,
we prepared Nanopore and Illumina sequencing libraries for three sets
of samples: untreated, samples after depletion with DNase I, and
samples after depletion with the alternative DNase. Both depletion
treatments substantially (p <0.0001) increased the average Ct values
in the RT-qPCR 28S-test when compared to untreated control samples
(Figure 2A; Supplementary Table 1). However, significantly higher Ct
values (p <0.001) were observed in samples treated with the alternative
DNase compared to samples treated with DNase I, indicating a more
effective reduction in host-specific rRNA. Notably, these results
corresponded to the NGS outcome on both Nanopore and Illumina
platforms (Figure 2B). In swabs with higher Ct values a reduced
number of host-specific reads per 100k obtained was observed on
both sequencing platforms. The trend between depletion methods in
the elevation of the average Ct values had an inverse correlation with
the decrease in the average percentage of host reads on both
sequencing platforms (Figure 2C; Supplementary Table 1). Although
both depletion treatments led to a decrease in the average percentage
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of host-specific reads, a statistically significant reduction (p <0.05) was
only evident in samples treated with the alternative DNase.

Regardless of the depletion assay used, both DNase treatments led
to a reduction not only in host-specific but also bacterial reads
(Supplementary Figure 1), consequently enabling a notable increase
in the number of sequenced viral reads (Supplementary Table 1). The
changes in bacterial abundance correlated with the bacterial rRNA
(168, 23S) that were targeted by hybridization probes during depletion.
Thus, we observed the reduction of reads belonging to families that
were targeted during depletion (Lactobacillaceae, Oscillospiraceae,
Yersiniaceae, except Enterobacteriaceae) and a consequent rise of
untargeted reads (Orthomyxoviridae, Hominidae, Enterococcaceae,
Staphylococcaceae, Streptomycetaceae, Prevotellaceae) compared to
untreated samples (Supplementary Figure 2). Notably, while DNase
I and alternative DNase depletion treatments both slightly reduced
viral RNA (p<0.01 and p<0.05, correspondently), represented by
elevated Ct values in the AIV M-test (Figure 3A), they provided
increase in the relative abundances of sequenced reads belonging to
family Orthomyxoviridae (Supplementary Figure 2). The alternative
DNase outperformed DNase I, resulting in higher Ct values in the
28S-test, lower Ct values in the ATV M-test, and a higher increase of
sequenced viral reads. Specifically, in samples treated with the
alternative DNase, viral reads constituted 7.7% and 3.1% of the total
reads, whereas only 0.4% and 0.6% of viral reads were presented in
untreated samples when sequenced on Nanopore and Illumina
platforms, respectively. Moreover, a substantial 7-fold and 5-fold
increase in the average number of viral reads per 100k sequences was
observed in samples treated with the alternative DNase compared to
those treated with DNase I and subsequently sequenced on Nanopore
and Illumina platforms, correspondently (Figure 3B). This elevation
in sequenced viral reads subsequently contributed to the improved
breadth of the AIV genome after consensus assembly (Figure 3C;
Supplementary Table 1). It is noteworthy that, although there was an
increase in the average percentage of ATV genome breadth in samples
subject to both depletion assays, only the use of the alternative DNase
resulted in a statistically significant (p <0.05) enhancement in viral
genome breadth (Figure 3C). In fact, both Nanopore and Illumina
platforms yielded an average AIV genome breadth exceeding 90%
after the alternative DNase treatment. Furthermore, regardless of the
type of DNase used, the depletion of host-specific and bacterial rRNA
correlated with the enhanced breadth of viral genome coverage
obtained on both sequencing platforms (Figure 3D). Therefore, the
results of the developed RT-qPCR 28S-test were confirmed by positive
correlation with the sequencing outcome, demonstrating its potential
to facilitate further optimizations of host rRNA depletion for improved
detection of avian pathogens.

3.3 Depletion treatments

3.3.1 DNase digestion

After confirming RT-qPCR 28S-test results with the NGS results
using swabs collected from birds infected with highly pathogenic
H5N1 AIV, we repeated the comparison of substituting DNase
I with the alternative DNase in our depletion protocol using swab
samples collected from SPF chickens and spiked with the low
pathogenic LaSota NDV. The RT-qPCR NDV M-test was conducted
to assess the preservation of viral RNA after the depletion
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treatments. Consistent with our prior observations, the results
indicated that both DNase I and alternative DNase treatments
significantly (p <0.0001) reduced host rRNA levels compared to
untreated controls (Figure 4A), as evidenced by the elevated Ct
values in RT-qPCR 28S-test. Depletion treatment with the
alternative DNase resulted in a more substantial increase in
RT-qPCR threshold values (ranging from 33.5 to 40 Ct), with an
average increase of 15.7 Ct compared to untreated control samples
(17.8-23.6 Ct). In contrast, depletion with the use of DNase
Iincreased threshold values only by an average of 10.5 Ct (ranging
from 28.5 to 34.2 Ct). Importantly, the threshold values in the NDV
M-test exhibited only a modest increase with the alternative DNase
treatment resulting in a 1.4 Ct increase (p <0.05), while DNase
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I resulted in a more substantial increase of a 2.6 Ct (p<0.0001)
compared to untreated samples (Figure 4B). These findings suggest
that both depletion methods effectively reduce host rRNA levels,
with the alternative DNase showing a more pronounced effect.
For further evaluation of depletion methods and performance
of RT-qPCR 28S-test, we selected the alternative DNase based on
its superior performance in reducing host rRNA levels. Additionally,
to reduce the price per reaction during testing, we compared our
RNase H-based depletion protocol using a complete set of probes
with a partial set of probes (chicken 28S rRNA4 and rRNAS5). To
facilitate this, the amplification region of the 28S-test was within the
targeted region for depletion with the reduced set of probes. As
anticipated, depletion with the partial set of probes performed
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comparably to depletion with the complete set, and there were no
significant differences between these two sets in the RT-qPCR
28S-test (Figures 4A,B). The average cycle threshold values were
elevated by 15.7 Ct (ranging from 35.4 to 37.4 Ct) compared to
untreated control samples (Figure 4A). Similarly, in the NDV
M-test, there was only a minor increase of 0.7 Ct compared to
untreated controls (Figure 4B).

Furthermore, we evaluated the feasibility of substituting DNase
I and the alternative DNase with rapid DNase to reduce preparation
time. DNase I and the alternative DNase digestion typically require
30-min incubation at 37°C, whereas rapid DNase requires only
2min. It is important to note that despite the elevation of average
Ct values compared to untreated samples, depletion with rapid
DNase resulted in a significantly lower reduction (p <0.0001) of
host rRNA compared to the alternative DNase (Figure 4A). The
average Ct values in samples after rapid DNAse treatment were 11.6
Ct lower (ranging from 24.3 to 26.1 Ct) than those in samples
treated with the alternative DNase.
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3.3.2 Extraction pre-treatment

We evaluated the impact of filtration pre-treatment using different
types of syringe filters (0.45 pm Nylon, 0.45 pm Nalgene SFCA, and
0.22 pm Nalgene SFCA) prior to nucleic acid extraction. We assessed
the effects of filtration methods independently and in combination
with our depletion protocol using the alternative DNase. When
evaluating the three different filters compared to each other,
we observed no significant differences in the reduction of 28S chicken
rRNA, regardless of whether post-extraction depletion treatment was
applied or not (Figure 5A). However, when compared to untreated
samples, only the filtration with cellulose acetate filters significantly
reduced host rRNA levels, when no subsequent deletion was applied.
Specifically, the 0.45 pm Nalgene SFCA filter led to a reduction with
p<0.001, and the 0.22 pm Nalgene SFCA filter resulted in a reduction
with p<0.05 (Figure 5A). Still, these reductions were observed to
be lower than the reductions achieved when the filters were used in
combination with the alternative DNase treatment. All filtration
pre-treatments combined with the depletion treatment significantly
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reduced (p<0.0001) host rRNA. Though, these pre-treatments
provided no significant difference with the alternative DNase alone.

Adversely, viral RNA was significantly reduced (p <0.0001) by
filtration, regardless of filter type used and whether depletion
treatment was applied or not (Figure 5B) when compared to untreated
samples and samples after the alternative DNase treatment. This
suggests that filtration pre-treatment had a detrimental effect on viral
RNA, leading to a substantial reduction in its quantity. In contrast, the
depletion using the alternative DNase without any extraction
pre-treatment not only significantly (p<0.0001) reduced 28S host
rRNA, as intended, but at the same time did not significantly reduce
the amount of viral RNA.

3.3.3 Optimization of depletion protocol

In our study, we evaluated the impact of various experimental
parameters on the reduction of host rRNA and preservation of viral
RNA. Specifically, we examined the effect of extending the alternative
DNase digestion time to 45 and 60 min, explored different concentrations
of the partial probe set, and conducted repeated RNase H treatments.
Extending the alternative DNase digestion time beyond the recommended
30min did not significantly impact the reduction of 28S rRNA or viral
RNA levels (Supplementary Figure 3A). Comparison of different partial
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probe set concentrations revealed a common trend of reduced Ct values
or RT-qPCR targeting 28S rRNA when probe concentrations decreased
(Supplementary Figure 3B). Furthermore, our RNase H-based depletion
with a partial probe set yielded a significant reduction in host rRNA levels
(p<0.0001) across all concentrations tested, without affecting viral Ct
values. When comparing repeated RNase H treatments to improve
degradation of probe-bound rRNAs, one and three rounds of RNase H
treatment resulted in a significant reduction in host rRNA levels
compared to untreated samples (p <0.0001 and p <0.05, respectively). In
contrast, depletion without RNase H treatment or with two RNase H
treatments did not yield any statistically significant difference
(Supplementary Figure 3C).

4 Discussion

In this study, we conducted a comprehensive evaluation of the
newly developed 28S rRNA RT-qPCR as a tool to facilitate the
optimization of host depletion methods to enhance avian virus
detection via next-generation sequencing. Our approach involved a
systematic assessment of this 28S-test in conjunction with various
depletion protocols, with a particular focus on substituting DNase
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FIGURE 5

Average (A) chicken rRNA 28S and (B) Newcastle disease virus (NDV) M gene RT-qPCR cycle threshold (Ct) values in the alternative DNase depletion
with and without filtration pre-treatment. Without subsequent alternative DNase treatment, only filtration with cellulose acetate syringe filters (SFCA)
before extraction significantly reduced host rRNA. Filtration together with the alternative DNase depletion reduced host rRNA significantly better than
filtration alone. However, regardless of whether post-extraction depletion treatment was applied or not, all filters significantly reduced viral RNA. One-
way ANOVA with Tukey's multiple comparison analysis was used to evaluate the significance between Ct values in different depletion methods. A value
of p<0.05 was considered to be significant. *p <0.05; **p < 0.01; ***p <0.001; ****p <0.0001.
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I with the alternative DNase in our established RNase H-based rRNA
depletion protocol (Parris et al., 2022; Bakre et al., 2023). To ensure
reliable detection of avian 28S rRNA, we fine-tuned primer annealing
temperatures, optimized primer/probe concentrations, and selected
the most suitable primer pair set. Our primer design adhered to
specific criteria, including short lengths, nucleotide diversity, and a
balanced GC content. Through rigorous testing, we identified the
optimal primer/probe set as 285+3894/-4026/+3918 and determined
their ideal concentrations and annealing temperature.

It is known that commonly used conventional DNase I, which was
first characterized more than a half-century ago, is salt-sensitive, has
a poor affinity for DNA, and inefficiently cleaves DNA of low
concentration (Kunitz, 1950; ThermoFisher, 2012). In addition, DNase
I is purified from bovine pancreas, one of the richest natural sources
of RNase A, which can be crucial when working with RNA viruses.
The alternative DNase is an engineered version of wild-type DNase
I with 350% greater catalytic efficiency and a markedly higher affinity
for DNA, making it more effective in removing trace quantities of
DNA contamination. The alternative DNase is also capable of
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maintaining up to 50-fold greater activity than DNase I in solutions at
physiological salt concentrations and is RNase-free by nature
(ThermoFisher, 2018). Therefore, our initial RT-qPCR 28S-test
evaluation was performed using the Nanopore and Illumina
sequencing instruments with results comparing untreated samples
with the samples that underwent our custom depletion assay with
DNase I, and a modified protocol using the alternative DNase. For this
evaluation, we employed clinical swabs from SPF chickens infected
with a highly pathogenic avian influenza virus A/turkey/Indiana/22-
003707-003/2022 (H5N1). Both depletion methods significantly
increased the average Ct values in the RT-qPCR 28S-test, indicating
substantial host-specific rRNA reduction. Notably, substituting DNase
I with the alternative DNase yielded significantly improved results, as
evidenced by even a further elevation of Ct values in the 28S-test,
signifying a more pronounced reduction in host-specific rRNA, and
a lower Ct value elevation in the AIV M-test, indicating the
preservation of viral RNA integrity. These improvements were
consistent with NGS outcomes on both Nanopore and Illumina
platforms. It is important to highlight that while both depletion
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methods decreased the average percentage of host-specific reads
according to the data obtained on both sequencing platforms, a
statistically significant reduction was observed only in samples treated
with the alternative DNase. Metataxonomic analysis of the abundant
reads confirmed a reduction of most targeted bacterial reads during
depletion and a consequent rise of untargeted bacterial, viral, and
human reads. The increase of targeted reads belonging to family
Enterobacteriaceae in treated samples may be attributed to potential
contamination from polymerases and other enzymes, which are
known source of Escherichia coli contamination (Koponen et al., 2002;
Silkie et al., 2008; Stinson et al., 2019). This reduction in abundant host
and bacterial rRNAs was instrumental in facilitating a notable increase
in the number of sequenced influenza viral reads, contributing to
enhanced breadth of viral genome coverage after consensus assembly.
Similarly, to the host rRNA reduction results, the improvement in the
breadth of viral genome was also statistically significant only in
samples treated with the alternative DNase. The observed correlation
between the reduction of host rRNA levels and the subsequent
improvement in viral genome breadth highlights the potential utility
of the RT-qPCR 28S-test in guiding further refinements of host rRNA
depletion methods for enhanced detection of avian pathogens.

Furthermore, we conducted a thorough evaluation of the
developed RT-qPCR 28S-test to monitor the effectiveness of different
host depletion methods. In swab samples spiked with low pathogenic
NDYV, the comparison between DNase I and alternative DNase
demonstrated the superior performance of the alternative DNase as
well. Both methods significantly reduced host rRNA levels, as
evidenced by elevated Ct values in the 28S-test. However, the
alternative DNase outperformed DNase I, resulting in higher Ct values
in the 28S-test, indicating more effective host rRNA reduction, and
lower Ct values in the NDV M-test, signifying the preservation of viral
RNA integrity. Thus, the alternative DNase was selected for further
optimization of the depletion protocol due to its superior performance.
Additionally, we explored cost-effective measures by utilizing a
reduced set of probes (chicken 28S rRNA4 and rRNA5) instead of a
complete probe set, which performed comparably to the complete set
in the 28S-test. Also, we examined the potential use of rapid DNase to
reduce preparation time. While rapid DNase offered a quicker
incubation period (2min) compared to DNase I (30min) and the
alternative DNase (30 min), it exhibited lower efficacy in host rRNA
reduction compared to DNase I and the alternative DNase. This
emphasizes the importance of balancing efficiency and effectiveness
in depletion protocols.

We also investigated filtration pre-treatment using different
syringe filters (0.45um Nylon, 0.45 pm Nalgene SFCA, and 0.22 pm
Nalgene SFCA) before nucleic acid extraction. Comparing the three
different filters among themselves, we observed no significant
differences in the reduction of 28S chicken rRNA, regardless of
whether post-extraction alternative DNase depletion treatment was
applied or not. However, when compared to untreated samples, only
the filtration with cellulose acetate filters led to a significant reduction
in host rRNA levels when used for pre-extraction treatment without
subsequent alternative DNase depletion. However, when combined
with the depletion treatment, all extraction pre-treatments
significantly reduced host rRNA compared to untreated samples.
Nevertheless, these reductions were more pronounced than those
achieved when the filters were used without following alternative
DNase treatment. Though filtration combined with the alternative
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DNase effectively reduced host rRNA, it significantly decreased viral
RNA as well. In contrast, the alternative DNase without filtration
pre-treatment maintained host rRNA reduction while preserving viral
RNA. The primary rationale behind using filtration was to selectively
remove host and bacterial cells, with the expectation that virus
particles, being significantly smaller, would pass through the filter and
be present in higher concentrations and allow a higher percentage of
viral sequencing reads. However, our unexpected outcome suggests
two plausible explanations for the observed significant reduction of
the viral RNA. The most likely explanation is that the virus particles
are attached to host cells through receptor mediated interaction, and
these virus/host cells were then removed by the filters. Second,
variations in viral sizes may have played a role. For instance,
orthomyxo- and paramyxoviruses are known to be pleomorphic and
capable of producing virions of different shapes (Donald and Isaacs,
1954; Badham and Rossman, 2016). Generally, NDV virions are
rounded and 100-500 nm in diameter, although filamentous forms of
about 100 nm across and of variable length are often seen (Alexander
and Senne, 2008; Goff et al., 2012; Miller and Koch, 2013; Burrell et al.,
2017). Clinical isolates of influenza A virus have been shown to
produce elongated filamentous particles up to 30pm, whereas
laboratory-adapted strains are predominantly spherical ranging from
80 to 120nm (Cox et al., 1980; Roberts et al., 1998; Vijayakrishnan
et al., 2013; Dadonaite et al., 2016; Leyson et al., 2021). Therefore,
while filtration is a widely used technique for separating viruses from
bacterial and host cells, our findings align with a prior observation
(Conceigao-Neto et al., 2015; Burke et al., 2019) and emphasize the
importance of carefully considering filter pore size and material.
Because of the large reduction in viral RNA as measured by RT-qPCR,
we did not evaluate the filtered samples by sequence analysis, and
additional investigation is needed to evaluate if there is a positive
effect from filtering in increasing viral RNA reads.

Finally, our study explored various experimental parameters to
optimize the depletion protocol’s performance. These investigations
included extending the alternative DNase digestion time, testing
different concentrations of the partial probe set, and conducting
repeated RNase H treatments. Extending the alternative DNase
digestion time beyond the recommended 30 min did not significantly
impact the reduction of host rRNA or viral RNA levels. Similarly,
varying the concentrations of the partial probe set did not yield
significant differences in the 28S-test when probe concentrations were
increased. When assessing repeated RNase H treatments to enhance
the degradation of probe-bound rRNAs, one and three rounds of
RNase H treatment resulted in a significant reduction in host rRNA
levels compared to untreated samples. However, no statistically
significant difference was observed when depletion was performed
without RNase H treatment or with two rounds of RNase H treatment.

In summary, our comprehensive assessment of different depletion
treatments with a specific emphasis on the performance evaluation of
the 28S rRNA RT-qPCR, provides valuable insights to enhance avian
virus detection through NGS. Careful selection of depletion methods,
probe sets, and filtration pre-treatment steps is crucial for optimizing
NGS outcomes. Therefore, this systematic optimization process
ensures that our custom RNase H-based depletion protocol is fine-
tuned for effective reduction of the most abundant host and bacterial
rRNA, ultimately improving the detection, number of sequenced
reads, and genome coverage for various avian viruses. The results
presented in this study offer significant findings for further refining
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depletion methods and their influence on NGS performance in avian
disease research.

5 Conclusion

In conclusion, our study highlights the effectiveness of the
developed 28S rRNA RT-qPCR in evaluating host depletion methods
for NGS detection of avian viruses. This assay facilitated the
optimization of our established depletion protocol and the evaluation
of other depletion methods. Substituting DNase I with the alternative
DNase in our established depletion protocol resulted in improved
outcomes, as validated by NGS data. Ultimately, our refined protocol,
utilizing the alternative DNase, proved to be the overall optimal
depletion method when compared to other DNases or filtration
pre-treatments. The 28S-test provides a valuable foundation for the
development and further refinement of host depletion strategies,
ultimately enhancing the sensitivity and accuracy of avian virus
detection in clinical samples. Additional investigations into optimizing
depletion methods and their application in avian virology are
warranted to advance our understanding of avian diseases and
improve surveillance and control measures.
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detection of three porcine
diarrhea viruses
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University, Dezhou, China, 2Shandong Key Laboratory of Biophysics, Institute of Biophysics, Dezhou
University, Dezhou, China, *Shandong New Hope Liuhe Agriculture and Animal Husbandry Technology
Co., Ltd. (NHLH Academy of Swine Research), Dezhou, China

Introduction: Porcine viral diarrhea is a common clinical disease, which results in
high mortality and economic losses in the pig industry. Porcine epidemic diarrhea
virus (PEDV), porcine rotavirus (PoRV), and porcine deltacoronavirus (PDCoV) are
important diarrhea viruses in pig herds. The similarities of their clinical symptoms
and pathological changes make it difficult to distinguish these three viruses
clinically. Therefore, there is a need for a highly sensitive and specific method
to simultaneously detect and differentiate these viruses.

Methods: A multiplex real-time PCR assay using TagMan probes was developed
to simultaneously detect PEDV, PoRV, and PDCoV. To assess the efficacy of
the established assay, 30 clinical samples with diarrhea symptoms were used
to compare the results obtained from the multiplex real-time PCR assay with
those obtained from commercial singleplex real-time PCR kit. Importantly, a
total of 4,800 diarrhea samples were tested and analyzed to validate the utility
of the assay.

Results: This multiplex real-time PCR assay showed high sensitivity, specificity,
and excellent repeatability with a detection limit of 1 x 102 copies/pL.
Comparing the results of the commercial singleplex real-time PCR kit and the
multiplex real-time PCR method for detecting PEDV, PoRV, and PDCoV, there
was complete agreement between the two approaches. Clinical data revealed
single infection rates of 6.56% for PEDV, 21.69% for PoRV, and 6.65% for PDCoV.
The co-infection rates were 11.83% for PEDV + PoRV, 0.29% for PEDV + PDCoV,
5.71% for PoRV + PDCoV, and 1.29% for PEDV + PDCoV + PoRYV, respectively.

Discussion: The multiplex real-time PCR method established in this study
is a valuable diagnostic tool for simultaneously differentiating PEDV, PoRV,
and PDCoV. This method is expected to significantly contribute to prevent
and control the spread of infectious diseases, as well as aid in conducting
epidemiological investigations.
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multiplex real-time PCR, PEDV, PoRV, PDCoV, porcine viral diarrhea
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1 Introduction

Viral diarrheal disease poses a serious threat to the swine
industry, causing substantial global economic losses (Wu et al,
2022; Hou et al.,, 2023). Numerous diarrhea viruses have been
identified in swine, including transmissible gastroenteritis virus
(TGEV), porcine epidemic diarrhea virus (PEDV), porcine delta
coronavirus (PDCoV), porcine enteric alpha coronavirus (PEAV),
porcine rotavirus (PoRV), porcine sapvirus (PSaV), porcine
norovirus (PNoV), porcine teschenvirus (PTV), porcine kobuvirus
(PKV), seneca valley virus (SVV), porcine reovirus (ReoV), porcine
bocavirus (PBoV), porcine astrovirus (PAstV), and so on (Huang
et al, 2019). Among these swine diarrhea viruses, PEDV, PoRYV,
and PDCoV are the most destructive pathogens causing anorexia,
vomiting, diarrhea, and dehydration (Hou et al, 2023). With
the rapid development of intensive aquaculture, co-infection or
secondary infection with these viruses is prevalent, resulting in
significant morbidity and mortality (Huang et al., 2019; Hou et al.,
2023).

PEDV is an enveloped, single-stranded RNA virus that belongs
to the Alphacoronavirus genus in the Coronaviridae family (Huang
et al, 2013; Hu et al, 2021). The spherical PEDV particles vary
in size, with an average diameter of ~130nm (Hu et al,, 2021).
The PEDV genome is ~28kb (Huang et al., 2013; Hu et al,, 2021).
While PEDV can infect pigs of any age, it is especially severe in
piglets, often resulting in 100% morbidity and mortality (Shibata
et al., 2000; Huang et al., 2013). The first reported cases of porcine
epidemic diarrhea (PED) occurred in England in 1971, followed
by a subsequent outbreak in Belgium in 1977 (Si et al., 2020;
Hou et al.,, 2023). It was later identified in China in the 1980
(Wang et al., 2016). In December 2010, a new strain of PEDV with
high virulence emerged in China, resulting in the death of over 1
million piglets and a 100% mortality rate among suckling piglets
(Wang et al., 2016; Wu et al., 2022). Since then, the emerging and
highly virulent strains of PEDV have gradually spread throughout
the global swine industry, causing significant economic losses and
becoming a leading cause of diarrhea in pigs (Wang et al., 2016;
Hou et al., 2023).

PDCoV is a new swine enteric coronavirus that belongs to
the newly identified genus Deltacoronavirus in the Coronaviridae
family (Ma et al., 2015). It is an enveloped, single-stranded positive-
stranded RNA virus with a genome size of ~25.4kb. PDCoV was
first detected in Hong Kong, China in 2012, and then in the
United States in 2014 (Woo et al,, 2012; Wang et al., 2014). The
first outbreak of PDCoV occurred in the United States in 2014 and
quickly spread to at least 20 states, resulting in significant economic
losses in the global pig industry (Ma et al., 2015; He et al., 2020).
PoRV is a non-enveloped, double-stranded RNA virus from the
genus Rotavirus in Reoviridae family. Its genome is ~18,500 bp
long, consisting of 11 segments of dsSRNA (Chepngeno et al., 2020).
PoRV is a major cause of diarrhea in piglets, particularly those
aged 1-8 weeks (Chepngeno et al.,, 2020; Tao et al,, 2023). It can
also spread between pigs and humans, posing a significant threat to
public health and safety in China (Li et al., 2018).

Pigs infected with PEDV, PoRV, and PDCoV exhibit similar
clinical symptoms and pathological changes, making it hard to
differentiate them. Moreover, the prevalence of co-infection and
secondary infection among PEDYV, PoRV, and PDCoV poses
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significant challenges in clinical diagnostics (Shu et al., 2022; Hou
etal, 2023). It is therefore urgent to develop an efficient molecular
method for distinguishing these viruses in the clinic. Real-time
PCR utilizes fluorescence signals to monitor the PCR process
in real-time, offering advantages in terms of speed, sensitivity,
and reproducibility when compared to conventional PCR method.
Hence, it is commonly used in clinical detection. However,
singleplex real-time PCR is not convenient for the simultaneous
detection of co-infection of multiple pathogens, and repeated
detection of various pathogens wastes time and makes operations
cumbersome (Ben Salem et al., 2010; Liu et al., 2019). Multiplex
real-time PCR is a method that can detect multiple pathogens in a
single reaction system (Huang et al., 2019; Li et al., 2022). In this
study, we developed a multiple real-time PCR based on TagMan
probe to simultaneously and accurately detect PEDV, PoRYV, and
PDCoV. This assay exhibited high sensitivity and specificity for
the target genes. Additionally, we used this method to detect and
analyze 4,800 clinical samples collected from pig farms in multiple
provinces of China, providing valuable data to help formulate
prevention and control strategies in this particular region.

2 Materials and methods

2.1 Viruses, primers, and probes

The nucleic acid of various viruses and bacteria, including
respiratory syndrome virus (PRRSV), pseudorabies virus (PrV),
porcine circovirus (PCV1), PCV2, classical swine fever virus
(CSEV), African swine fever virus (ASFV), Streptococcus suis (SS),
Salmonella enteritidis (SE), PEDV, PoRV, and PDCoV were stored
at —80°C in our laboratory until needed. At least 30 genome
sequences of PEDV, PoRV, and PDCoV were downloaded from
NCBI for analysis. After comparison, the M gene of PEDV and
PDCoV, and the NSP3 gene of PoRV were found to be the most
conserved gene sequences. Primers and probes were designed using
Primer Premier 5 software (Premier, Canada) based on the most
conserved region. TagMan probes for PEDV, PoRV, and PDCoV
were labeled with FAM, VIC, and Cy5 at the 5/ end, respectively,
with all quenchers at the 3/ end being BHQ. The sequences of the
primers and probes designed in this study are presented in Table 1.
Primers and probes were synthesized by Sangon Biotech (Shanghai)
Co., Ltd.

2.2 Construction of plasmid standards

The target fragments of PEDV, PoRV, and PDCoV were
amplified separately using the HiScript II One Step RT-PCR Kit
(Dye Plus; Nanjing Vazyme Biotech Co., Ltd.). The PCR fragments
were purified and cloned into the pMDI18-T vector (Takara
Biomedical Technology (Beijing) Co., Ltd.). The transformed
clones were then introduced into the E.coli DH5a strain. Positive
clones were cultured and plasmid extraction was performed
using the TaKaRa MiniBEST Universal Genomic DNA Extraction
Kit [Takara Biomedical Technology (Beijing) Co., Ltd.]. The
constructed plasmid was confirmed by DNA sequencing and
used as the standard positive control. The copy number of

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1380849
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Ren et al.

TABLE 1 Primers and probes designed for the multiplex real-time PCR.

10.3389/fmicb.2024.1380849

Virus Primer/probe Sequence (5'-3') Size (bp) Target gene
PEDV Forward CATCTGATTCTGGACAGTTG 226 M
Reverse CTATACACCAACACAGGCTC
Probe (FAM)TTTCAGAGCAGGCTGCATAT(BHQI)
PoRV Forward ACCATCTACACATGACCCTCTATGAG 83 NSP3
Reverse ACATAACGCCCCTATAGCCATTTAG
Probe (VIC)ACAATAGTTAAAAGCTAACACTG(BHQI)
PDCoV Forward ATCGACCACATGGCTCCAA 72 M
Reverse CAGCTCTTGCCCATGTAGCTT
Probe (Cy5)CACACCAGTCGTTAAGCATGGCAAGCT(BHQ3)

recombination plasmids was calculated using the following formula
(Lietal., 2022):

(6.02 x 10%) x (X ng/uL x 10?)

Plasmid copies/uL =
fasmmid coprestit plasmid length (bp) x 660

A 10-fold series dilution was conducted for each plasmid,
ranging from 1.0 x 10% to 1.0 x 10! copies/jL. Singleplex real-
time PCR was performed for each virus using the 10-fold diluted
plasmids to generate standard curve. For multiplex standard
curves, each plasmid was diluted to 3.0 x 10° copies/jLL and pooled
in equal volume to make a concentration of 1.0 x 10° copies/jLL
for each plasmid. The pooled plasmid was then diluted in a 10-fold
series, ranging from 1.0 x 108 to 1.0 x 103 copies/pL, to establish
multiplex standard curves.

2.3 Reaction conditions of the singleplex
real-time PCR

All real-time PCR reaction systems were set to a volume of 20
pL. For singleplex real-time PCR of PDCoV, RV, and PEDV, the
reaction system included 10 wL 2xPerfectStart Probe One-Step
qPCR SuperMix, 0.4 wL TransScript Probe One-Step RT Enzyme
Mix (Transgen, Beijing), 0.4 WL each of forward/reverse primer
(10 pM), 0.4 L TagMan probe (10 LM), 5.5 nL RNA template, and
2.9 nL nuclease-free water.

Amplification was performed on a Bio-Rad CFX96™ Real-
time System (Bio-Rad, Hercules, CA, USA) using the following
program: 45°C for 5min, 94°C for 30s, 40 cycles of 94°C for 55,
and 52°C for 30s. Fluorescence signal was automatically collected
at the end of each cycle. All qPCR results were analyzed using CFX
Manager™ software.

2.4 Optimization of multiplex real-time
PCR assay
The concentrations of primers and probes were optimized

as previously described (Pan et al., 2020). After repeated tests,
the optimal reaction conditions for multiplex real-time PCR
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were determined as follows: 10 pwL 2xPerfectStart Probe One-
Step qPCR SuperMix, 0.4 pL TransScript Probe One-Step RT
Enzyme Mix (Transgen, Beijing), 0.4 WL each of forward/reverse
primer and probe (10 wM) for PoRV and PDCoV, 0.2 pL each of
forward/reverse primer and probe (10 uM) for PEDV, 5.5 uL RNA
template, 1.1 pL nuclease-free water, with a total reaction volume
of 20 pL. The same instrument and real-time PCR program were
used as described above.

2.5 Sensitivity, specificity, and repeatability
test of the multiplex real-time PCR assay

To determine the limit of detection (LOD) for the multiplex
real-time PCR method, the aforementioned pooled standard
plasmids were diluted in a 10-fold serial manner, ranging from
1.0 x 10° to 1.0 x 10° copies/pL in nuclease-free water.
These diluted standard plasmids were then used as templates
for multiplex real-time PCR amplification. The reliable LOD
was the lowest concentration that achieved a 95% positive
detection rate.

To avoid false positives caused by other viruses or bacteria
that may be present in the samples, two RNA viruses (PRRSV
and CSFV), three DNA viruses (PCV1, PCV2, and ASFV),
and two bacterias (S. suis and S. enteritidis) were used for
specificity test of multiplex real-time PCR assay. Nucleic acids
were extracted using the VAMNE Virus DNA/RNA Extraction
Kit (Nanjing Vazyme Biotech Co., Ltd.). For RNA viruses, the
cDNA was generated with the TransScript Probe One-Step qRT-
PCR SuperMix (Beijing Transgen Biotech Co., Ltd.). These DNA
and ¢cDNA samples were first detected using commercial Kits,
and positive samples with CT values <25 were selected as
template for specificity test of the multiplex real-time PCR assay.
The standard plasmids of PEDV, PoRV, and PDCoV were used
as positive controls, while nuclease-free water served as the
negative control.

To assess its repeatability of the multiplex real-time PCR,
a 10-fold serially diluted standard template was used, ranging
from 1.0 x 10%® to 1.0 x 10° copies/nL. Each reaction was
performed with three replicates. Intra-assay repeatability was
determined by conducting three simultaneous detections of each
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FIGURE 1

The amplification curves (top) and the standard curve (bottom) of the single and multiplex real-time PCR assay. (A—C) The amplification curves (top)
and the standard curve (bottom) of single real-time PCR assay for detection of PEDV (A), PoRV (B), and PDCoV (C), respectively, with concentrations
of each plasmid standard ranging from 1.0 x 108 to 1.0 x 10! copies/p.L. (D) Amplification curves (top) and standard curves (bottom) of optimized
multiplex real-time PCR for simultaneous detection of PEDV, PoRV, and PDCoV. The concentrations of each plasmid standard are from 1.0 x 108 to
1.0 x 10% copies/pL.

plasmid under identical conditions. Inter-assay repeatability was  Cq values from the three experiments was calculated to estimate
evaluated by repeating the assays three times individually at  the level of repeatability. Data analysis was conducted using
different time points. The coefficient of variation (CV) of the = Microsoft Excel.
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FIGURE 2
The amplification curves of specificity tests of multiplex real-time PCR. Only PEDV, PoRV, and PDCoV showed positive fluorescence signals, while
other swine pathogens and clinical samples from healthy pigs exhibited no fluorescence signals. (A) 1-3: positive templates of PEDV, PoRV, and
PDCoV. 4-12: negative control and positive templates of PRRSV, PRV, PCV1, PCV2, CSFV, ASFV, SS, and SE. (B) 1-3: positive templates of PEDV,
PoRV, and PDCoV. 4-6: templates of clinical samples from healthy pigs.

2.6 Verification of the multiplex real-time
PCR assay

Our multiplex real-time PCR method and a commercial
singleplex real-time PCR Kit were used to simultaneously detect
30 clinical samples with diarrhea symptoms. The detection results
obtained from our established methods were then compared with
those obtained from singleplex real-time PCR.

2.7 Clinical application of the multiplex
real-time PCR assay

A total of 4,800 samples including fecal samples (n = 2,341),

rectal swabs (n = 1,874), oral fluid (n = 145), and oropharyngeal
swabs (n = 440), were used to investigate the prevalence of
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PEDYV, PoRYV, and PDCoV using the multiplex real-time PCR assay.
These samples were collected from pig farms located in numerous
provinces of China, including Gansu, Shanxi, Shaanxi, Shandong,
Henan, Hubei, Anhui, Zhejiang, Jiangsu, Guangdong, Guangxi,
Guizhou, Sichuan, Hunan, Chongqing, and Jiangxi, during the
period from November 2021 to July 2022.

Clinical samples were treated with phosphate buffer saline
(PBS), and the supernatant was collected after vortexing and
centrifugation. Nucleic acids were extracted using the VAMNE
Virus DNA/RNA Extraction Kit (Nanjing Vazyme Biotech Co.,
Ltd.). Reverse transcription was done with the TransScript Probe
One-Step qRT-PCR SuperMix (Beijing Transgen Biotech Co.,
Ltd.). The constructed plasmid and nuclease-free were employed
as positive and negative controls, respectively. All samples were
tested with the multiplex real-time PCR assay to determine virus
positivity. Infection rates were analyzed after obtaining assay results
for all clinical samples.

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1380849
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Ren et al.

3 Results

3.1 Single real-time PCR assay for
individual virus

To develop a multiplex real-time PCR, we first established
PCR for each virus
fluorescence-labeled target probes. Standard curve for each

singleplex real-time using different
virus was created using 10-fold serial dilutions of plasmids ranging
from 1.0 x 108 to 1.0x10! copies/uL. All the standard curves
showed excellent correlation coefficients and amplification efficacy,
with PEDV (R* = 1.000; E = 101.3%), PoRV (R* = 0.999; E =
103.9%), PDCoV (R? = 1.000; E = 100.5%), respectively. This
indicates that our plasmid standards were qualified, and the
designed primers and probes were efficient (Figures 1A-C).

3.2 Establishment of multiplex real-time
PCR assay

Serial dilutions of mixed viral standard plasmids were tested
with the using the optimized multiplex assay. The results
demonstrated that the multiplex real-time PCR successfully
detected all target genes of these three viruses (Figure 1D). The
standard curves exhibited excellent correlation coefficients and
amplification efficacy for each virus, for details, PEDV (R? = 1.000;
E = 98.2%), PoRV (R? = 0.999; E = 100.7%), and PDCoV (R? =
0.998; E = 98.5%; Figure 1D), indicating the validity and reliability
of the multiplex real-time PCR.

3.3 The specificity of the multiplex
real-time PCR assay

To evaluate the specificity of the multiplex real-time PCR, the
positive samples of PRRSV, PRV, PCV1, PCV2, CSFV, ASFV, SS,
and SE were used as templates for amplification with this multiplex
system. The standard plasmids of PEDV, PoRV, and PDCoV were
tested as the positive controls, while nuclease-free water was tested
as negative control. As shown Figure 2A, all the target pathogens
were successfully detected, while no positive signal was observed
from other eight viruses and negative control. Additionally, three
clinical samples from healthy pigs were further tested to confirm
the specificity. Amplification curves also demonstrated that only
target genes from the standard plasmids were detected, with no
positive signal detected in the clinical samples from healthy pigs
(Figure 2B). These findings indicated that the multiplex real-time
PCR assay was highly specific.

3.4 The sensitivity of the multiplex
real-time PCR assay

To access the sensitivity of this multiplex real-time PCR assay,
we tested pooled standard plasmids with concentrations ranging
from 1.0 x 10° to 1.0 x 10° copies/pL under optimized reaction
conditions. The method was able to detect positive samples with
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concentrations as low as 1.0 x 10! copies/|LL (Table 2). However,
further experiments showed the detection rate for samples at
1.0x 10! copies/iL was <95% of replicates (Table 2). Therefore, the
reliable limit of detection for this method is 1 x 10 copies/pL.

3.5 Repeatability of the multiplex real-time
PCR assay

The multiplex real-time PCR assay was confirmed to be
repeatable by detecting standard plasmids at concentrations
ranging from 1.0 x 108 to 1.0 x 10 copies/|LL. As shown in Table 3,
the variation coefficients (CVs) of Cq values in the intra-group and
inter-group reproducibility tests were between 0.11 and 0.87% and
between 0.11 and 1.63%, respectively. These results indicated that
the multiplex real-time PCR assay established in this study had
satisfactory repeatability.

3.6 Verification of the multiplex real-time
PCR assay by commercial singleplex
real-time PCR kit

Thirty clinical samples were used to compare the results of the
multiplex real-time PCR with commercial singleplex real-time PCR
kit. As shown in Supplementary Table 1, the results of the multiplex
real-time PCR were consistent with the commercial singleplex real-
time PCR, suggesting that it can effectively replace the commercial
singleplex real-time PCR for simultaneous detection of PEDV,
PoRV, and PDCoV.

3.7 Clinical application of the multiplex
real-time PCR

A total of 4,800 clinical samples were detected using the
multiplex real-time PCR assay established in this study. As shown
in Figure 3A, the single infection rates for PEDV, PoRV, and
PDCoV were 6.56% (315/4,800), 21.69% (1,041/4,800), and 6.65%
(319/4,800), respectively. The co-infection rates for PEDV + PoRV,
PEDV + PDCoV, and PoRV + PDCoV were 11.83% (568/4,800),
0.29% (14/4,800), and 5.71% (274/4,800), respectively. The mixed
infection rate for PEDV + PDCoV + PoRV was 1.29% (62/4,800).

These 4,800 clinical samples were collected from 16 provinces
which were divided into three regions based on the geographical
distribution: Northern China (Gansu, Shanxi, and Shaanxi),
Mideastern China (Shandong, Henan, Hubei, Anhui, Zhejiang,
and Jiangsu), and Southern China (Guangdong, Guangxi,
Guizhou, Sichuan, Hunan, Chongging, and Jiangxi). In the
Northern China, PEDV, PoRV, and PDCoV had infection
rates of 10.33% (224/2,169), 14.71% (319/2,169), and 11.66%
(253/2,169), respectively (Figure 3B). Co-infection rates were
18.63% (404/2,169) for PEDV + PoRV, 0.60% (13/2,169) for
PEDV + PDCoV, 10.28% (223/2,169) for PoRV + PDCoV,
0.55% (12/2,169) for PEDV + PDCoV + PoRV, respectively
(Figure 3B). In the Mideastern China, PEDV, PoRV, and PDCoV
had infection rates of 2.44% (40/1,642), 26.79% (440/1,642), and
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TABLE 2 The sensitivity tests of multiplex real-time PCR.

10.3389/fmicb.2024.1380849

Templates Concentrations The number of Positive number Positive rate (%) 95% confidence
(copies/uL) tested samples region
PEDV 1x10° 30 30 100 v
1 x 102 30 30 100 v
1 x 10! 30 28 93.3 X
1 x 10° 30 0 0 X
Negative control 30 0 0 x
PoRV 1x10° 30 30 100 v
1 x 10% 30 30 100 v
1 x 10! 30 27 90.0 x
1 x 10° 30 0 0 x
Negative control 30 0 0 X
PDCoV 1% 10° 30 30 100 Vv
1 x 10% 30 30 100 v
1 x 10! 30 28 933 x
1x 10° 30 0 0 x
Negative control 30 0 0 X

3.59% (59/1,642), respectively (Figure 3B). Co-infection rates were
5.66% (93/1,642) for PEDV + PoRV, 0.06% (1/1,642) for PEDV +
PDCoV, 2.68% (44/1,642) for PoRV + PDCoV, 1.22% (20/1,642)
for PEDV + PDCoV + PoRYV, respectively (Figure 3B). In the
Southern China, PEDV, PoRYV, and PDCoV had infection rates
of were 5.16% (51/989), 28.51% (282/989), and 0.71% (7/989),
respectively (Figure 3B). Co-infection rates were 7.18% (71/989)
for PEDV + PoRY, 0 (0/989) for PEDV + PDCoV, 0.71% (7/989)
for PoRV + PDCoV, 3.03% (30/989) for PEDV + PDCoV + PoRY,
respectively (Figure 3B).

4 Discussion

Porcine viral diarrhea is a prevalent occurrence observed in
clinical setting, resulting in substantial economic losses within the
pig industry. Notably, PEDV, PoRV, and PDCoV are recognized as
crucial pathogens causing this disease (Hou et al., 2023). With the
development of large-scale and intensive swine production, mixed
infections of these three pathogens are increasingly becoming
common in swine farms (Huang et al, 2015). Detecting and
identifying the pathogens quickly and accurately is crucial for
preventing and controlling the spread of infectious diseases. Given
the similarities in symptoms and pathology, as well as the frequent
co-infection of these three viruses, it is challenging to differentiate
them through clinical diagnosis alone (Vlasova et al.,, 2017; Shu
etal., 2022). Hence, there is a need for a rapid and accurate method
to simultaneously distinguish PEDV, PoRYV, and PDCoV.

In this study, specific primers and probes were designed for
the conserved regions of the PEDV M gene, PORV NSP3 gene,
and PDCoV M gene. After optimizing multiple times, a successful
multiplex real-time PCR method was developed to simultaneously
detect PEDV, PoRV, and PDCoV in a single amplification reaction.

Frontiersin Microbiology

The method established in this study is highly sensitive, with a
detection limit of 100 copies/pL. The multiplex real-time PCR also
showed good repeatability, with coefficient of variation ranging
from 0.11 to 0.87% for intra-assay and 0.11-1.63% for inter-assay.
Thirty clinical samples with diarrhea symptoms were used to
compare the results of the commercial singleplex real-time PCR
kit and our multiplex real-time PCR method for detecting PEDYV,
PoRV, and PDCoV. The two methods showed complete agreement,
indicating that the multiplex real-time PCR assay developed in
this study could effectively replace the commercial singleplex
real-time PCR kit for simultaneously differentiating PEDV, PoRV,
and PDCoV.

Due to its rapid, highly sensitive, and specific characteristics,
the multiplex real-time PCR assay established in this study has been
widely used in early detection of pathogens in clinical samples. A
total of 4,800 diarrhea samples from 18 provinces of china were
used to investigate the prevalence of PEDV, PoRV, and PDCoV. Out
of these samples, 2,207 were negative and 2,593 were positive for
single or co-infections of these viruses. Among the positive samples,
PoRV had the highest infection rate at 75% (1,945/2,593), followed
by PEDV at 36.98% (959/2,593) and PDCoV at 25.8% (669/2,593),
confirming PoRV as the primary cause of porcine diarrhea. These
findings align with previous research showing a steady increase
in PoRV infection rates, with some countries reporting 100%
seropositivity in adult pigs (Pettersson et al., 2019).

Previous reports have shown that co-infection of these three
viruses can lead to severe symptoms (Vlasova et al, 2017;
Saeng-Chuto et al, 2021). Our study found that co-infections
account for 35.4% (918/2,593) of positive samples, indicating that
multiple pathogen co-infections are becoming more common with
the development of large-scale and intensive swine production
(Figure 3A). Specifically, co-infections of PoRV and PEDV
accounted for 21.9% (568/2,593) of positive samples, followed
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TABLE 3 The repeatability tests of multiplex real-time PCR.

Templates Concentrations Intra-assay
(copies/uL)

Cq values (mean

10.3389/fmicb.2024.1380849

Inter-assay

Cq values (mean

+ SD) + SD)
PEDV 1x 108 11.53 £0.05 0.40 11.41 £0.16 1.38
1 x 107 15.45 £ 0.09 0.55 15.30 +0.15 0.98
1x10° 19.00 £ 0.13 0.68 18.84 +0.18 0.96
1 x 10° 22.19 £0.05 0.21 21.93 £0.17 0.78
1x 10* 25.75£0.11 0.43 2531 +0.14 0.56
1x 10° 29.02 £0.15 0.50 28.61 £0.11 0.38
Negative control ND ND ND ND
PoRV 1x 108 12.96 +0.11 0.85 12.89 +0.21 1.63
1 x 107 16.77 £ 0.15 0.87 16.93 +£0.23 1.33
1x 10° 20.03 £ 0.06 0.29 20.16 £ 0.18 0.88
1 x 10° 23.18 +£0.03 0.15 2323 £0.16 0.68
1 x 10* 26.66 £ 0.08 0.11 26.59 £ 0.35 1.33
1x 10° 29.53+0.11 0.39 29.58 £0.16 0.52
Negative control ND ND ND ND
PDCoV 1x 108 13.36 £ 0.11 0.83 13.73 +0.02 0.11
1 x 107 17.394+0.14 0.80 17.47 +0.04 0.22
1 x 10° 21.03 £0.03 0.14 21.10 £ 0.03 0.14
1x 10° 24.15+0.10 0.42 24.20 £ 0.06 0.25
1 x 10* 27.72 £0.16 0.56 27.61 £ 0.06 0.23
1x 10° 30.37 £ 0.04 0.12 30.58 £0.23 0.76
Negative control ND ND ND ND
ND means no data.
A B
100%
PEDV
positive
80%
60%
PoRV
positive
40%
1041 S 2207
— Negative 20%
0%
319 Total Northern China Mideastern China Southern China
PD??V = Only PEDV Positive = Only PoRV Positive = Only PDCoV Positive
positive “PEDV+PoRV Positive =PEDV+PDCoV Positive =PORV+PDCoV Positive
®PEDV+PoRV+PDCoV Positive # PEDV+PoRV+PDCoV Negative
FIGURE 3
The detection results of clinical diarrhea samples using the multiplex real-time PCR assay established in this study. (A) The detection results of 4,800
clinical diarrhea samples. (B) A comparison of positive rates from different regions of China. These 4,800 clinical diarrhea samples were collected
from 16 provinces of China, which were divided into three regions: Northern China (Gansu, Shanxi, and Shaanxi), Mideastern China (Shandong,
Henan, Hubei, Anhui, Zhejiang, and Jiangsu), and Southern China (Guangdong, Guangxi, Guizhou, Sichuan, Hunan, Chongging, and Jiangxi).
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by co-infections of PoRV and PDCoV at 10.57% (274/2,593;
Figure 3A). Co-infections of PEDV and PDCoV were very rare,
at only 0.54% (14/2,593; Figure 3A). Notably, 2.39% (62/2,593) of
positive samples were co-infected with PEDV, PoRV, and PDCoV
(Figure 3A). The findings align with previous studies indicating
that the co-infection of PEDV and PoRV is the primary cause of
porcine diarrhea in certain Chinese provinces (Zhang et al., 2019;
Shu et al., 2022; Hou et al., 2023).

There were significant differences in positivity rate for these
three viruses among the three regions: Northern China, Mideastern
China), and Southern China. Northern China had the highest
positivity rate for the three viruses at 66.76%, followed by
Mideastern China at 42.40% and Southern China at 45.5%
(Figure 3B). Northern China also had a higher incidence of co-
infection at 45.03% compared to Mideastern China at 22.69%
and Southern China at 24% (Figure 3B). However, Mideastern
and Southern China had a higher positive rate of single PoRV
than Northern China (Figure 3B). These results suggest that viral
diarrhea disease in China pig farms is complex, possibly due to
climate differences between the north and south and rapid pig
population renewal in northern China. In summary, we have
successfully developed a reliable multiplex real-time PCR assay
for distinguishing PEDV, PoRV, and PDCoV. This assay has
demonstrated excellent specificity, sensitivity, and repeatability. It
has also been effectively used to detect clinical samples, making it a
valuable tool for quickly identifying these viruses. Rapid and precise
diagnostics, followed by prompt quarantine and treatment, could
be helpful to prevent and control the spread of infectious diseases.

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.

Author contributions

JR: Conceptualization, Funding acquisition, Writing—review
& editing, Formal analysis, Methodology, Project administration,
Writing—original draft. CZ: Writing—original draft, Data
YL: Software,
Resources. ML: Data curation, Writing—review & editing. JG:

curation, Software. Writing—original ~ draft,

References

Ben Salem, A. N., Chupin Sergei, A., Bjadovskaya Olga, P., Andreeva Olga,
G., Mahjoub, A., and Prokhvatilova Larissa, B. (2010). Multiplex nested RT-
PCR for the detection of porcine enteric viruses. J. Virol. Methods 165, 283-293.
doi: 10.1016/j.jviromet.2010.02.010

Chepngeno, J., Takanashi, S., Diaz, A., Michael, H., Paim, F. C., Rahe, M. C,, et al.
(2020). Comparative sequence analysis of historic and current porcine rotavirus ¢
strains and their pathogenesis in 3-day-old and 3-week-old piglets. Front. Microbiol.
11:780. doi: 10.3389/fmicb.2020.00780

He, W. T., Ji, X., He, W, Dellicour, S., Wang, S., Li, G., et al. (2020). Genomic
epidemiology, evolution, and transmission dynamics of porcine deltacoronavirus. Mol.
Biol. Evol. 37, 2641-2654. doi: 10.1093/molbev/msaall7

Frontiers in Microbiology

10.3389/fmicb.2024.1380849

Data curation, Investigation, Writing—review & editing. FC:
Data curation, Formal analysis, Writing—review & editing. XL:
Conceptualization, Data curation, Funding acquisition, Resources,
Writing—review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was funded by the Natural Science Foundation of Shandong
Province (Grant Nos. ZR2022MC158 and ZR2020QC177), Taishan
Industry Leadership Talent Project of Shandong Province in China
(Grant No. tscx202306093), and Talent Introduction Project of
Dezhou University of China (2022xjrc413).

Conflict of interest

CZ, YL, and XL were employed by Shandong New Hope Liuhe
Agriculture and Animal Husbandry Technology Co., Ltd. (NHLH
Academy of Swine Research).

The remaining 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
those of the publisher,
the editors and the reviewers. Any product that may be

their affiliated organizations, or

evaluated in this article, or claim that may be made by
its manufacturer, is not guaranteed or endorsed by the
publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.
1380849/full#supplementary-material

Hou, W., Fan, M., Zhu, Z., and Li, X. (2023). Establishment and application of
a triplex Real-Time RT-PCR assay for differentiation of PEDV, PoRV, and PDCoV.
Viruses 15:1238. doi: 10.3390/v15061238

Hu, Y., Xie, X, Yang, L, and Wang, A. (2021). A comprehensive view
on the host factors and viral proteins associated with porcine epidemic
diarrhea virus infection. Front. Microbiol. 12:762358. doi: 10.3389/fmicb.2021.7
62358

Huang, X., Chen, J., Yao, G., Guo, Q, Wang, J., and Liu, G. (2019). A
TagMan-probe-based multiplex real-time RT-qPCR for simultaneous detection
of porcine enteric coronaviruses. Appl. Microbiol. Biot. 103, 4943-4952.
doi: 10.1007/s00253-019-09835-7

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1380849
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1380849/full#supplementary-material
https://doi.org/10.1016/j.jviromet.2010.02.010
https://doi.org/10.3389/fmicb.2020.00780
https://doi.org/10.1093/molbev/msaa117
https://doi.org/10.3390/v15061238
https://doi.org/10.3389/fmicb.2021.762358
https://doi.org/10.1007/s00253-019-09835-7
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Ren et al.

Huang, Y., Xing, N., Wang, Z., Zhang, X., Zhao, X,, Du, Q, et al. (2015).
Ultrasensitive detection of RNA and DNA viruses simultaneously using duplex undp-
per assay. PLoS ONE 10:e0141545. doi: 10.1371/journal.pone.0141545

Huang, Y. W., Dickerman, A. W., Pifieyro, P, Li, L., Fang, L., Kiehne, R,, et al.
(2013). Origin, evolution, and genotyping of emergent porcine epidemic diarrhea virus
strains in the United States. mBio 4, €00737-e00713. doi: 10.1128/mBi0.00737-13

Li, W., Hulswit, R. J. G., Kenney, S. P., Widjaja, L, Jung, K., Alhamo, M. A.,
et al. (2018). Broad receptor engagement of an emerging global coronavirus may
potentiate its diverse cross-species transmissibility. Proc. Natl. Acad. Sci. U. S. A. 115,
E5135-E5143. doi: 10.1073/pnas.1802879115

Li, X,, Hu, Y., Liu, P,, Zhu, Z, Liu, P., Chen, C, et al. (2022). Development
and application of a duplex real-time PCR assay for differentiation of genotypes
I and II African swine fever viruses. Transbound Emerg. Dis. 69, 2971-2979.
doi: 10.1111/tbed.14459

Liu, G, Jiang, Y., Opriessnig, T., Gu, K., Zhang, H., and Yang, Z. (2019). Detection
and differentiation of five diarrhea related pig viruses utilizing a multiplex PCR assay.
J. Virol. Methods 263, 32-37. doi: 10.1016/j.jviromet.2018.10.009

Ma, Y., Zhang, Y., Liang, X,, Lou, F., Oglesbee, M., Krakowka, S., et al. (2015).
Origin, evolution, and virulence of porcine deltacoronaviruses in the United States.
mBio 6:€00064. doi: 10.1128/mBi0.00064-15

Pan, Z., Lu, J, Wang, N.,, He, W. T., Zhang, L., Zhao, W,, et al. (2020).
Development of a TagMan-probe-based multiplex real-time PCR for the simultaneous
detection of emerging and reemerging swine coronaviruses. Virulence 11, 707-718.
doi: 10.1080/21505594.2020.1771980

Pettersson, E., Hestad, S., Mottus, 1., Skioldebrand, E., and Wallgren, P. (2019).
Rotavirus and Cystoisospora suis in piglets during the suckling and early post weaning
period, in systems with solid floors and age segregated rearing. Porcine Health. Manag.
5:7. doi: 10.1186/s40813-019-0114-0

Saeng-Chuto, K., Madapong, A., Kaeoket, K., Pifieyro, P. E., Tantituvanont, A.,
and Nilubol, D. (2021). Coinfection of porcine deltacoronavirus and porcine epidemic
diarrhea virus increases disease severity, cell trophism and earlier upregulation of
IFN-a and IL12. Sci. Rep. 11:3040. doi: 10.1038/s41598-021-82738-8

Frontiers in Microbiology

242

10.3389/fmicb.2024.1380849

Shibata, I., Tsuda, T., Mori, M., Ono, M., Sueyoshi, M., and Uruno, K.
(2000). Isolation of porcine epidemic diarrhea virus in porcine cell cultures and
experimental infection of pigs of different ages. Vet. Microbiol. 72, 173-182.
doi: 10.1016/S0378-1135(99)00199-6

Shu, X., Han, F.,, Hu, Y., Hao, C, Li, Z., Wei, Z., et al. (2022). Co-infection
of porcine deltacoronavirus and porcine epidemic diarrhoea virus alters gut
microbiota diversity and composition in the colon of piglets. Virus Res. 322:198954.
doi: 10.1016/j.virusres.2022.198954

Si, F., Hu, X., Wang, C,, Chen, B., Wang, R., Dong, S., et al. (2020). Porcine epidemic
diarrhea virus (PEDV) ORF3 enhances viral proliferation by inhibiting apoptosis of
infected cells. Viruses 12:214. doi: 10.3390/v12020214

Tao, R., Chang, X., Zhou, J., Zhu, X,, Yang, S., Li, K,, et al. (2023). Molecular
epidemiological investigation of group A porcine rotavirus in East China. Front. Vet.
Sci. 10:1138419. doi: 10.3389/fvets.2023.1138419

Vlasova, A. N.,, Amimo, J. O., and Saif, L. J. (2017). Porcine rotaviruses:
epidemiology, immune responses and control strategies. Viruses 9:48.
doi: 10.3390/v9030048

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, L., Byrum, B., and Zhang, Y. (2014). Porcine coronavirus HKU15 detected
in 9 US states, 2014. Emerg. Infect. Dis. 20, 1594-1595. doi: 10.3201/eid2009.140756

Woo, P. C, Lau, S. K, Lam, C. S, Lau, C. C, Tsang, A. K, Lau, J. H,, et al.
(2012). Discovery of seven novel Mammalian and avian coronaviruses in the genus
deltacoronavirus supports bat coronaviruses as the gene source of alphacoronavirus
and betacoronavirus and avian coronaviruses as the gene source of gammacoronavirus
and deltacoronavirus. J. Virol. 86, 3995-4008. doi: 10.1128/JVI1.06540-11

Wuy, X, Liu, Y., Gao, L., Yan, Z., Zhao, Q., Chen, F., et al. (2022). Development
and application of a reverse-transcription recombinase-aided amplification assay for
porcine epidemic diarrhea virus. Viruses 14:59. doi: 10.3390/v14030591

Zhang, H., Liang, Q., Li, B., Cui, X., Wei, X,, Ding, Q,, et al. (2019). Prevalence,
phylogenetic and evolutionary analysis of porcine deltacoronavirus in Henan province,
China. Prev. Vet. Med. 166, 8-15. doi: 10.1016/j.prevetmed.2019.02.017

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1380849
https://doi.org/10.1371/journal.pone.0141545
https://doi.org/10.1128/mBio.00737-13
https://doi.org/10.1073/pnas.1802879115
https://doi.org/10.1111/tbed.14459
https://doi.org/10.1016/j.jviromet.2018.10.009
https://doi.org/10.1128/mBio.00064-15
https://doi.org/10.1080/21505594.2020.1771980
https://doi.org/10.1186/s40813-019-0114-0
https://doi.org/10.1038/s41598-021-82738-8
https://doi.org/10.1016/S0378-1135(99)00199-6
https://doi.org/10.1016/j.virusres.2022.198954
https://doi.org/10.3390/v12020214
https://doi.org/10.3389/fvets.2023.1138419
https://doi.org/10.3390/v9030048
https://doi.org/10.1016/j.virusres.2016.05.026
https://doi.org/10.3201/eid2009.140756
https://doi.org/10.1128/JVI.06540-11
https://doi.org/10.3390/v14030591
https://doi.org/10.1016/j.prevetmed.2019.02.017
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

.‘ frontiers ‘ Frontiers in Microbiology

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Jianke Wang,
Hebei Agricultural University, China

REVIEWED BY

Guo Huichen,

Lanzhou Veterinary Research Institute,
Chinese Academy of Agricultural
Sciences, China

Mengmeng Zhao,

Foshan University, China

*CORRESPONDENCE

Fandan Meng
mengfandan@caas.cn

Tongqing An
antongging@caas.cn

Yan-Dong Tang
tangyandong@caas.cn

fThese authors have contributed equally to
this work

RECEIVED 17 February 2024
ACCEPTED 01 April 2024
PUBLISHED 23 April 2024

CITATION

Zhou H, Sun M, Su S, Meng L, Yang W, Yang L,
Shi X, Li X, Wang H, Ma H, Cai X, Tang Y-D,

An T and Meng F (2024) Identification of a
linear B-cell epitope on the "puff” loop of the
Senecavirus A VP2 protein involved in receptor
binding. Front. Microbiol. 15:1387309.

doi: 10.3389/fmicb.2024.1387309

COPYRIGHT

© 2024 Zhou, Sun, Su, Meng, Yang, Yang, Shi,
Li, Wang, Ma, Cai, Tang, An and Meng. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Microbiology

TYPE Original Research
PUBLISHED 23 April 2024
pol 10.3389/fmicb.2024.1387309

|Identification of a linear B-cell
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Senecavirus A (SVA) is an important emerging swine pathogen that causes
vesicular lesions in swine and acute death in newborn piglets. VP2 plays
a significant role in the production of antibodies, which can be used in
development of diagnostic tools and vaccines. Herein, the aim of the current
study was to identify B-cell epitopes (BCEs) of SVA for generation of epitope-
based SVA marker vaccine. Three monoclonal antibodies (mAbs), named 2E4,
1B8, and 2C7, against the SVA VP2 protein were obtained, and two novel linear
BCEs, 177SLGTYYR83 and 266SPYFNGL272, were identified by peptide scanning.
The epitope 1775L.GTYYRI83 was recognized by the mAb 1B8 and was fully
exposed on the VP2 surface, and alanine scanning analysis revealed that it
contained a high continuity of key amino acids. Importantly, we confirmed that
1775LGTYYR183 |ocates on “the puff” region within the VP2 EF loop, and contains
three key amino acid residues involved in receptor binding. Moreover, a single
mutation, Y182A, blocked the interaction of the mutant virus with the mAb
1B8, indicating that this mutation is the pivotal point for antibody recognition.
In summary, the BCEs that identified in this study could be used to develop
diagnostic tools and an epitope-based SVA marker vaccine.

KEYWORDS

Senecavirus A (SVA), B-cell epitopes (BCEs), monoclonal antibodies (mAbs), VP2 protein,
receptor binding

1 Introduction

Senecavirus A (SVA), previously called Seneca Valley virus (SVV), is the only member
of the genus Senecavirus in the family Picornaviridae (Hales et al., 2008; Zhang et al.,
2018). SVA is a single-stranded positive-sense RNA virus associated with porcine idiopathic
vesicular disease (PIVD) and epidemic transient neonatal loss (ETNL) (Vannucci et al.,
2015; Leme et al., 2016); it has become an important swine pathogen and has caused
significant economic losses. The clinical signs in SVA-infected pigs include ulcerative
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lesions on the snout and coronary bands, lameness, anorexia,
lethargy, cutaneous hyperemia, and fever, affecting a high
percentage of sows, finisher pigs, and neonatal piglets (Leme et al.,
2017; Houston et al., 2020). The clinical manifestations and lesions
of SVA are comparable to those of foot-and-mouth disease virus
(FMDV), swine vesicular disease virus (SVDV), vesicular stomatitis
virus (VSV), and vesicular exanthema of swine virus (VESV), which
makes clinical diagnosis difficult. In 2015, SVA was first reported in
China in Guangdong Province, and both adult and newborn pigs
were infected during this outbreak (Wu et al., 2017). SVA began
to spread rapidly among pigs in more regions and countries (Sun
etal., 2018; Liu et al., 2020). In addition, co-infecting pigs with SVA
and porcine reproductive and respiratory syndrome virus (PRRSV)
may increase mortality (Paiva et al., 2023).

SVA is a non-enveloped RNA virus composed of an icosahedral
capsid ~30nm in diameter with a genome size of 7.2 kilobases
(Hales et al., 2008). Like in other picornaviruses, SVA has one open
reading frame (ORF) and encodes a single polyprotein precursor,
which is then cleaved by protease into 12 functional proteins,
including the lead protein L, structural protein P1 (VP1, VP2,
VP3, VP4), nonstructural protein P2 (24, 2B, 2C) and P3 (3A,
3B, 3C, 3D) (Houston et al.,, 2020). Among the SVA structural
proteins, the VP1, VP2, and VP3 proteins are exposed on the
virion surface and are responsible for stimulating host immune
responses and binding to host receptors, while VP4 is located
internally and interacts with internal nucleic acids (Strauss et al.,
2018). In addition, VP2 is crucial for determining the cell tropism
of SVA (Wang et al,, 2023) and mediating virus binding to the
cell receptor anthrax toxin receptor 1 (ANTXRI1) (Miles et al,
2017). Although VP2 is the major structural protein that induces
neutralizing antibodies (Dvorak et al., 2016; Maggioli et al., 2018;
Wen et al,, 2022), few neutralizing epitopes have been identified.
Thus, identifying the epitopes of the SVA capsid protein VP2
has potential application value for analyzing the function and
antigenicity of the VP2 protein.

In prior studies, several B-cell epitopes (BCEs) of SVA VP2
were identified by bioinformatics prediction (Ru et al., 2023; Zhang
etal., 2023), overlapping synthesis of polypeptides (Ma et al., 2022)
and monoclonal antibodies (mAbs) (Fan et al., 2020; Wen et al.,,
2022). It has been confirmed that >>QELNEE!® is a conserved
antigenic epitope of the VP2 protein and has virus-neutralizing
activity (Wen et al., 2022). The most common antigenic epitopes
in the VP2 protein secondary structure are random coils, which
include the EF loop (the “puff” structure) (Jayawardena et al,
2018), and the residues D166-G179, T180, and Y182-W187 in
the SVA VP2 EF loop can recognize the cell receptor ANTXRI
(Miles et al,, 2017; Cao et al, 2018). Neutralizing antibodies
can block SVA infection, however, whether the receptor binding
region on the VP2 EF loop contains the neutralizing BCEs of
SVA has not been determined. In addition, Ma et al. (2022)
identified highly conserved epitope peptides located at the C-
terminus of VP2, the key amino acids not precisely defined in the
present study.

In this study, we obtained three mAbs against the recombinant
SVA VP2 protein and characterized the antigenic epitopes
with a series of synthetic peptides and truncated proteins.
The mAb 1B8 was bound at 77SLGTYYR!®3, and 2C7
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was bound at *%°SPYFNGL?’? of VP2;
novel epitope involved in the “puft” loop, while the latter

the former is a
corresponds to the carboxyl terminus of VP2. These two
novel epitopes were identified for the first time by monoclonal
antibodies. As vaccines currently remain the most effective
methods for preventing SVA infection, characterization of
SVA BCEs will provide novel insights into the development of
diagnostic tools and the generation of a vaccine that enables
the differentiation of infected individuals from vaccinated

animals (DIVA).

2 Materials and methods

2.1 Cells, viruses, and plasmids

Baby hamster kidney fibroblast (BHK) 21 cells, the myeloma
cell line SP2/0 and human embryonic kidney 293T cells were
maintained in Dulbecco’s modified Eagles medium (DMEM;
Gibco, USA) supplemented with 10% fetal bovine serum (FBS;
Gibco, USA) at 37°C and 5% CO; in a humidified atmosphere. The
Senecavirus A strain (ZS) and the EGFP-expressing recombinant
SVA used in this study were preserved at the Harbin Veterinary
Research Institute (CAAS) (Jia et al., 2022). For SVA propagation,
BHK-21 cells were infected with SVA at a multiplicity of infection
(MOI) of 0.01 in DMEM and incubated at 37°C and 5% CO, in a
humidified atmosphere. When the cytopathic effect reached 80%,
the cell supernatant was collected after being frozen and thawed
3 times. The SVA stocks were kept at —80°C. The pET-28a (+)-
SUMO and pCAGGS-HA expression vectors were preserved in
our laboratory. The full-length infectious cDNA clone pSVA16 was
constructed previously (Li et al., 2019).

2.2 Expression and purification of the
recombinant VP2 protein

Full-length SVA-VP2 was amplified, cloned and inserted into
the pET-28a (+) expression vector to prepare purified SVA-
VP2 proteins as an immunogen. For purification and protein
solubility purposes, recombinant VP2 proteins were induced with
6 x His and SUMO tags. The pET28a-SUMO-VP2 recombinant
plasmid was transformed into E. coli BL21 (DE3) competent
cells. When the OD600 reached 0.6, the protein expression was
induced by 0.1 mmol/L IPTG for 18h at 16°C. The bacterial
cells were harvested by centrifugation at 8,000 x g for 10 min
and resuspended in PBS. Then, sonication was performed with
an ultrasonic cell disruptor (Cole Parmer, Vernon Hills, IL,
USA). Thereafter, the recombinant VP2 protein was analyzed via
SDS-PAGE. The soluble recombinant VP2 protein was purified,
primarily by nickel affinity chromatography and precisely by a
size-exclusion chromatographic column in an automated system
(AKTA, GE-Healthcare Life Sciences, USA). The concentration of
purified protein was measured by a BCA protein concentration
determination kit (Thermo Fisher Scientific, USA), and the
proteins were stored at —80°C.
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2.3 SVA purification

SVA particles were purified according to methods adapted from
previously published protocols (Reddy et al., 2007; Jayawardena
et al, 2018; Strauss et al, 2018). Briefly, SVA-infected BHK-
21 cells were harvested for virus purification when a complete
cytopathic effect was observed. After three freeze-thawing steps,
the cell lysate was centrifuged at 8,000 rpm for 30 min at 4°C
to remove cellular debris. Subsequently, the supernatant was
transferred to 70 mL polypropylene centrifuge tubes (catalog no.
355622; Beckman Coulter) and centrifuged at 80,000 x g for
3h in a Beckman Coulter SW 45 Ti rotor at 4°C. The virus
pellet was resuspended in 1ml of cesium chloride (CsCl) buffer
(20 mM Tris-HCI, 1 mM EDTA, pH 7.8). For purification, the virus
was isolated by CsCl gradient ultracentrifugation. The suspended
virus was loaded on top of a CsCl gradient (concentration from
top to bottom: 1mL, 1.30 g/mL; 10mL, 1.33 g/mL; and 1 mL,
1.40 g/mL) prepared in a 13.2mL open-top polypropylene tube
(catalog no. 331372; Beckman Coulter) and centrifuged at 61,580
x g for 18h in a Beckman Coulter SW 41 Ti rotor at 22°C.
The virus band was slowly collected for further identification via
SDS-PAGE and TEM. The concentration was measured using
spectrophotometry, and small aliquots of the virus were stored in
sterile tubes at —80°C.

2.4 Generation of monoclonal antibodies

The animal experiments were approved by the Animal
Care and Ethics Committees of Harbin Veterinary Research
Institute, Chinese Academy of Agricultural Sciences. The
methods were conducted in accordance with the approved
210119-02).
old specific pathogen-free (SPF) female BALB/c mice were

animal ethics guidelines (number Six-week-
obtained from Beijing Weitong Lihua Laboratory Animal

Technology. The purified recombinant VP2 protein was
used as an immunogen emulsified with equal volumes of the
adjuvant Montanide ISA-201 (SEPPIC, France). Mice were
immunized with 50 pg of emulsified VP2 proteins three times
on Days 0, 14, and 28 by intramuscular injection in the inner
thigh. One week after the third vaccination, serum samples
were collected, and antibody titers were detected via indirect
ELISA. When the antibody titer reached more than 1:10,000,
the mice were intraperitoneally injected with recombinant
VP2 protein.

On the 3rd day after booster vaccination, the mice were
humanely euthanized, and the spleen was aseptically extracted
for spleen lymphocyte isolation. Splenocytes were fused with
SP2/0 cells by 50% (w/v) PEG4000 (Sigma-Aldrich) according to
the standard procedure (Galfre and Milstein, 1981). The fused
cells were cultured in medium containing HAT (Sigma-Aldrich)
selection medium for 1 week, after which the medium was
changed to HT medium until the 10th day. The supernatants
of the hybridomas were screened by an indirect ELISA on a
purified SVA precoated microplate. Positive hybridomas were
subcloned at least three times by a limited dilution method
to obtain a single hybridoma cell line. Ascites fluid was
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produced by intraperitoneal injection of positive hybridoma
cells (10°-10° cells/mouse) in liquid paraffin pre-treated BALB/c
mice, and purified by Protein G affinity column (GenScript,
Nanjing, China).

2.5 Enzyme-linked immunosorbent assay

Recombinant VP2 protein, purified virions and synthetic
peptides were precoated onto microplates for indirect ELISA to
determine the reactivity and epitopes of the monoclonal antibodies.
Briefly, a 96-well ELISA plate was coated with 100 ng of the above
antigen at 4°C overnight and then blocked with 5% (w/v) skim
milk in PBS at 37°C for 2h. A total of 100 L of the hybridoma
cell supernatant was added to each well and incubated at 37°C
for 1h. After washing with PBST, an HRP-conjugated goat anti-
mouse IgG antibody (diluted 1:10,000 in PBST) was added to each
well and incubated at 37°C for 1h. The plates were washed with
PBST before adding TMB Chromogen Solution (Abcam) as an
enzyme substrate, and 2 M HCl was used to terminate the reaction.
After color development, the optical density (OD) was measured
by a microplate reader (Bio-Rad) at 450 nm. Furthermore, the
antibody isotype was analyzed by the Antibody Isotyping Assay Kit
(Proteintech, USA).

2.6 Indirect immunofluorescence assay

BHK-21 cells that reached 100% confluence were infected
with EGFP-SVA at an MOI of 0.1 for 24 h. Then, the cells were
washed with PBS, fixed with 3.7% paraformaldehyde for 20 min
and permeabilized with 0.1% Triton X-100 for 20 min at room
temperature. After blocking with 2% BSA for 1h, the cells were
incubated with 100 L of hybridoma cell supernatant for 1 h. After
washing three times with PBS, 100 pL of Alexa Fluor 568 dye-
conjugated goat anti-mouse IgG (H + L) (red) at a dilution of
1:1,000 was added to each well for 1 h at room temperature. Finally,
the cell nuclei were stained with 4/,6-diamino-2-phenylindole
(DAPI; Sigma) after washing three times with PBST. The samples
were then observed with a fluorescence microscope (EVOS Fl1,
AMG, USA).

2.7 Western blot

The recombinant VP2 protein, vector protein, SVA and cell
control were separated via 12% SDS-PAGE and subsequently
transferred onto a PVDF membrane (Millipore, MA, USA). After
blocking with 5% skim milk powder at 37°C for 2 h, the hybridoma
cell supernatant was incubated with the primary antibody at 37°C
for 1h, after which the cells were washed thrice with PBST.
HRP-conjugated goat anti-mouse IgG (Proteintech Group, China,
1:10,000 dilution) was added and incubated at 37°C for 1h. After
the wash step, the membranes were scanned on a near-infrared
fluorescence scanning imaging system (Odyssey CLX, USA).
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2.8 B-cell epitope identification via peptide
mapping

To locate the recognition epitopes of the mAbs, a total of 28
overlapping peptides of the VP2 protein were manufactured by the
Suzhou Epitope (Suzhou, China). There were 20 amino acids in
length that overlapped each other by 10 amino acids, except for
the final peptide, which was 14 amino acids in length. The short
peptides were precoated (100 ng/well) in 96-well microplates, and
the hybridoma cell supernatants were added as primary antibodies
to test the binding activity via indirect ELISA as described above.
Upon the identification of bound peptides, the peptides were
further truncated into a series of peptides, which were subsequently
cloned and inserted into the pCAGGS vector and expressed as
HA-peptide-fused proteins in the eukaryotic expression system.
Recombinant truncated proteins were expressed in HEK-293T cells
and analyzed by Western blotting.

2.9 Alanine scanning

To determine which residues are crucial for mAb binding, a
series of alanine mutations were generated in the indicated HA-tag
fusion epitopes. The amino acids in the epitope were substituted
with alanine. Therefore, 14 alanine mutants of the two epitopes
were constructed. The point mutant proteins were expressed in
HEK-293T cells, and the cell lysates were collected at 24h post
transfection and analyzed via Western blotting.

2.10 Generation of recombinant viruses

To further identify the amino acids that are critical for
mAb 1B8 binding in virions, the infectious clone pSVA16 was
used as a template for site-directed mutagenesis, and seven
recombinant plasmids were constructed (pSVA-S177R, pSVA-
L178A, pSVA-G179A, pSVA-T180A, pSVA-Y181A, pSVA-Y182A,
and pSVA-R183A). BHK-21 cells seeded in 6-well plates were
transfected with plasmids harboring pSVA16 or SVA mutants
to rescue the recombinant viruses. Transfection was conducted
using Lipofectamine™ 3000 reagent following the manufacturer’s
instructions (Life Technologies, NY, USA). The cytopathic effect
(CPE) was monitored daily after infection, and mutant viruses
were harvested when significant CPE was observed. The recovered
viruses were passaged ten times in BHK-21 cells, and the stability
of the introduced mutations was confirmed by sequencing the VP2
coding region. The binding activity of the mAbs to the recombinant
viruses was analyzed by IFA and Western blotting. The SVA VP1
mAb was preserved in our laboratory.

2.11 Biological information analysis
A total of thirty representative SVA strains were collected
from the NCBI database for sequence comparison. The epitopes

identified by the 1B8 and 2C7 mAbs were compared using BioEdit
software to clarify the conserved characteristics of the epitopes
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among the different SVA strains. Subsequently, the SVA-VP2
amino acid sequence was submitted to the SWISS online system
to predict its structural models through template searching and
modeling. PyYMOL software was used to construct the SVA VP2
three-dimensional (3D) structural model.

3 Results

3.1 Purification of the SVA recombinant
VP2 protein and SVA virions

The SUMO-fusion recombinant VP2 protein (reVP2) cloned
and inserted into the pET-28a (4-) vector was successfully expressed
in E. coli BL21 (DE3). The reVP2 protein was purified by Ni**
column affinity chromatography and size-exclusion column (SEC)
electrophoresis and analyzed via SDS-PAGE (Figure 1A). The
molecular weight of the reVP2 protein was 55 kDa, which was
consistent with the predicted recombinant protein size, and the
purified reVP2 protein was detected as a single band by SDS-
PAGE at a final concentration of 0.5 mg/mL. In addition, Western
blot analysis was performed using SVA-positive pig sera, and the
results confirmed that reVP2 could be specifically recognized by
SVA antiserum, which indicated that the reVP2 protein had good
reactivity with the antibody (Figure 1B). To screen for monoclonal
antibodies that recognize the virus well, SVA virions were purified
via CsCl gradients by ultrahigh-speed centrifugation, and the
purified SVA virions were confirmed via SDS-PAGE (Figure 1C)
and TEM (Figure 1D). Three specific bands were observed for high-
purity virus particles by SDS-PAGE, and the protein sizes were
~39, 37, and 34 kDa, which are consistent with the known sizes of
the SVA VP2, VP1, and VP3 proteins. In addition, the purified SVA
was analyzed by a nanoparticle size analyzer, and the virus particles
were ~ 30 nm in diameter (Figure 1E).

3.2 Characterization of mAbs against the
VP2 protein

Three monoclonal antibodies against VP2 were obtained,
namely, 2E4, 1B8, and 2C7. All the mAbs exhibited similar binding
activity to the reVP2 protein (Figure 2A), while 2C7 exhibited
increased binding activity to SVA particles (Figure 2B). In addition,
the heavy-chain and light-chain isotypes of all the mAbs were
IgG1 and kappa (Table 1). Western blot analysis confirmed that the
three mAbs strongly reacted with the denatured reVP2 protein and
SVA-infected BHK-21 cell lysates (Figure 2C). Because precursor
VPO was cleaved into VP2 and VP4 proteins to assemble into full
capsids, the VPO protein is also recognized by antibodies in cell
lysates. These results suggested that these mAbs recognized mainly
linear epitopes on the capsid protein VP2 of SVA. Furthermore,
to confirm the specificity of the three mAbs, IFA was carried out.
Briefly, EGFP-SVA-infected BHK-21 cells were incubated with the
primary antibodies 2E4, 1B8, and 2C7. The results demonstrated
that SVA-infected cells (green) were recognized by 2E4, 1B8, and
2C7 (red), and specific red fluorescence signals were localized to
cells expressing green fluorescence, but no red fluorescence was
detected in the negative control (Figure 2D). Furthermore, the
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FIGURE 1

Identification of recombinant VP2 protein and SVA virions. (A) The purity of the SVA VP2 protein was analyzed by SDS—PAGE and visualized by
Coomassie blue staining. M: protein marker; 1: reVP2 purified by Ni®* column affinity chromatography; 2: reVP2 purified by size-exclusion
chromatography (SEC). (B) Western blot analysis of the reactivity of the reVP2 protein with SVA-positive serum. 1: reVP2 protein; 2: pET-28a-SUMO
protein. The purification of SVA virions was analyzed using SDS—PAGE and TEM. (C) SDS—-PAGE. 1: Purification of SVA. (D) TEM image of SVA virions
(x33,000), bar: 200 nm. (E) SVA particle size analysis via a nanoparticle size analyzer.
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ascites fluid was purified by Protein G affinity column and identified
by SDS-PAGE. The results showed heavy and light chains were
detected in the purified ascitic fluid of all three antibodies, and
the heavy chain was 55 kDa and the light chain was about 23 kDa
(Figure 2E).

3.3 Epitope mapping recognized by the
mAbs

To preliminarily screen the linear epitopes recognized by
the three mAbs, 28 synthetic peptides (Table 2), each of which
is an 20-mer with 10 overlapping residues at the ends that span
the entire VP2 region, was used to screen the binding activity
of the mAbs. The results demonstrated that the three mAbs
recognized three different epitope peptides of VP2. 2E4 strongly
bound to peptide 15 (*'LDVRPDGKAKSLEELNEEQW!®)
(Figure 3A). The mAb 1B8 exhibited increased binding
activity to peptide 18 (7'KNMPFQSLGTYYRPPNWTWG!?)

Frontiersin Microbiology

(Figure 3B). In addition, 2C7 strongly responded to peptide 27
(3°'SVRPTSPYFNGLRNRFTTGT?) (Figure 3C).

The epitope located at peptide 15
41 DVRPDGKAKSLEELNEEQW!®  has been
be a crucial neutralizing epitope (Wen et al., 2022), but mAb 2E4

reported to

showed no neutralizing activity against SVA (data not shown).
Although, mAb 1B8 and 2C7 also had no neutralizing activity, the
epitopes contained in peptides 18 and 27 recognized by these two
mAbs have not yet been identified. Hence, we focused on precisely
identifying the corresponding core epitopes of mAbs 1B8 and
2C7. The complete SVA VP2 gene was cloned and inserted into
a eukaryotic expression vector with an HA tag as a template and
a positive control for truncated peptides. A series of truncated
peptides were transfected into HEK-293T cells, and the HA-fusion
truncated peptides were identified via Western blotting.

To precisely identify the core sequence recognized by the
mAb 1B8, the VP2 protein was sequentially truncated at the
position of peptide 18 from the N-terminus and C-terminus.
The length and position of these truncated fragments in VP2
were shown in Figure 4A. A total of 13 truncated fragments
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FIGURE 2
Functional analysis of monoclonal antibodies. The 2E4, 1B8, and 2C7 mAbs were used as primary antibodies in an indirect ELISA to test the reactivity
with (A) the reVP2 protein and (B) the virus. NC: Negative control and SP2/0 cell supernatants were used as primary antibodies. All the experiments
were repeated three times, and the error bars represent the standard deviation (SD). (C) The cell lysates of SVA-infected BHK-21 cells and reVP2
protein were collected for Western blotting, and the cell lysates of mock-infected BHK-21 cells and E. coli BL21 were used as control groups. (D)
BHK-21 cells were infected with SVA-EGFP for 12 h. Then, the cells were fixed and incubated with the mAbs 2E4, 1B8, and 2C7 or with the
supernatants of the SP2/0 cells as primary antibodies. NC: the supernatants of the SP2/0 cells. (E) SDS-PAGE analysis of purification of ascitic fluid
produced by mAbs 2E4, 1B8, and 2C7. The two bands indicate heavy chain (55 KDa) and light chain (23 KDa) respectively.

TABLE 1 The results of monoclonal antibody isotype ELISA.

2E4 1.784 0.133 0.073
1B8 1.574 0.084 0.081
2C7 2.084 0.092 0.083

based on peptide 18 were used to investigate the binding activity
to 1B8. For peptide 18, N-truncated fragments bind mAb 1B8
effectively until residue Ser'”7 is removed (P18-5), and C-truncated
fragments of peptide 18 bind 1B8 strongly until residue Arg'®®
is removed (P18-8) (Figure 4B). These results indicated that the
peptide ”7SLGTYYR!®3 was the minimal residue for binding to
mAb 1B8.

To map the core sequence recognized by the mAb 2C7,
10 truncated fragments were used to determine the binding
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0.105

0.083

0.108

0.099 0.227 0.966 0.068
0.095 0.089 0.892 0.058
0.103 0.095 1.089 0.066

activity. Because the peptide 27 was located at the VP2 protein’s
C-terminus, the N-terminus of peptide 27 was subsequently
truncated from full-length VP2 protein (Figure 4C). Deletion
of Ser?®® led to a decrease in the immunoreactivity of the
N-truncated fragment P27-3 compared with that of P27-2
(Figure 4D). Moreover, the mAb 2C7 effectively recognized the
C-truncated fragments until Leu?’? was removed (P27-6). The
results indicated that the minimal residue recognized by mAb 2C7
was 2*SPYENGL*"2.
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TABLE 2 List of synthetic peptides of VP2.

Peptide name Position Sequences

VP2-1 1-20 DHNTEEMENSADRVITQTAG
VP2-2 11-30 ADRVITQTAGNTAINTQSSL
VP2-3 21-40 NTAINTTQSSLGVLCAYVEDP
VP2-4 31-50 GVLCAYVEDPTKSDPPSSST
VP2-5 41-60 TKSDPPSSSTDQPTTTETAI
VP2-6 51-70 DQPTTTETAIDRWYTGRLNS
VP2-7 61-80 DRWYTGRLNSWTKAVKTESE
VP2-8 71-90 WTKAVKTESFQAVPLPGAFL
VP2-9 81-100 QAVPLPGAFLSRQGGLNGGA
VP2-10 91-110 SRQGGLNGGAFTATLHRHFL
VP2-11 101-120 FTATLHRHFLMKCGWQVQVQ
VP2-12 111-130 MKCGWQVQVQCNLTQFHQGA
VP2-13 121-140 CNLTQFHQGALLVAMVPETT
VP2-14 131-150 LLVAMVPETTLDVRPDGKAK
VP2-15 141-160 LDVRPDGKAKSLEELNEEQW
VP2-16 151-170 SLEELNEEQWVEMSDDYRTG
VP2-17 161-180 VEMSDDYRTGKNMPFQSLGT
VP2-18 171-190 KNMPFQSLGTYYRPPNWTWG
VP2-19 181-200 YYRPPNWTWGPNFINPYQVT
VP2-20 191-210 PNFINPYQVTVEFPHQILNAR
VP2-21 201-220 VFPHQILNARTSTSVDISVP
VP2-22 211-230 TSTSVDISVPYIGETPTQSS
VP2-23 221-240 YIGETPTQSSETQNSWTLLV
VP2-24 231-250 ETQNSWTLLVMVLVPLVPLDYKE
VP2-25 241-260 MVLVPLVPLDYKEGATTDPEITF
VP2-26 251-270 GATTDPEITFSVRPTSPYFN
VP2-27 261-280 SVRPTSPYFNGLRNRFTTGT
VP2-28 271-290 GLRNRFTTGTDEEQ

3.4 Critical residues of the linear epitopes
responsible for mAb binding

Next, the critical residues in these two novel epitopes
responsible for mAb binding were analyzed. Single alanine
substitution scanning of the HA-fused VP2 protein was carried
out, and the protein was identified via Western blotting. The
mAb 2C7-recognized epitope (2*SPYFNGL?72) was subjected to
continuous alanine mutation to construct alanine mutants. The
results confirmed that the protein contains a discontinuous key
amino acid. The Ser?%®, Asn?7%, and Gly271 mutants reacted
strongly with the mAb 2C7, and the Pro?®’ mutant reacted
relatively weakly with 2C7 (Figure 5A). However, the mutants
Tyr268, Phe?®®, and Leu?’? were unable to bind to the mAb 2C7.

268, Ph6269, and Leu272

These results indicate that the residues Tyr
are critical amino acids for recognition of the VP2 protein by

mAb 2C7.
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However, the '77SLGTYYR!®® epitope contains a continuous
key amino acid, and the residues from Ser!’” to Arg!'®® with
alanine substitution strongly affect the reactivity of the VP2 epitope
recognized by 1B8 but not by the anti-HA antibody (Figure 5B),
indicating that all the residues are necessary for the binding of
VP2 to mAb 1B8. These results indicate that 1”’SLGTYYR'® may
be a potential epitope for the development of a marker vaccine.
Therefore, the reactivity of point mutant viruses located at the VP2
77SLGTYYR'™ epitope with the mAb 1B8 was further analyzed.
We successfully rescued five mutant viruses (S177R, L178A, T180A,
Y182A, and R183A), but substituting arginine or alanine at residues
179 and 181 failed to afford the mutant virus, which indicates that
residues Gly'”® and Arg!®! of VP2 are crucial for the replication
of SVA. By Western blotting, we found that mAb 1B8 strongly
binds to SVA-WT and much weakly binds to the T180A and R183A
mutants. No binding of the mAb 1B8 to the S177R, L178A, or
Y182A mutant was detected (Figure 5C). However, the expression
of the VPI protein in both SVA-WT and SVA-mutant-infected
cells was detected. In comparison, the mAb 2C7 strongly reacted
to the mutant viruses and SVA-W'T, while the mAb 1B8 exhibited
notably lower reactivity to the mutant viruses than did SVA-WT.
The Y182A mutation in particular completely abrogated the ability
of the mAb 1B8 to bind to the virus (Figure 5D), which suggested
that the Tyr!8? residue is involved in the interaction between SVA
and the mAb 1B8. Our results suggest that the combination of the
Serl”7, Leu!”8, and Tyrlg2 residues may be an ideal mutation site
for the generation of epitope-based SVA marker vaccines.

3.5 The identified epitopes are highly
conserved in SVA VP2 proteins

In addition to the amino acid sequence, the antigenicity of
the epitope is related to the spatial structure of the epitope. The
structural homology model of the VP2 protein was constructed by
SWISS, and the one with the highest confidence (PBD:3CJI) was
selected for subsequent analysis. The spatial structure was displayed
with PyMoL software. The epitope '”/SLGTYYR!® (marked in
pink) formed a random coil (Figure 6A) that was fully exposed
on the surface of the VP2 protein (Figure 6B). In addition, this
epitope is located at the interface area of the ANTXRI-SAV
binding site (Jayawardena et al, 2018) and is exposed on the
surface of the capsid protomer with VP1, VP2, VP3, and VP4
(Figure 6C). In contrast to the epitope at 7”SLGTYYR!83, the
epitope at 2°°SPYFNGL?"? (marked in blue) formed part of a p-
sheet (Figure 6A). The surface of the VP2 protein was partially
exposed, and the middle region was obscured by the amino
acid *?QPTTT>® (Figure 6B); this feature determines whether the
position of the crucial amino acid that binds to the antibody
is discontinuous.

To determine the conservation of these two epitopes, the
VP2 gene of SVA from China and other countries was collected
from GenBank, and the conservation of these epitopes was
analyzed via BioEdit software. The epitopes '”/SLGTYYR!®? and
266SPYFNGL272 were highly conserved between SVA strains, and
they exhibited 100% sequence similarity (Figure 6D). These results
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FIGURE 3
Identification of VP2 protein linear epitopes via PepScan. Reaction of the (A) mAb 2E4, (B) mAb 1B8, and (C) mAb 2C7 with 28 synthetic VP2 peptides.
All the experiments were repeated three times, and the error bars represent the standard deviation (SD). The NC was an unrelated synthetic peptide.

suggest that these residues are important for maintaining epitope
structure or function.

4 Discussion

SVA is prevalent in many countries, and SVA-associated
vesicular diseases have caused economic losses to the pig industry.
In this study, two novel linear epitopes of VP2 were precisely
identified by mAbs. Importantly, we confirmed that the epitope
77SLGTYYR'? is located at the VP2 “puff” loop region and
contains key residues involved in receptor binding. In addition,
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the single mutation Y182A abolishes the interaction between the
mutant virus and the mAb 1B8. Therefore, our findings could lead
to the development of an epitope-based SVA marker vaccine to
distinguish infected pigs from vaccinated pigs.

Monoclonal antibodies with high specificity and sensitivity are
widely used in the diagnosis and treatment of diseases, such as
Alzheimer’s disease (AD), have produced encouraging cognitive
and clinical results (Qiao et al, 2024). Besides, engineering
modifications of mAbs significantly improve their therapeutic
properties, which has emerged as a promising strategy to enhance
tumor targeting specificity and immune cell interactions (Mathieu
et al, 2024). In addition, mAbs are widely applied for the
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FIGURE 4

Mapping of the B-cell epitope by truncating short peptides. (A) Schematic diagram of peptide 18 (' KNMPFQSLGTYYRPPNWTWG!*°) used for
epitope mapping, “-" represents the abbreviated amino acid. (B) HEK-293T cells were transfected with plasmids encoding thirteen truncated
fragments for 24 h. The cell lysates were analyzed by Western blotting using an HA antibody and mAb 1B8. (C) Schematic diagram of peptide 27
(61SVRPTSPYFNGLRNRFTTGT?8) used for epitope mapping. “" represents the abbreviated amino acid and “-" represents the deleted amino acid. (D)
HEK-293T cells were transfected with plasmids encoding five truncated fragments for 24 h. The cell lysates were analyzed by Western blotting using
an HA antibody and the mAb 2C7
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FIGURE 5

Identification of the pivotal points in the epitopes. Single alanine substitution scanning of the HA-fused VP2 protein was carried out, and the proteins
were identified via Western blotting. (A) Binding ability of the mAb 2C7 to VP2 mutants. (B) Binding capacity of the mAb 1B8 to VP2 mutants. (C, D)
BHK-21 cells were infected with SVA-WT or the SVA mutant virus at an MOI of 0.1 for 24 h, and the reactivity of the mAb 1B8 to the single-site
mutation SVA was analyzed by (C) Western blotting and (D) Immunofluorescence analysis; NC: mock-infected cells.
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FIGURE 6

Spatial distribution and conservation of the identified epitopes. 3D model of the SVA VP2 protein. The epitope /7 SLGTYYR'83 is marked in red, and the
epitope 2%6SPYFNGL?7? is marked in blue and drawn as (A) a secondary structural analysis of the two epitopes on the VP2 monomer skeleton and (B)
stereo-structures of the two epitopes in the VP2 protein monomer (gray). (C) Stereo-structures of the two epitopes in the capsid protomer with VP1
(light brown), VP3 (pink), and VP4 (purple). (D) Amino acid alignment of the VP2 protein was performed for different SVA strains. Only the different
residues are shown. The red box indicates the epitope recognized by mAb 1B8, and the blue box indicates the epitope recognized by mAb 2C7.

establishment of immunological detection methods for infectious
or non-infectious diseases. At the same time, mAbs as an important
tool have been used in identifying antigenic epitopes. The gold
standard for epitope definition is X-ray analyses of crystals of
antigen-antibody complexes, however, this method requires a high
degree of sophistication and expertise. Most other methods rely
on monitoring the binding of the antibody to antigen fragments.
The epitope identification will benefit to the study of pathogen-
host interaction mechanism and the structure and function of
target proteins.

To date, several antigenic epitopes of SVA VP2 have
identified
synthetic polypeptide therapy using mAbs or porcine serum
(Fan et al, 2020; Ru et al., 2023; Zhang et al., 2023). The
1411 DVRPDGKAKSLEELNEEQW 160
epitope region with relatively abundant epitopes in the VP2
protein (Fan et al., 2020; Wen et al., 2022; Ru et al,, 2023; Zhang
et al, 2023). In addition, Wen et al. obtained five neutralizing

been through  bioinformatics  prediction and

region is a dominant
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mAbs by immunizing mice with ultra-purified SVA, and the
linear epitope >*QELNEE!® recognized them. The amino acid
residue Glu'™’ is the pivotal site for neutralizing SVA (Wen
et al., 2022). However, Fan et al. (2020), reported that two mAbs
generated by recombinant SVA VP2 protein immunization showed
high affinity to peptide '“°AKSLQELNE!”’, but did not have
neutralizing activity. Similarly, we identified mAb 2E4, which
strongly binds to 'LDVRPDGKAKSLEELNEEQW!®, showed
no neutralizing effects on SVA either. All these suggest that the
antigen with conformational epitopes is more likely to induce
the production of neutralizing mAb. Nevertheless, the epitope
localized in "' LDVRPDGKAKSLEELNEEQW ' is an important
immunodominant epitope and provides an important detection
target for epidemiological investigations.

Importantly, the protruding part of the VP2 “puff” loop
responsible for ANTXR1 binding is highly conserved. Based on
the structure of the SVA-ANTXRI complex, ANTXRI interacts
with three major capsid proteins and is centered on the “puft”
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loop of VP2 (Miles et al, 2017; Cao et al., 2018). Jayawardena
et al. suggested that residues 178-186 contribute to the bulk
of receptor interactions, and residues Leu'’8, Thr!80 Tyr182

and Pro'8

on the “puft” loop of VP2 form van der Waals
interactions or aromatic interactions with residues on the a4 helix
of ANTXRI1 (Jayawardena et al., 2018). The ANTXRI binding
site can be recognized by neutralizing mAbs, which suggests
that the ANTXRI1 binding site on SVA capsids may partially
overlap with the epitope of neutralizing antibodies. We identified
a linear epitope (”/SLGTYYR!®3) is located at VP2 receptor
binding site, and this is the first minimal epitope on the VP2
“puff” loop identified using the mAb 1B8. However, the mAb 1B8
has no neutralizing effect on SVA. Recently, Zhao et al. (2023),
confirmed that mAb 2G6 exhibits strong neutralizing activity to
SVA, which recognized conformational epitope, and the mAb
heavy chains bind to VP2 and knob loop of VP3, respectively.
It has been suggested that most conformational epitopes are
composed of several linear epitopes (Liu et al., 2017; Ferdous
et al., 2019). Therefore, 17’SLGTYYR!#3 may constitute a segment
with a conformational epitope that induces neutralizing antibody
production. Investigating conformational epitopes and neutralizing
antibody production in the “puff” loop of VP2 would be highly
important for future work. In particular, identifying SVA mutants
capable of evading neutralizing effects may benefit oncolytic
virotherapy in humans (Zhao et al., 2023).

Furthermore, the C-terminal region of VP2
(¥'GLRNRFTTGTDEEQ?*) was identified as a diagnostic
target for testing SVA antibodies in pigs (Ma et al, 2022).
In the present study, the minimal epitope 2°°SPYFNGL?"?
of the C-terminus of VP2 was identified accurately by the
mAb 2C7, and two amino acids (Gly?”! and Leu?’?) were
found overlapping with previous study conducted by Ma
et al. Recently, the epitope 2’PYFNGLRNRFTTGT?® was
predicted and identified by bioinformatics-based computational
prediction and the Pepscan approach (Ru et al., 2023). However,
we found that residue Ser’®® is important for maintaining
the binding of 2°SPYENGL?’? to mAb 2C7. In addition,
266SPYFNGL?7?2 was shown to be partially exposed on the
VP2 protein, and the key amino acids analysis revealed
that the immunodominant residues are associated with the
immunogenicity and reactivity of the epitope. Our results suggest
that the epitope 2°°SPYFNGL?’? is an important and conserved
B-cell immunodominant epitope.

In summary, two novel epitopes of SVA VP2, 77SLGTYYR!83
and 2°SPYFNGL?72, were identified using mAbs. Importantly, we
found that the epitope '””SLGTYYR!83 completely exposed on the
surface of the VP2 protein, and confirmed that the VP2 “puff”
loop region harbors a BCE containing key amino acid residues
involved in receptor binding. These results will help to elucidate
the antigenic characteristics of VP2 and promote the development
of diagnostic tools and DIVA vaccines for SVA.
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Characterization, histopathology
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2019-20 in Bangladesh
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School of Veterinary Science, The University of Sydney, Camden, NSW, Australia

Introduction: Lumpy skin disease (LSD) is a highly contagious vector-borne viral
disease of cattle. LSD has emerged in Bangladesh in 2019, causing significant
economic losses due to its high morbidity and mortality. This research was
designed to isolate, identify, and assess the immunogenicity of LSD virus (LSDV)
using nodular tissue samples obtained from affected cattle during the 2019-20
outbreak across nine districts of Bangladesh.

Methods: To determine the presence of LSDV in nodular tissues, we initially used
iiPCR and PCR, followed by histopathological examination. 151 were positive via
iiPCR and PCR among the 180 collected samples. The PCR positive 151 samples
were then inoculated into 10-day-old embryonated chicken eggs via the CAM
route to isolate LSDV, confirmed through PCR. Subsequently, partial sequencing
and phylogenetic analysis of the P32 gene were performed to determine the
origin of the circulating LSDV strain. The immunogenicity of selected LSDV
strains was assessed through an ELISA test.

Results: The PCR results revealed a distinct positive band at 192 bp in both the
nodular tissue samples and the LSDV isolated from chicken embryo inoculations.
Microscopic analysis of the nodular lesions revealed thickening of the epidermis,
ballooning degeneration of keratinocytes, and proliferation of follicular epithelia.
Additionally, mononuclear infiltration was observed at the demarcation line
between infected and healthy tissue, with necrosis of muscular tissues beneath the
epidermis. The LSDV isolate from Bangladesh exhibited a close genetic relationship
with LSDV strains isolated from neighboring and other regional countries including
India, Myanmar, and Mongolia. This observation strongly suggests the possibility of
a transboundary spread of the LSD outbreak in Bangladesh during 2019-2020. The
results of the immunogenicity test showed that the serum antibody titer remained
at a protective level for up to 18 months following secondary immunization with
inactivated LSDV antigen. This finding suggests that the inactivated LSDV antigen
could be a potential vaccine candidate to protect cattle in Bangladesh against LSDV.

Conclusion: In conclusion, our research successfully isolated, identified, and
characterized LSDV in cattle nodular tissues from the 2019-20 outbreakin Bangladesh.
Furthermore, it provided insights into the probable origin of the circulating strain and
investigated a potential vaccine candidate to protect cattle in the region from LSDV.
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Introduction

Lumpy Skin Disease (LSD) is an important transboundary viral
disease of livestock with substantial economic implications. It is
caused by the Lumpy Skin Disease Virus (LSDV), which belongs to
the genus Capripoxvirus, subfamily Chordopoxvirniae, and family
Poxviridae (Uddin et al., 2022). LSD is highly host-specific, primarily
affecting cattle (both Bos indicus and B. taurus), although it can also
infect water buffalo (Bubalus bubalis) (Yousefi et al.,, 2017;World
Organization for Animal Health, 2023). Notably, LSDV does not infect
or spread between sheep and goats (World Organization for Animal
Health, 2023). The clinical presentation of LSD varies widely, ranging
from asymptomatic illness to fatal outcomes (Carn and Kitching,
1995). Common clinical features of LSD include high fever, loss of
appetite, generalized skin nodules, enlarged lymph nodes, sterility,
skin erythema, and abortion (Uddin et al., 2022). The severity of the
disease can vary depending on factors such as the LSDV strain, cattle
breed, sex, age, with lower mortality typically below 2% and variable
morbidity that can reach up to 100% (Sprygin et al., 2018; Badhy et al.,
2021; Wilhelm and Ward, 2023). In southeast Asia during 2020-21,
average estimated morbidity and mortality of 21 and 2.68%,
respectively, were estimated (Wilhelm and Ward, 2023).

Originally, LSD was an endemic disease in numerous African
countries, and it subsequently expanded from sub-Saharan Africa to
the Middle East. It then continued to spread into Europe and Asia
(Milovanovi¢ et al., 2019). The first reports of LSD outbreaks in
Bangladesh and India came in July and August 2019, respectively.
These outbreaks further spread to nearly all Central, South, and
Southeast Asian countries (Parvin et al., 2022; Uddin et al., 2022). By
2019-20, LSD had reached virtually every district in Bangladesh,
emerging as an important disease (Haque and Gofur, 2020; Sarkar
et al,, 2020; Badhy et al.,, 2021; Hasib et al., 2021; Khalil et al., 2021;
Chouhan et al,, 2022; Uddin et al., 2022). This widespread outbreak
inflicted substantial financial losses on the livestock industry due to
hide damage and a decrease in body mass. LSD has significant
economic impact on the livestock industry due to its rapid spread in
recent years. Its continued spread poses a global threat, evident in
regions such as Africa, the Middle East, and Asia, with Western
Europe and Australia now facing imminent risk. Due to its fast-
expanding nature the potential for extensive losses in livestock is
unavoidable (Akther et al., 2023).

Several methods to detect the LSDV genome are available
worldwide, including PCR, real-time PCR, and HRM-based
techniques. In Bangladesh, PCR (Giasuddin et al.,, 2019; Badhy et al.,
2021) and real-time PCR (Parvin et al., 2022) have been utilized for
the detection and phylogenetic analysis of LSDV. Parvin et al. (2022)
also conducted gross and microscopic pathology examinations of
skin nodules in affected cattle. However, there have been no studies
on LSDV isolation in chicken embryos or cell culture in Bangladesh.
A recent technique, insulated isothermal PCR (iiPCR), has been used
for the detection of various veterinary viruses (Lung et al., 2016;
Zhang et al., 2019; Song et al, 2022). This method induces
spontaneous fluid convection in a capillary tube, ensuring efficient
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denaturation, annealing, and extension of the PCR process (Tsai
etal,, 2012). iiPCR shows sensitivity equivalent to real-time PCR and
provides clear positive or negative results on the device screen after
data processing. In this study we isolated LSDV using chicken
embryos after initial screening of field samples using iiPCR and
PCR. We also conducted pathology and phylogenetic analyses of the
embryo-adapted isolate and assessed its antigenicity.

Materials and methods
Sample collection

Clinical signs of the LSD suspected cattle were skin nodules, fever,
depression with anorexia, weight loss, reduced milk yield and peripheral
lymphadenopathy. A total of 180 skin nodular tissues were collected
from cattle suspected to be affected with LSD, all of which were under
2years of age (see Figure 1). These cattle were located in nine different
districts in Bangladesh: Brahmanbaria, Chattogram, Gaibandha,
Kishoreganj, Moulvibazar, Naogaon, Narsingdi, Rangpur, and Satkhira.
These districts were chosen because LSD outbreaks occurred there
during the study period. The sample collection was conducted within
4-30days of infection during the 2019-20 outbreaks (Table 1; Figure 2).
All samples were collected using aseptic techniques, transported with ice
carriers and then stored at —80°C for the isolation of LSDV. In addition,
18 skin nodule biopsies, with two samples collected from each of the nine
districts, were obtained from the suspected cases. These biopsies were
placed in plastic containers containing 10% neutral buffered formalin for
subsequent histopathological analysis (Slaoui and Fiette, 2011).

Sample preparation

The nodular tissue samples were homogenized with sea sand using
mortar and pestle, and subsequently 20% suspensions were prepared
by adding sterile phosphate buffered saline. The suspension was then
centrifuged at 3000 rpm for 10 min maintaining a temperature of 4°C
(Zinnah et al, 2010). After centrifugation, the supernatant was
carefully collected and stored at -20°C. A portion of this supernatant
was used for the extraction of LSD viral DNA, while the remainder was
treated with antibiotics (penicillin 10,000 IU/mL + streptomycin
10,000 pg/mL) for the propagation of LSD virus in chicken embryo.

LSD viral DNA extraction from nodular
tissue, chicken embryo and CAM for
screening and detection of LSDV by iiPCR
and PCR

The genomic viral DNA was extracted from the collected nodular
tissues, chicken embryo and chorioallantoic membrane (CAM) using
the DNeasy Blood & Tissue kit (Qiagen, Germany) following the
manufacturer’s instructions for molecular studies. The elution of DNA
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FIGURE 1

LSD affected cattle (A) and collection of skin nodular tissues from LSD affected cattle (B).

was carried out using 70 puL of elution buffer, and the extracted DNA
was stored at -20°C for subsequent use.

Insulated isothermal PCR (iiPCR)

To detect LSDV nucleic acids, we conducted iiPCR using the
PockitTM LSDV reagent set (GeneReach Biotechnology Corp.,
Taiwan) (Chang et al., 2012; Tsai et al., 2012). In brief, we combined
50 uL of premix buffer with 5 pL of the extracted genomic DNA in an
R-tube. After a brief centrifugation using the cubee™ mini-centrifuge
(GeneReach Biotechnology Corp., Taiwan), the R-Tube was loaded
onto the POCKITTM nucleic acid analyzer. The default program
included a step at 50°C for 10min followed by 95°C for 48 min.
Fluorescent signals were collected, and signal-to-noise (S/N) ratios
were calculated by dividing signals collected after iiPCR by those
collected before iiPCR. The results were then automatically displayed
on the screen as “Positive” (+), “Negative” (—), or “Unknown” (?)
based on the default S/N thresholds.

PCR

All the nodular tissue from LSD suspected cattle were initially
screened for the presence of LSDV genome using the forward primer
5-TCCGAGCTCTTTCCTGATTTTTCTTACTAT-3" and reverse
primer 5-TATGGTACCTAAATTATATACGTAAATAAC-3". These
primers amplify a 192-bp fragment of the P32 envelope protein gene
(LSDVO074). A total volume of 25puL PCR mixture was prepared
consisting of 12.5puL of master mix (Bio-Rad, United States), 1 uL
(10 pmol) of each forward and reverse primers, 5.5 puL of nuclease-
free water, and 5 pL of template DNA. The PCR assays were carried
out in a thermal cycler (T-1000, Bio-Rad, USA) with the following
cycling conditions: an initial cycle at 94°C for 5min, followed by
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35cycles at 94°C for 1 min, 50°C for 30, and 72°C for 1 min. This
was then followed by a final cycle at 72°C for 5min. The PCR
products were subsequently analyzed by electrophoresis on a 1.5%
agarose gel-containing ethidium bromide (1pg/mL) in 1x
TAE buffer.

Histopathological examination

The nodular skin tissues were fixed in 10% neutral buffered
formalin, subjected to dehydration using increasing concentrations of
alcohol, cleaned with xylene, and then embedded in paraffin. The
paraffin embedded tissues were subsequently sectioned at a thickness
of 5pm and stained with hematoxylin and eosin.

Chicken embryo inoculation

A total of 26 PCR-positive nodular tissue samples, three samples
from eight districts and two from another district, were inoculated
into 10-day-old embryonated chicken eggs using the chorioallantoic
membrane route (Akter et al., 2004; Hossain et al., 2005; Ahamed
et al,, 2015). In cases in which pock lesions were observed on the
chorioallantoic membrane, allantoic fluid, the embryo, and the
chorioallantoic membrane were collected and processed. Subsequently,
PCR was again performed to confirm the presence of LSDV in the
collected samples from dead embryos.

Amplification and sequencing of the
RPO30 gene

For one isolate from Brahmanbaria district (embryo-adapted),
PCR was carried out using a specific pair of primers: CopRPO30F
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TABLE 1 The distribution of nodular tissue samples that tested positive for iiPCR and PCR across different geographic areas.
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(forward): 5-CAGCTGTTTGTTTACATTTGATTTTT-3" and
CpRPO30R (reverse): 5-TCGTATAGAAACAAGCCTTTAATAGA-3’
(Gelaye et al,, 2015; Badhy et al., 2021). The PCR reaction was
conducted in a total volume of 25 pL, consisting of 500 nM forward
primer, 500nM reverse primer, 0.2mM dNTPs, 1 PCR buffer
(Qiagen), 2.5U of Taq Polymerase (Qiagen), and 5L of template
DNA. The PCR involved initial denaturation at 95°C for 4 min,
followed by 40 cycles at 95°C for 305, 56°C for 305, and 72°C for 45,
concluding with a final extension at 72°C for 7min. The PCR products
were separated by electrophoresis on a 1.5% agarose gel at 100V for
60 min and visualized using a Gel Documentation System (Bio-Rad,
United States). The PCR amplicons were purified using the Wizard SV
Gel and PCR clean-up system kit (Promega) according to the
manufacturer’s instructions. LGC Genomics (Germany) performed
the sequencing of the purified PCR amplicons. Vector NTI 11.5
software (Invitrogen, USA) was used for sequencing data analysis
and assembly.

Phylogenetic analysis

The nucleotide sequences were aligned using the Muscle
algorithm, and the codon option was applied using MEGA7 (Kumar
etal., 2016). Subsequently, TreeAnnotator was utilized to generate the
Maximum Clade Credibility (MCC) tree, with a 3% burn-in discarded.
The resulting tree, along with its associated meta-data, was visualized
using the ggtree package in R (Yu et al., 2017).

Immunogenicity test of the selected LSD
virus antigen

The LSDV isolate was propagated in chicken embryos in large
quantities. The allantoic fluid, which contained LSDV, was collected
and subjected to centrifugation, filtration, and inactivation using
0.3% formalin. The inactivated LSDV was then mixed with
montanide MS 130 (SEPPIC, China) for inoculation into
experimental cattle. The initial immunization was inoculated into
ten cattle at a rate of 1 mL subcutaneously. After 28 days from the
first immunization, a booster dose was administered using the same
1 mL dose. In addition, ten cattle were vaccinated once with goat pox
vaccine, while another five cattle were used as control subjects.
Blood samples were collected for sera at intervals of 1, 2, 9, and
18 months after immunization. The detection of antibodies through
ELISA was conducted using the ID Screen® Capripox double antigen
Multi-species ELISA kit from ID.Vet® (Grabels, France), following
the manufacturer’s instructions.

Results
Detection of LSDV in field samples

Of the 180 nodular tissue samples (Table 1), 151 were confirmed
positive for LSDV via both iiPCR (Figure 3A) and PCR (Figure 3B).
A positive band at 192bp was consistently observed for all positive

cases, indicating the presence of LSDV (Figure 3B). The overall
isolation frequency was 83.9%.
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Histopathological analysis

Grossly, nodular skin lesions were up to 2-5cm in diameter and
were elevated above the skin surface. Microscopically, the nodular
lesions consisted of epidermal thickening, ballooning degeneration of
the keratinocytes, and proliferation of follicular epithelia (Figure 4).
The degenerated keratinocytes often contained intracytoplasmic
eosinophilic inclusion bodies. Additionally, there were mononuclear
inflammatory infiltrates observed at the demarcation line between the
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FIGURE 2
Map of Bangladesh showing the sampling areas, Brahmanbaria
(24.1585° N, 89.4481° E), Chattogram (22.3350° N, 91.8325° E),
Gaibandha (25.3290° N, 89.5415° E), Kishoreganj (24.4331° N,
90.7866° E), Moulvibazar (24.4808° N, 91.7644° E), Naogaon
(24.8000° N, 88.9333° E), Narsingdi (23.9167 ° N, 90.7167° E),
Rangpur (25.7500° N, 89.2444° E), and Satkhira (22.7185° N,
89.0705° E).
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lesion and the adjacent healthy tissue. Moreover, the muscular tissues
situated beneath the epidermis showed signs of necrosis.

Isolation of LSDV using chicken embryo
and reconfirmation by PCR

The isolation of LSDV resulted in the characteristic pock lesions
on the Chorioallantoic Membrane (CAM) of embryonated chicken
eggs (ECE). Notably, embryo mortality was evident as early as the first
passage, along with the generation of pock lesions. By the third
passage, observations included a hemorrhagic membrane, congestion,
clotted blood within blood vessels, and pock lesions appearing as
stretched white lines. These pock lesions became even more prominent
5days after inoculation during the third passage. The dead embryos
showed hemorrhagic and edematous characteristics, along with an
enlarged and bloody liver, and clots of blood within the core
(Figure 5). It is worth noting that all PCR-positive samples inoculated
into ECE consistently produced a 192bp PCR product after
amplification of P32 gene.

Nucleotide sequencing and phylogenetic
analysis

We successfully amplified and sequenced fragments of the RPO30
gene of LSDV. NCBI blast results revealed that the Alim_LSD_100
isolate shares a 100% nucleotide sequence similarity with all
Bangladeshi LSDV isolates, as well as those from neighboring
countries such as India and Myanmar. A phylogenetic analysis of
LSDV was constructed based on the RPO30 gene, and it was observed
that our isolate is closely related to LSDV strains from Bangladesh,
India, Mongolia, and Myanmar. Importantly, it is distinctly different
from LSDV strains found in Russia and China (Figure 6).

Immunogenicity test of the selected LSD
virus antigen

In cattle immunized with LSD antigen, serum antibody titers were
measured at 7929.53, 18807.99, 12425.76, and 8317.54 after 1, 2,9, and

==

FIGURE 3

LSDV screening from field sample by iiPCR (A) and PCR (B). 1 & 3: LSD Negative sample, 2 & 4: LSD positive samples (A) and M: 100 bp DNA marker,
Lane 1: negative control, Lane 2: positive control, Lane 3 to 6: the fresh nodules/lumps showed positive band at 192 bp (B).

L I I 192 bp
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FIGURE 4
Representative image showing microscopic lesions of lumpy skin disease in cattle. The epidermis is thickened with ballooning degeneration of
keratinocytes, proliferation of follicular epithelia and thickening and degeneration of subcutaneous muscular tissue (asterisk), the dermis is infiltrated
with foci of inflammatory cells (arrow) mainly involving mononuclear cells at the junction between healthy and nodular tissue (A). The degenerated
cells of the epidermis often contain intracytoplasmic inclusion body (B, arrows). The muscular tissue in the dermis is degenerated (C). Hematoxylin and

eosin stain.

4

FIGURE 5
Embryo and Chorioallantoic membrane of EGEs after three passages by LSDV. Hemorrhegic and edematous embryo (A), a hemorrhagic CAM with

congestion and pock lesion infected by LSDV (D—E). Control embryo and CAM (B,C).

18 months of immunization, respectively. In contrast, in the goat pox  respectively. For the non-immunized cattle, the antibody titer was
vaccinated group, the antibody titers were 4825.79, 2070.60, 699.00,  nearly 700. The highest antibody titer was observed in the
and 11099.00 after 1, 2, 9, and 18months of immunization, LSD-immunized group after 2months of immunization (Figure 7).
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Discussion

We employed a novel PCR technique for the screening of nodular
tissue samples to detect LSDV. Subsequently, we successfully cultivated
large quantities of LSDV in chicken embryos, and we also assessed the
immunogenicity of the inactivated LSDV. Our molecular evidence
strongly suggests a transboundary spread of the LSD outbreak in
Bangladesh during 2019-2020. Moreover, our LSDV isolates show a
potential vaccine candidate to combat LSD in Bangladesh.

The iiPCR technique offers a distinct advantage in rapidly
completing the denaturation, annealing, and extension steps within a
capillary tube, achieving high amplification efficiency over a short
time period. This feature makes it particularly suitable for swift and
efficient screening of field virus infections (Song et al., 2022). In our
study, iiPCR was employed to screen the nodular tissue samples for
LSDV. Importantly, all iiPCR-positive samples were subsequently
confirmed as PCR-positive, with a specific 192 bp band appearing for
the P32 gene, a well-established marker for LSDV detection. This
demonstrates the superiority of iiPCR in enabling the rapid and
accurate screening of LSDV. Giasuddin et al. (2019) and Sudhakar
etal. (2020) also used the P32 gene as a specific marker for detecting
LSDV via PCR.

Lumpy skin disease affects the skin of cattle and water buffalo,
leading to the development of nodular lesions that may rupture in
advanced stages of the disease (Sanz-Bernardo et al, 2021).
Microscopically, these lesions exhibit characteristic features, including
acanthosis (thickening of the epidermis), ballooning degeneration of
epidermal cells, and the presence of intracytoplasmic inclusion bodies
(Ali et al., 2021). Notably, the presence of intracytoplasmic inclusion
bodies is considered a hallmark of lumpy skin disease (Gharban et al.,
2019; Neamat-Allah and Mahmoud, 2019). The skin lesions are
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typically demarcated from nearby healthy tissue by the presence of
inflammatory infiltrates, which consist of lymphocytes and
macrophage cells. Additionally, the disease leads to thickening and
coagulation necrosis of subcutaneous muscle tissue (Neamat-Allah,
2015; Sanz-Bernardo et al., 2020; Parvin et al., 2022). In the present
study, LSDV was successfully isolated from nodular tissues collected
from the skin of naturally infected cattle through inoculation on the
Chorioallantoic Membrane (CAM) of embryonated chicken eggs
(ECE). During the third passage, the embryos exhibited hemorrhagic
and edematous characteristics, a finding consistent with the
observations made by van Rooyen et al. (1969). Characteristic pock
lesions were initially observed after the first passage and became more
pronounced after the third passage. This method of LSDV isolation on
the CAM of ECE, along with the detection of characteristic pock
lesions, has been successfully employed by several authors (House
et al., 1990; Hassan et al., 1992; Tamam, 2006; El-Nahas et al., 2011;
El-Tholoth and El-Kenawy, 2016). Importantly, all LSDV isolates
obtained from the infected CAM were confirmed through PCR
analysis. El-Nahas et al. (2011) also employed PCR to detect LSDV in
infected CAM.

The RPO30 gene has consistently demonstrated its suitability as a
prime candidate for the phylogenetic differentiation of field strains of
LSDV, as evidenced by prior studies (Gelaye et al., 2015; Agianniotaki
etal, 2017; Sudhakar et al., 2020). In our study, we utilized the partial
sequence of the RPO30 gene for phylogenetic analysis. The selected
LSDV isolate from Brahmanbaria district (highlighted by the red
arrow in Figure 6) exhibited genetic similarities with LSDV isolates
from Bangladesh and neighboring countries such as India and
Myanmar. This genetic relationship highlights the critical need for
regional collaboration and coordinated efforts in disease surveillance,
early detection, and response mechanisms. Effective control and
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prevention of LSDV necessitate cross-border cooperation among
neighboring countries. While the observed genetic similarities
strongly suggest the possibility of transboundary transmission of LSD
in Bangladesh during 2019-2020, it is crucial to note that confirmation
of such spread requires the availability of whole-genome sequences,
encompassing a combination of LSDV target genes.

The immune response elicited in cattle by the inactivated LSDV
antigen was compared with that in goat pox-vaccinated cattle and the
control group. Notably, a stronger immune response was observed in
the cattle immunized with the inactivated LSDV antigen compared to
the other two groups. However, it is important to highlight that LSDV
infection was observed in both the goat pox-vaccinated group and the
control group. The antibody titre was sharply increased in goat pox
vaccinated cattle after 9 months due to the sudden outbreak of LSD
5months after immunization. This increase in antibody titer was
attributed to the recovery of the cattle from LSD infection. In contrast,
there were no reports of LSDV infection recorded in the cattle
immunized with the LSDV antigen.

Our study focuses on developing and evaluating an inactivated
LSDV vaccine candidate. Current LSD vaccines typically use strains like
Neethling or KSGP O-240 and O-180, requiring extensive passages in
cell cultures and in the chorioallantoic membrane of embryonated
chicken eggs (Kitching, 2003; Wallace and Viljoen, 2005). The Neethling
strain vaccination can lead to adverse reactions like skin nodules and
reduced milk yield (Wallace and Viljoen, 2005). Inactivated vaccines
offer a shorter immunity duration but are free from adverse effects,
making them favorable in disease-free, at-risk regions (Tuppurainen
etal,, 2021). Our study contributes to this field by exploring the potential
of an inactivated LSDV vaccine candidate, offering an alternative
approach with its own set of benefits and limitations.

In conclusion, this study represents a significant advancement in
our understanding of LSDV in Bangladesh. We introduced an
innovative PCR technique for the rapid and efficient screening of
nodular tissue samples, enabling the detection of LSDV with high
accuracy. Furthermore, we successfully cultivated substantial quantities
of LSDV using chicken embryos. One of the most notable findings of
this study is the strong molecular evidence indicating potential
transboundary spread of the LSD outbreak in Bangladesh during the
period 2019-2020. This highlights the interconnectedness of the region
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and the potential for diseases like LSDV to cross borders, emphasizing
the importance of vigilance and cooperation in disease management
and control efforts. Additionally, our LSDV isolates hold promise as
potential vaccine candidates to combat LSD in Bangladesh. Further
investigation into the effectiveness of the inactivated LSDV antigen as a
vaccine candidate, as well as the development of surveillance strategies
to monitor LSDV circulation in the region, is recommended.
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