

[image: image]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-83251-424-5
DOI 10.3389/978-2-83251-424-5

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact





Host cellular responses to viruses

Topic editors

Jue Liu – Yangzhou University, China

Yongqun Oliver He – University of Michigan, United States

Cao Yong chang – Sun Yat-sen University, China

Li Yongqing – Institute of Animal Husbandry and Veterinary Medicine, Beijing Academy of Agriculture and Forestry Sciences, China

Citation

Liu, J., He, Y. O., chang, C. Y., Yongqing, L., eds. (2023). Host cellular responses to viruses. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-83251-424-5





Table of Contents




Editorial: Host cellular responses to viruses

Yongqun He, Yongqing Li, Yongchang Cao and Jue Liu

An Endogenous Retroviral LTR-Derived Long Noncoding RNA lnc-LTR5B Interacts With BiP to Modulate ALV-J Replication in Chicken Cells

Shihao Chen, Ruihan Zhao, Ting Wu, Dedong Wang, Biao Wang, Shiyu Pan, Xuming Hu, Zhiming Pan and Hengmi Cui

Regulation of Tripartite Motif-Containing Proteins on Immune Response and Viral Evasion

Xiu-Zhong Zhang, Fu-Huang Li and Xiao-Jia Wang

Meclizine Inhibits Pseudorabies Virus Replication by Interfering With Virus Entry and Release

Panrao Liu, Danhe Hu, Lili Yuan, Zhengmin Lian, Xiaohui Yao, Zhenbang Zhu, Norbert Nowotny, Yi Shi and Xiangdong Li

Hepatocyte Growth Factor-Dependent Antiviral Activity of Activated cdc42-Associated Kinase 1 Against Hepatitis B Virus

Hye Won Lee, Yongwook Choi, Ah Ram Lee, Cheol-Hee Yoon, Kyun-Hwan Kim, Byeong-Sun Choi and Yong Kwang Park

Metabolomic Profiling Reveals New Insight of Fowl Adenovirus Serotype 4 Infection

Haiying Ma and Yujuan Niu

KAT2A Promotes Hepatitis B Virus Transcription and Replication Through Epigenetic Regulation of cccDNA Minichromosome

Yi-Ping Qin, Hai-Bo Yu, Si-Yu Yuan, Zhen Yang, Fang Ren, Qing Wang, Fan Li, Ji-Hua Ren, Sheng-Tao Cheng, Yu-Jiao Zhou, Xin He, Hong-Zhong Zhou, Yuan Zhang, Ming Tan, Min-Li Yang, Da-Peng Zhang, Xu Wen, Mei-Ling Dong, Hui Zhang, Jing Liu, Zhi-Hong Li, Yao Chen, Ai-Long Huang, Wei-Xian Chen and Juan Chen

Induction of Reactive Oxygen Species Is Necessary for Efficient Onset of Cyprinid Herpesvirus 2 Replication: Implications for Novel Antiviral Strategy With Antioxidants

Cuiyu Lu, Ruizhe Tang, Meizhen Su, Jixing Zou and Liqun Lu

Modulation of Innate Antiviral Immune Response by Porcine Enteric Coronavirus

Kunli Zhang, Sen Lin, Jianhao Li, Shoulong Deng, Jianfeng Zhang and Sutian Wang

Neutralizing Antibodies and Cellular Immune Responses Against SARS-CoV-2 Sustained One and a Half Years After Natural Infection

Li-na Yan, Pan-pan Liu, Xu-gui Li, Shi-jing Zhou, Hao Li, Zhi-yin Wang, Feng Shen, Bi-chao Lu, Yu Long, Xiao Xiao, Zhen-dong Wang, Dan Li, Hui-ju Han, Hao Yu, Shu-han Zhou, Wen-liang Lv and Xue-jie Yu

Inflammatory Profiles of Tracheal Biopsies From SARS-CoV-2 Patients

Giacomo Fiacchini, Agnese Proietti, Anello Marcello Poma, Miriana Picariello, Iacopo Dallan, Fabio Guarracino, Francesco Forfori, Gabriella Fontanini and Luca Bruschini

The CREB and AP-1–Dependent Cell Communication Network Factor 1 Regulates Porcine Epidemic Diarrhea Virus-Induced Cell Apoptosis Inhibiting Virus Replication Through the p53 Pathway

Hongchao Zhou, Yuting Zhang, Jingjing Wang, Yuchao Yan, Yi Liu, Xiaojie Shi, Qi Zhang and Xingang Xu

Singapore Grouper Iridovirus Induces Glucose Metabolism in Infected Cells by Activation of Mammalian Target of Rapamycin Signaling

Xixi Guo, Qi Zheng, Zanbin Pan, Youhua Huang, Xiaohong Huang and Qiwei Qin

The Emerging Role of Hedgehog Signaling in Viral Infections

Yulin Zhou, Jinhua Huang, Boxin Jin, Su He, Yongfang Dang, Tiejun Zhao and Zhigang Jin

Endoplasmic Reticulum Aminopeptidase 1 Is Involved in Anti-viral Immune Response of Hepatitis B Virus by Trimming Hepatitis B Core Antigen to Generate 9-Mers Peptides

Huanhuan Liu, Bingqi Hu, Junfeng Huang, Qin Wang, Feier Wang, Faming Pan and Liwen Chen

Identification of Cytoplasmic Chaperone Networks Relevant for Respiratory Syncytial Virus Replication

Victor Latorre and Ron Geller

A Novel Rabies Vaccine Based on a Recombinant Bovine Herpes Virus Type 1 Expressing Rabies Virus Glycoprotein

Caiquan Zhao, Jie Gao, Yongzhi Wang, Lina Ji, Hui Qin, Wei Hu and Yang Yang

EGFR Activation Impairs Antiviral Activity of Interferon Signaling in Brain Microvascular Endothelial Cells During Japanese Encephalitis Virus Infection

Ya-Ge Zhang, Hao-Wei Chen, Hong-Xin Zhang, Ke Wang, Jie Su, Yan-Ru Chen, Xiang-Ru Wang, Zhen-Fang Fu and Min Cui

Porcine Epidemic Diarrhea Virus Infection Subverts Arsenite-Induced Stress Granules Formation

Xiaozhen Guo, Kejian Yu, Zhonghao Xin, Liping Liu, Yuehua Gao, Feng Hu, Xiuli Ma, Kexiang Yu, Yufeng Li, Bing Huang, Zhengui Yan and Jiaqiang Wu

Cangma Huadu granules attenuate H1N1 virus-induced severe lung injury correlated with repressed apoptosis and altered gut microbiome

Mingjiang Liu, Tengwen Liu, Xuerui Wang, Chenglong Yu, Tao Qin, Jingui Li, Mina Zhang, Zhenxuan Li, Xuran Cui, Xiaolong Xu and Qingquan Liu

Comparative transcriptome analysis of MDBK cells reveals that BoIFN-γ augmented host immune responses to bovine herpesvirus 1 infection

Bo Jiang, Jing Wang, Wenxiao Liu, Jing Cheng, Jian Xu, Mengyao Cao and Yongqing Li

Circular RNA circ_0076631 promotes coxsackievirus B3 infection through modulating viral translation by sponging miR-214-3p

Ying Qin, Lexun Lin, Shulong Yang, Zongmao Dai, Congcong Zhang, Jingjing Huang, Fengzhen Deng, Xinxin Yue, Long Ren, Yanru Fei, Wenran Zhao, Yan Wang and Zhaohua Zhong

The Zinc-Finger protein ZCCHC3 inhibits LINE-1 retrotransposition

Zixiong Zhang, Ning Zhang, Saisai Guo, Qian Liu, Shujie Wang, Ao Zhang, Dongrong Yi, Jianyuan Zhao, Quanjie Li, Jing Wang, Yongxin Zhang, Ling Ma, Jiwei Ding, Shan Cen and Xiaoyu Li












	
	TYPE Editorial
PUBLISHED 10 January 2023
DOI 10.3389/fmicb.2023.1110197






Editorial: Host cellular responses to viruses

Yongqun He1*, Yongqing Li2*, Yongchang Cao3* and Jue Liu4*


1Unit for Laboratory Animal Medicine, Department of Microbiology and Immunology, Center of Computational Medicine and Bioinformatics, University of Michigan Medical School, Ann Arbor, MI, United States

2Research Center for Infectious Diseases in Livestock and Poultry, Beijing Academy of Agriculture and Forestry Sciences, Beijing, China

3State Key Laboratory of Biocontrol, Life Sciences School, Sun Yat-sen University, Guangzhou, China

4College of Veterinary Medicine, Yangzhou University, Yangzhou, China

[image: image2]

OPEN ACCESS

EDITED AND REVIEWED BY
Yingli Shang, Shandong Agricultural University, China

*CORRESPONDENCE
 Yongqun He, [image: yes] yongqunh@med.umich.edu
 Yongqing Li, [image: yes] chunyudady@sina.com
 Yongchang Cao, [image: yes] caoych@mail.sysu.edu.cn
 Jue Liu, [image: yes] liujue@263.net

SPECIALTY SECTION
 This article was submitted to Virology, a section of the journal Frontiers in Microbiology

RECEIVED 28 November 2022
 ACCEPTED 02 January 2023
 PUBLISHED 10 January 2023

CITATION
 He Y, Li Y, Cao Y and Liu J (2023) Editorial: Host cellular responses to viruses. Front. Microbiol. 14:1110197. doi: 10.3389/fmicb.2023.1110197

COPYRIGHT
 © 2023 He, Li, Cao and Liu. 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.



KEYWORDS
 virus infection, innate immune response, inflammatory signals, miRNA, host cellular protein networks, pathogenesis



Editorial on the Research Topic
 Host cellular responses to viruses




Viruses are intracellular obligate pathogens that rely purely on the host cell for replication. The first step in initiating effective viral infection is to break through the cytomembrane to enter the cell. Next, several adaptor proteins contribute to clathrin-mediated endocytosis of virus entry. After entering the cell, viruses are ultimately dependent on the host cell for their replication via altering cellular signal transduction pathways, including IRF3/IRF7, mitogen-activated protein kinases, NF-kappaB, programmed cell death, autophagy, RIG-1-MAVS and cGAS-STING DNA sensing signals, and inflammasome activation signals. Research data documented on the involvement of various cellular proteins or molecules in the replication of viruses have provided essential insights into understanding the viral pathogenesis and have led to the development of antiviral therapeutics. This Research Topic comprises three review articles and 19 research articles from 79 authors, covering many aspects of host cellular responses to DNA and RNA viruses.

The two in-depth reviews by Zhang X.-Z. et al. and Zhou Y. et al. provide readers an up-to-date knowledge of tripartite motif-containing proteins (TRIMs) and Hedgehog (HH) signaling that are targeted by viruses to modulate viral and pathogenesis. Zhang X.-Z. et al. described the regulating functions of TRIMs in host immune signalings and discuss the state-of-the-art research on immune evasion of viruses by targeting TRIMs. Zhou Y. et al. summarized recent advances in functional interaction between HH signaling and viral infections and related diseases. Demonstration of virus-TRIM/HH signaling interactions may provide potential molecular targets for the therapy, or even prevention, of related viral diseases. The third review by Zhang K. et al. reviewed the most recent advances on porcine enteric coronaviruses, including porcine epidemic diarrhea virus, porcine deltacoronavirus, and transmissible gastroenteritis coronavirus, focusing on the molecular mechanisms by which viral components downregulate interferon-modulated innate immune responses, aiming to provide new targets and methods to control and eliminate porcine enteric coronaviruses.

Coxsackievirus B type 3 (CVB3), a member of Enterovirus genus within Picornaviridae, is associated with myocarditis and dilated cardiomyopathy. Qin Y. et al. reported that hsa_circ_0076631 (circ_0076631) significantly enhanced CVB3 replication via modulating viral translation by sponging miR-214-3p, which targeted the CVB3 3D-coding region. Knocking down circ-0076631 resulted in a suppression of CVB3 replication. This study could provide a theoretical basis for clinical treatment of CVB-induced cardiomyopathy.

Bovine herpesvirus 1 (BoHV-1), an alphaherpesvirus, causes infectious rhinotracheitis and pustular vulvovaginitis in cattle. Jiang et al. found that BoIFN-γ pretreatment can significantly inhibit BoHV-1 replication in cultured MDBK cells as evidenced by regulating expression of host protein linked to cellular metabolism and innate immune response, including upregulating ISG transcriptions and expression of IRF1 and GBP5, promoting expression of cellular components participated in complement activation and coagulation cascades as well as antigen presentation and processing, and alleviating metabolism disorder and DNA damage. These findings provide important clues to developing prophylactic measures for prevention and control of BoHV-1 infection.

Severe infection of influenza A virus (IAV) results in overwhelming inflammatory responses, leading to lung injury and high mortality. Liu M. et al. revealed that oral administration of Cangma Huadu (CMHD) granules, a preparation of traditional Chinese medicine, can reduce virus load, inflammatory responses, oxidative stress, and apoptosis in IAV PR8-infected mice. In addition, CMHD granules showed pronounced effects on modulating the diversity and composition of gut microbiota after IAV infection as evidenced by an enhanced abundance of Bacteroides, Bifidobacterium, and Faecalibaculum in PR8-infected mice. This study demonstrated a novel and effective TCM compound, CMHD granules, can be used for the treatment of lethal influenza.

Infection of porcine epidemic diarrhea virus (PEDV) variant has resulted in severe economic losses to the pig industry worldwide. Guo, Yu, et al. found that PEDV infection did not mediate SGs formation in most cultured Vero cells and silencing G3BP1, a stress granules (SGs) marker protein, significantly promoted PEDV replication. Further research showed that PEDV might disrupt SGs formation via degrading G3BP1 dependent on activity of viral papain-like proteases. These results illuminated the molecular events participated in the formation of PEDV-induced SGs.

Zhao et al. constructed a novel recombinant bovine herpesvirus type I (BHV-1-ΔgE-G) which expressed rabies virus glycoprotein (RABV G) replaced by its own gE glycoprotein (gE) using CRISPR-Cas9 and homologous recombination technology. Immunization with BHV-1-ΔgE-G can induce a protection against lethal challenge infection in mice. Long-term and protection of RABV-specific neutralizing antibody were detected in mice and cattle. This study demonstrated that the BHV-1 vector-based RABV vaccine can serve as a potential candidate vaccine for cattle.

Infection of Japanese encephalitis virus (JEV) in brain microvascular endothelial cells (BMECs) is considered to be a key step to bring about viral encephalitis. Zhang Y.-G. et al. validated the specific role of activated epidermal growth factor receptor (EGFR) on JEV propagation in human hBMECs. JEV infection induced the phosphorylation of EGFR and its downstream signals. Using specific inhibitors or knocking-out of EGFR showed that EGFR assists JEV virions production by negatively modulating the antiviral interferon response, but does not involve viral attachment or entry. These results revealed the mechanism of how JEV exploits EGFR signaling to promote viral replication, thereby providing a potential target for therapy for infection of JEV.

The transposition of long interspersed element 1 (LINE-1) can result in genetic instability/diseases. Zhang Z. et al. reported that CCHC-type zinc-finger protein ZCCHC3 inhibited LINE-1 retrotransposition via its zinc-finger domain and diminished the LINE-1 RNA level. These results of contribution of ZCCHC3 to LINE-1 replication help avoid the adverse effects of LINE-1 transposition on the host genomic structure and function.

Latorre and Geller identified various members of host cellular protein folding networks involving in respiratory syncytial virus (RSV) replication. The decreased number of chaperones and co-chaperones can facilitate the unmasking of certain chaperone subnetworks essential for critical steps of the RSV life cycle. This study improved our understanding of this host-pathogen interface and revealing new potential targets for therapeutic intervention.

Fiacchini et al. found that the COVID-19 tracheal samples showed a significant alteration of two sets of gene expression related to activation of the proinflammatory response and inhibition of the estrogen response as compared to the non-COVID-19 controls. The altered inflammatory response in the COVID-19 patients could be a possible explanation of the enhancing number of laryngotracheal complications.

Zhou H. et al. observed that the expression of CCN1 was enhanced by PEDV infection and found that porcine epidemic diarrhea virus (PEDV) infection promoted the phosphorylation of CREB and c-Jun in the nucleus through the PKA and p38 pathways, and increased the production of CCN1. Further research showed that the overexpression of CCN1 decreases PEDV replication and promotes p53-dependent apoptosis as well as the knockdown of CCN1 enhanced PEDV proliferation and suppresses p53-dependent apoptosis in Marc-145 cells. This study provides important understanding for the molecular mechanism of PEDV pathogenesis.

Endoplasmic reticulum aminopeptidase 1 (ERAP1) is an important processing enzyme of antigenic peptides which are presented to major histocompatibility complex class I (MHC-I) molecules. Trimming of epitope repertoire dependent on ERAP1 correlates to efficacy of CD8+ T-cell responses in some viral diseases. Liu H. et al. showed that ERAP1 trims HBcAg to generate 9-mers LLDTASALY peptide for binding to HLA-C*04:01 of HepG2.2.15 cells, promoting activation of CD8+ T cells. These findings revealed a previously unknown HBV viral antigen peptides presentation–based immune mechanism that targets a critical step in the MHC-I antigen-processing pathway.

Singapore grouper iridovirus (SGIV), a member within the Iridoviridae family, is a major marine cultured fish causative agent worldwide. Guo, Zhang, et al. determined the expression levels of critical enzymes of glucose metabolism during SGIV infection and demonstrated that glycolysis might be involved in infection of SGIV using specific pharmacological inhibitors and siRNA technology. They also clarified the role of mTOR in glycolysis induced by SGIV. These results provided novel insights into the mechanism in which SGIV infection affected host cell glycolysis and contributed to deep understanding of iridovirus pathogenesis.

Yan et al. investigated the kinetics of neutralizing antibody and T cell response to SARS-CoV-2 in COVID-19 patients and found that most patients had developed and maintained a long term effective neutralizing antibodies and a specific T cell responses to SARS-CoV-2 in at least one and half years after the onset of illness during the study period, even in mild individuals. A positive correlation was seen between SARS-CoV-2-specific neutralizing antibody levels and T-cell responses. This study indicated that effective long-term herd immunity could be achieved through global vaccination.

Lee et al. identified a novel anti-HBV signaling pathway as evidenced by that hepatocyte growth factor (HGF)-induced ACK1 (activated cdc42-associated kinase 1) inhibited HBV gene expression and replication by regulation of Erk1/2-HNF4α signaling cascade. Notably, HGF reduces the HBV replication and cccDNA in HBV-infected cells and ACK1 is involved in anti-HBV activity of HGF. These findings provide a new signaling for anti-HBV activity of HGF during the regeneration of damaged liver tissue by persistent infection of HBV.

Liu P. et al. demonstrated that meclizine showed a significant inhibition against Pseudorabies virus (PRV) via interfering with virus entry, cell-to-cell spread, and release in cultured cells. Further animal experiments demonstrated that meclizine decreased the severity of clinical signs and the viral burdens in tissues and delayed the death of mice after PRV challenge. These results lay a foundation for the development of PRV antiviral drugs, thereby providing a new perspective to the study of antiviral mechanism.

Sufficient presence of the hepatitis B virus (HBV) covalently closed circular DNA (cccDNA) is considered to be the failure of antiviral therapies. Qin Y.-P. et al. identified KAT2A as a crucial host factor in HBV transcription and replication by screening a series of succinyltransferases and desuccinylases. KAT2A was shown to affect cccDNA transcriptional activity but not cccDNA production in HBV-infected cells and mouse models. Silencing KAT2A could restrict cccDNA transcription activity by decreasing the level of H3K79succ on cccDNA minichromosomes. These findings demonstrated that KAT2A enhances HBV transcription and replication via epigenetic machinery, thereby providing new insight into the therapy of hepatitis B virus infection.

Cyprinid herpesvirus 2 (CyHV-2) has resulted in severe economic loss to the Crucian carp breeding industry. Lu et al. showed that antioxidant-related gene expressions were upregulated in cultured CyHV-2-infected Ryuf-2 cells and found that antioxidants can effectively inhibit the replication of CyHV-2 through reduced reactive oxygen species production.

Chen et al. identified a lnc-LTR5B induced by endogenous retroviral LTR. This lnc-LTR5B participates in regulating translocation of BiP to the cell surface, and the avian leukosis virus subgroup J can exploit such regulatory machinery for completing can be exploited by to complete its life cycle and propagation. This study provides a virus-based lncRNA-modulated mechanism that facilitates to develop new antiviral strategies.

Ma and Niu analyzed the metabolic profiles of hepatocellular carcinoma cell line when infected with fowl adenovirus serotype 4 (FAdV-4), which is the major pathogen of hydropericardium syndrome severely damaging to poultry farming. FAdV-4 was shown to modulate glycolysis, tricarboxylic acid cycle, and metabolism of alanine, aspartate, purines, pyrimidines, glutamate, and sugar moieties in the cultured cells. These findings provide new insights into developing prophylactic measures for prevention and control of FAdV-4 infection.

Selected articles in this Research Topic range from our basic understanding of host cellular responses to virus infections to potential approaches to prevention and therapy for viral diseases. The editors of this topic sincerely thank all authors and reviewers for their contributions.
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Infection with the avian leukosis virus subgroup J (ALV-J) impairs host genes and facilitates the establishment of chronic infection and the viral life cycle. However, the involvement of long noncoding RNAs (lncRNAs) in ALV-J infection remains largely unknown. In this study, we identified a novel chicken lncRNA derived from LTR5B of the ERV-L family (namely lnc-LTR5B), which is significantly downregulated in ALV-J infected cells. lnc-LTR5B was localized in the cytoplasm and was relatively high expressed in the chicken lung and liver. Notably, the replication of ALV-J was inhibited by the overexpression of lnc-LTR5B but enhanced when lnc-LTR5B expression was knocked down. We further confirmed that lnc-LTR5B could bind to the binding immunoglobulin protein (BiP), a master regulator of endoplasmic reticulum (ER) function. Mechanistically, lnc-LTR5B serves as a competing endogenous RNA for BiP, restricting its physical availability. Upon ALV-J infection, the reduction of lnc-LTR5B released BiP, which facilitated its translocation to the cell surface. This is crucial for ALV-J entry as well as pro-survival signaling. In conclusion, we identified an endogenous retroviral LTR-activated lnc-LTR5B that is involved in regulating the cell surface translocation of BiP, and such regulatory machinery can be exploited by ALV-J to complete its life cycle and propagate.

Keywords: ALV-J, lncRNA, lnc-LTR5B, BiP, interaction


INTRODUCTION

Avian leukosis virus (ALV), which belongs to the family Retrovirus, is an enveloped RNA virus that causes host immunosuppression and various tumors in chicken. ALVs have been classified into seven subgroups, including ALV-A, B, C, D, E, J, and K (Chai and Bates, 2006; Li et al., 2016). ALV-J displays higher transmissibility and pathogenicity than other subgroups, which has been considered as one of the leading causes of morbidity and mortality in some chicken flocks in China (Li et al., 2019a,b); thus, it presents a great threat to the poultry industry and leads to high economic loss. The lack of understanding of the viral life cycles has hampered the development of specific antiviral drugs or effective vaccines against ALV-J. Therefore, it is important to discover the underlying molecular mechanisms of ALV-J replication and disease progression. Successful ALV-J infection requires host factors at different stages of the viral life cycle. For example, ALV-J infection begins with the viral envelope (Env) protein binding to its specific receptor NHE1 at the surface of host cells, followed by virion internalization (Chai and Bates, 2006; Guan et al., 2018). In addition, ALV-J often has multiple mechanisms to interfere with the host innate immune response. For example, MiR-34b-5p, which is induced by ALV-J infection, targets melanoma differentiation-associated gene 5 (MDA5), which is a major cellular sensor for triggering type I interferon (Li et al., 2017). ALV-J infection blocks the activation of the type I interferon signaling by targeting the transcriptional regulator NF-kB (Lin et al., 2018). Therefore, screening more host factors targeted by ALV-J is beneficial to understand its pathogenic mechanisms and develop effective vaccines.

Long noncoding RNAs (lncRNAs) are transcripts that are longer than 200 nucleotides in length and possess no protein-coding properties. Although they do not code for proteins, lncRNAs are considered to play pivotal roles in diverse biological processes (Carpenter et al., 2013; Durruthy-Durruthy et al., 2016; Olivero et al., 2020). Recently, many lncRNAs have been shown to be associated with host defense responses against viral infections. For example, lncRNA Malat1 suppresses antiviral innate responses by interacting with TDP43 and affecting its cleavage, which is mediated by activated caspase-3 (Liu et al., 2020). The lncRNA NRAV promotes respiratory syncytial virus (RSV) replication by sponging miR-509-3p to release Rab5c and promote RSV vesicle transportation (Li et al., 2020). Our previous research suggested that a chicken lncRNA named lnc-ALVE1-AS1 inhibits ALV-J replication by simulating TLR3 signaling and promoting the transcription of interferon-stimulated genes (Chen et al., 2019). We and others have indicated that numerous lncRNAs were significantly differentially expressed in chicken cells during ALV-J infection (Qiu et al., 2017; Hu et al., 2018; Dai et al., 2019). Among these lncRNAs, some were predicted to be involved in antiviral signaling, but very few have been functionally characterized.

In this study, we identified a chicken endogenous retrovirus LTR-derived lncRNA, lnc-LTR5B, whose expression is downregulated during ALV-J infection. We demonstrated that the overexpressed lnc-LTR5B exhibited an inhibitory effect on ALV-J replication in vitro. Our findings suggested that lnc-LTR5B binds to BiP in the cytoplasm, and the reduction of lnc-LTR5B in ALV-J infection is part of establishing the virus cycle by increasing BiP translocation to the plasma membrane and ALV-J entry. Our study provides a plausible, virus-modulating, lncRNA-based disease mechanism that opens avenues for developing new antiviral strategies.



MATERIALS AND METHODS


Cells and Virus

Primary chicken embryo fibroblast cells (CEFs) were prepared from 10-day-old specific pathogen-free chicken embryos, following our approved protocol. The CEFs and DF-1 cells (ATCC and CRL-12203) were maintained in Dulbecco’s modified Eagle’s medium (GIBCO) supplemented with 10% fetal bovine serum (FBS; GIBCO), penicillin (100U/ml), and streptomycin (100μg/ml) at 37°C in a humidified 5% CO2 incubator.

The ALV-J (JS09GY3 strain) and the monoclonal antibody JE9 against ALV-J Env (gp85) were kindly provided by Prof. Aijian Qin (Yangzhou University, China). The 50% tissue culture infective doses (TCID50) of the ALV-J virus were measured in DF-1 cells using the Reed and Muench method. ALV-J RNA was quantified by qPCR using Env gene-specific primers, and the results were normalized to the expression levels of GAPDH.



RNA Extraction and Quantitative Real-Time PCR

Total RNA was extracted from cells or eight kinds of chicken normal tissues using TRIzol reagent (Takara). cDNA was synthesized using a Vazyme cDNA Synthesis Kit with gDNA Eraser Kit (Vazyme, Nanjing, China) according to the manufacturer’s protocol. qPCRs were performed with the ChamQ SYBR qPCR Master Mix Kit (Vazyme) on a BioRad CFX Connect Real-time PCR detection system (Bio-Rad). The relative expression levels were normalized with the GAPDH gene by the comparative Ct (2−∆∆Ct) method. The primers sequences for qRT-PCR are listed in Supplementary Table S1.



Rapid Amplification of cDNA Ends (5' and 3' Race)

5' RACE and 3' RACE were performed with SMARTer RACE5'/3' Kit (Takara) according to the manufacturer’s protocol. Briefly, total RNA from CEF cells was isolated by using TRIzol reagent (Takara) and was reverse-transcribed into the first-strand cDNA using 5' or 3' end primers. Then, the cDNA was used as template for PCR amplification to generate 5' or 3'-end of the clone. 5'- and 3'-specific primer are listed in Supplementary Table S1.



Plasmids Construction

To generate pcDNA3.1-lnc-LTR5B, the full-length lnc-LTR5B was PCR-amplified and cloned into a pcDNA3.1 plasmid with the MultiF Seamless Assembly Mix (ABclonal) according to the manufacturer’s instructions. The different DNA fragments of lnc-LTR5B promoter were PCR-amplified using the following pairs of primers: FL-F and FL-F for FL region; T1-F and FL-F for T1 region; T2-F and FL-F for T2 region; and FL-F and T3-R for T3 region. Then, these DNA fragments were cloned into the pGL3-basic vector (Promega) to generate the reporter construct. The oligo sequences for the plasmid construct are listed in Supplementary Table S1.



Luciferase Reporter Assay

2×105 293T cells were seeded in 24-well plates and cotransfected with a control plasmid pRL-TK (Promega) and indicated plasmids for luciferase activity. After 36h of incubation, the cells were harvested and luciferase activities were measured using the Dual Luciferase Reporter Assay Kit (Vazyme), according to the manufacturer’s instructions. Relative luciferase signals (firefly/Renilla) were normalized against that of the pGL3-basic empty vector.



ASO Transfection

The specific targeting lnc-LTR5B (ASO-1 and ASO-2) or non-targeting control ASO (ASO-NC) were designed and synthesized by RiboBio Company. ASO transfection was performed in 12-well plates with three technical replicates for each sample. Briefly, DF-1 cells were transfected with a final concentration of 50nM of each ASO until cell density reached ~50% confluence by riboFECT™ CP reagent (RiboBio) according to the manufacturer’s instruction. The ASO targeting sites are listed in Supplementary Table S1.



Western Blot Analysis

Cells were lysed in a lysis buffer (Cell Signaling Technology) supplemented with the complete protease inhibitor cocktail (Roche) and incubated on ice for 15min. Protein concentrations were measured by the BCA Protein Assay kit (Beyotime). A total of 25 to 50μg of protein were separated by SDS-PAGE gel and transferred to a nitrocellulose membrane (Cytiva). The membranes were incubated at 4°C overnight with the appropriate primary antibodies: anti-BiP (HuaBio), anti-Bcl2 (Proteintech), anti-cleaved-caspase-3 (Proteintech), anti-GAPDH (Abcam), and anti-β-actin (Abcam). The images were captured with a FlourChem Q imaging system (ProteinSimple). The relative intensities of the different protein bands were analyzed using Image J program.



Cell Fractionation

The membrane and cytoplasmic cell fractions were extracted using Membrane and Cytosol Protein Extraction Kit (Beyotime), according to the manufacturer’s protocol. Briefly, the treated cells were harvested and washed twice with PBS and then incubated with ice-cold Extraction Regent A containing protease inhibitor mixture on ice for 15min with gentle agitation. The supernatant (cytoplasmic fraction) was obtained by centrifugation at 700g at 4°C for 10min. And the sediment was resuspended with 200μl of ice-cold Extraction Regent B containing the protease inhibitor mixture. Finally, the supernatant was used as the membrane fraction to detect BiP protein expression.



Viral Entry Assay

The viral entry assay was performed as described in a previous publication (Guan et al., 2018) with modifications. The cells were transfected with pcDNA3.1 or pcDNA3.1-lnc-LTR5B as described. After 24h post-transfection, the cells were washed twice with PBS, followed by incubation with ALV-J (MOI=5) at 37°C. After 2-h incubation, the cells were washed three times with pre-warmed PBS and then cultured in fresh DMEM supplemented with 2% FBS at 37°C with 5% CO2. The virus entry levels were measured at 12h post-infection by qRT-PCR for detecting ALV-J RNA.




RNA FISH

Subcellular localization of lnc-LTR5B was assessed in DF-1 cells using Fluorescent In Situ Hybridization Kit (RiboBio) as described previously (Chen et al., 2019). The lnc-LTR5B probes labeled with Cy3 fluorescent dye were purchased from RiboBio Company. Briefly, DF-1 cells were fixed with 4% paraformaldehyde in PBS for 10min and permeabilized with 0.5% Triton X-100 for 10min. After blocking with pre-hybridization buffer/blocking solution, the cells were incubated with the lnc-LTR5B probes at 37°C overnight. The next day, cells were washed with appropriate saline sodium citrate buffer. The slides were then incubated with anti-BiP antibody at 4°C overnight. After washing three times with chilled PBS, the slides were incubated with Alexa Fluor 488-conjugated secondary antibody. Nuclei were then stained using DAPI (RiboBio) for 10min and finally analyzed by confocal microscopy (Leica SP8).


RNA Pull Down and Mass Spectrometry

The DNA fragments of full-length lnc-LTR5B and its antisense were amplified with primers containing a T7 promoter sequences (listed in Supplementary Table S1). The PCR products were transcribed to RNA in vitro using the TranscriptAid T7 High Yield Transcription Kit (Thermo Fisher Scientific). Then, the biotinylated RNAs were produced using the Pierce RNA 3′ Desthiobiotinylation Kit (Thermo Scientific) and purified with phenol/chloroform/isoamyl alcohol, followed by ethanol precipitation. Next, 50pmol of biotin-labeled RNA was mixed with Pierce nucleic-acid compatible streptavidin magnetic beads in Protein-RNA Binding Buffer (Thermo Scientific) followed by incubation with DF-1 cell lysates for 1h with gentle agitation. After washing, the RNA-protein mixtures were extracted and further subjected to 12% SDS-PAGE for silver staining or western blotting. The selected bands were cut and subjected to mass spectrometry analyses.



RNA Immunoprecipitation Assay

For RIP assay, 2×107 DF-1 cells were washed twice with PBS and lysed in RIP lysis buffer (25mM Tris–HCl pH 7.4, 150mM KCl, 5mM EDTA, 0.5mM DTT, and 0.5% NP-40) supplemented with protease inhibitor cocktail and an RNase inhibitor, for 30min on ice. The lysates were then incubated with prewashed Protein A/G magnetic beads and coated with 5μg BiP (HuaBio) or normal Rabbit IgG (Abcam), with overnight shaking at 4°C. The next day, the beads were washed three times with ice-cold NT2 buffer (50mM Tris–HCl (pH 7.4), 150mM NaCl, 1mM MgCl2, and 0.05% NP-40) with protease inhibitor cocktail and an RNase inhibitor, to obtain the RNA-Protein complex. RNA was then isolated using TRIzol and detected by qRT-PCR.



Immunofluorescence and Confocal Microscopy

DF-1 cells were grown on glass coverslips; after 24h, cells were washed with PBS three times. To visualize intracellular proteins, cells were fixed with 4% paraformaldehyde in PBS for 10min at room temperature (RT) and permeabilized with 0.25% Triton X-100 in PBS for 10min on ice. After blocking with 5% BSA and 2% donkey serum in PBS for 30min, the slides were then subjected to incubation with primary antibodies. To visualize cell surface proteins, cells were immediately fixed in 4% paraformaldehyde in PBS (4°C, 15min), followed by blocking with 5% BSA and 2% donkey serum in PBS (4°C, 30min). All primary antibodies diluted in PBS were incubated overnight at 4°C. The primary antibodies used were as follows: mouse anti-Env (1:300) and rabbit anti-BiP (1:200, HuaBio). The secondary antibodies used in this study were Alexa Fluor 488 donkey anti-rabbit antibody (1:1000; Invitrogen) and Alexa Fluor 594 donkey anti-mouse antibody (1,1,000; Invitrogen). The slides were washed three times with PBS, and nuclei were stained using DAPI (Sigma-Aldrich). Imaging was obtained using a Leica SP8 Confocal system with 63x oil objective and analyzed by the LAS X software version 3.0.2.16120.



Statistical Analysis

The data are represented as mean±standard deviation (SD) of three independent experiments for each group and statistically analyzed by GraphPad Prism version 7.0 (GraphPad software). Statistical significance was assessed by Student’s t test or one-way ANOVA as shown in each figure legend. Differences with p values less than 0.05 were considered as statistically significant.




RESULTS


Identification of a Host lncRNA, lnc-LTR5B, Which Is Downregulated in ALV-J-Infected Cells

To identify the host lncRNAs involved in ALV-J replication, we used RNA-seq to perform transcriptional analysis of CEF that were infected with ALV-J (JS09GY3 strain) or were mock-infected. The analysis data were presented in our previous work (Hu et al., 2018). Based on the idea that host lncRNAs targeted by viruses may participate in cellular antiviral responses, we focused on these downregulated lncRNAs during ALV-J infection. One of these lncRNAs, lnc-LTR5B (NCBI accession number: MG066622.1), was robustly downregulated in CEFs following ALV-J infection. RepeatMasker analysis showed that the MG066622.1 transcript has higher similarity with LTR5B elements, suggesting that lnc-LTR5B is an ERV-associated lncRNA. Considering that LTR contains a cis-regulatory region, the potential function of lnc-LTR5B in ALV-J infection requires urgent investigation.

We first examined lnc-LTR5B expression during ALV-J infection using reverse transcription quantitative PCR (qRT-PCR) and confirmed its downregulation upon ALV-J infection of primary CEFs (Figure 1A). Subsequently, we examined the expression of lnc-LTR5B in DF-1 cells infected with ALV-J. qRT-PCR and semi-quantitative RT-PCR showed that lnc-LTR5B was downregulated during ALV-J infection (Figures 1B,C). To identify the full-length sequence of lnc-LTR5B, we performed 5' and 3' rapid amplification of cDNA ends (RACE; Figure 1D) and the sequencing result show that the full-length transcript was 590 nucleotides (Supplementary Table S2). Subsequently, its protein-coding potential was assessed using the Coding Potential Calculator (CPC) program. The data showed that the CPC score for lnc-LTR5B was −0.980, which was similar to that of the validated lncRNA XIST (−0.945), suggesting that lnc-LTR5B lacks coding potential (Supplementary Figure S1). We further measured the relative abundance of lnc-LTR5B in several chicken tissues. Our results suggest that lnc-LTR5B is detectable in the brain, heart, liver, lung, spleen, kidney, intestines, and bursa. In addition, lnc-LTR5B was highly expressed in the lung and liver tissues, with a relatively low expression level in the brain tissues (Figure 1E).
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FIGURE 1. ALV-J infection downregulates lnc-LTR5B expression. (A,B) CEF cells (A) and DF-1 (B) cells were infected with ALV-J (Multiplicity of infection, MOI=0.5) for the indicated time intervals. The relative levels of lnc-LTR5B were measured by qRT-PCR. (C) RT-PCR analysis of the expression of lnc-LTR5B in DF-1 cells treated as described in (B). (D) Agarose gel analysis of 5' and 3' RACE PCR products for lnc-LTR5B. DNA ladders (400bp, 500bp, and 600bp) are shown (left lane). (E) qRT-PCR analysis of the expression of lnc-LTR5B in multiple tissues in chicken. GAPDH mRNA served as an internal control to normalize the level of lnc-LTR5B. Data are presented as the mean±SD, n=3; *p<0.05, **p<0.01 (one-way ANOVA).




Characterization of lnc-LTR5B

BLAST analysis of the chicken genome from the UCSC Genome Browser1 database showed that lnc-LTR5B is located on chicken chromosome 17 and has two exons and is flanked by the upstream and downstream protein-coding genes TUBB4B and ENTPD2L (Figure 2A). Interestingly, the first exon of lnc-LTR5B was shown to be derived from an LTR5B element, which belongs to the ERV-L LTR family. Next, a dual luciferase assay was performed to verify whether lnc-LTR5B is an LTR-activated lncRNA. We inserted the full-length (from −2000 to +198) lnc-LTR5B promoter and truncated promoter fragments into a luciferase reporter vector. The luciferase activity of the T2 promoter region (from −341 to +198) was higher than that of the other promoter fragments (Figure 2B). The results indicate that lnc-LTR5B is an ERV LTR-derived lncRNA and is a member of the ERV-L lncRNA family. Next, we analyzed the subcellular localization of lnc-LTR5B by performing RNA fluorescence in situ hybridization (FISH). The results indicated that lnc-LTR5B is localized in both cytoplasm and nucleus, with distinct perinuclear aggregation (Figure 2C). Altogether, we identified that lnc-LTR5B is a novel LTR-derived lncRNA and its expression is suppressed in chicken cells infected with ALV-J.
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FIGURE 2. Characterization of the lnc-LTR5B. (A) Schematic map of lnc-LTR5B. lnc-LTR5B is located on chromosome 17 and is flanked by the coding genes TUBB4B and ENTPD2L. (B) Dual-luciferase assays of lnc-LTR5B promoter activity in HEK293T cells transfected with the indicated plasmids. Schematic illustration of truncation constructs of lnc-LTR5B promoter region (−2000 to +198 relative to TSS). Data are presented as the mean±SD, n=3; **p<0.01, ***p<0.001 (two-tailed unpaired Student’s t test). (C) Confocal RNA FISH images showing the distribution of lnc-LTR5B in DF-1 cells. The lnc-LTR5B probes labeled with CY3 (red), and nuclei are stained with 4', 6-diamidino-2-phenylindole (DAPI; blue), Scale bars, 10μm.




lnc-LTR5B Inhibits ALV-J Replication

To investigate the role of lnc-LTR5B in ALV-J replication, we transfected DF-1 cells with either negative control vector pcDNA3.1 or the lnc-LTR5B expression vector and infected them with ALV-J at 12h post-transfection. At 48 hpi, the cells were harvested for immunoblotting and qRT-PCR analysis. With increasing levels of lnc-LTR5B (Figure 3A), ALV-J RNA levels and Env protein expression decreased in a dose-dependent manner (Figures 3B,C). Next, the impact of lnc-LTR5B silencing on viral replication was assessed. Two different sets (ASO-1 and ASO-2) of antisense oligonucleotides (ASO) targeting lnc-LTR5B or ASO-NC as a control were used. The results of qRT-PCR showed that DF-1 cells transfected with ASO-1 achieved the highest silencing efficiency (Figure 3D). Consistent with this, the levels of ALV-J RNA and protein Env expression were both significantly increased in the DF-1 cells transfected with ASO-1 compared to those in the ASO-2 and ASO-NC groups at 36hpi (Figures 3E,F). In addition, our data showed that overexpression of lnc-LTR5B did not have a significant effect on the activation of IFN signaling and its downstream gene, MX1 (Supplementary Figure S2A). Furthermore, the expression of lnc-LTR5B was not affected by poly(I:C)-induced IFN signaling (Supplementary Figure S2B). Together, these data suggest that lnc-LTR5B-mediated inhibition of ALV-J replication might not involve the activation of the innate immune response.
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FIGURE 3. lnc-LTR5B restricts ALV-J replication in DF-1 cells. (A-C) Overexpression of lnc-LTR5B suppressed ALV-J production. DF-1 cells were transfected with increasing amounts of pcDNA3.1-lnc-LTR5B or control pcDNA3.1 for 12h, followed by infection with ALV-J (MOI=0.5). Forty-eight hours post-infection, cells were harvested, and the level of lnc-LTR5B (A) and viral RNA (B) was measured by qRT-PCR. (C) ALV-J Env was measured by western blotting (top), and the density of each band was analyzed using Image J software. (bottom). (D-F) Knockdown of lnc-LTR5B in DF-1 cells promoted ALV-J production. DF-1 cells were transfected with either negative control ASO (ASO-NC) or ASO against lnc-LTR5B (50nM) for 36h. (D) The levels of lnc-LTR5B were quantified by qRT-PCR to examine the silencing efficiency. The cells transfected with ASO were then infected with ALV-J (MOI=0.5) for 36h. (E) The viral RNA was determined by qRT-PCR. (F) ALV-J Env was measured by western blotting (top), and the density of each band was quantified by ImageJ software. (bottom). Expression data were normalized to those of the negative vector or ASO-NC group. Data are presented as the mean±SD, n=3; *p<0.05, **p<0.01, ***p<0.001, ns, not significant (one-way ANOVA).




Identification of BiP as a Binding Protein of lnc-LTR5B

Because lncRNAs can exert their functions through RNA-protein interactions to modulate target genes, we attempted to identify the proteins that bind lnc-LTR5B to explore the mechanism by which lnc-LTR5B restricts ALV-J replication. Therefore, we used RNA pull-down assays followed by silver staining and mass spectrometry (MS) to identify the protein partners of lnc-LTR5B (Figure 4A). MS analysis of the differentially displayed bands associated with lnc-LTR5B revealed that BiP is a potential protein that binds to lnc-LTR5B (Figure 4B). Subsequently, significant pulldown of BiP by the biotin-labeled sense lnc-LTR5B compared with the antisense sequence was confirmed by western blotting (Figure 4C). Next, the interactions between lnc-LTR5B and BiP were verified using RNA immunoprecipitation (RIP) assays (Figure 4D). Moreover, RNA FISH and immunofluorescence assays demonstrated the colocalization of lnc-LTR5B and BiP in the cytoplasm of DF-1 cells (Figure 4E).
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FIGURE 4. Identification of BiP as a binding protein of lnc-LTR5B. (A) Silver staining of biotinylated lnc-LTR5B-associated proteins. The lnc-LTR5B-specific bands (highlighted bands) were excised and analyzed by mass spectrometry. (B) Mass spectrometry of highlighted band digests identifies the fragment ions from the representative peptide of BiP protein. (C) Western blot analysis of BiP from RNA pulldown assay using biotinylated lnc-LTR5B or antisense RNA. (D) RNA immunoprecipitation (RIP)-qPCR analysis of lnc-LTR5B immunoprecipitated by BiP antibody from DF-1 cells. Data are presented as the mean±SD, n=3; ***p<0.001 (two-tailed unpaired Student’s t test). (E) RNA FISH detecting endogenous lnc-LTR5B (red) combined with immunofluorescence staining of BiP (green) in DF-1 cells. DAPI staining is shown in blue. Scale bars, 10μm.




ALV-J Infection Induces the Translocation of BiP to the DF-1 Cell Surface

Because the lnc-LTR5B interacting protein BiP was reported as an entry receptor for ALV-J, it must be located on the plasma membrane of DF-1 cells. However, the expression levels of cell surface BiP are generally considered to be low under normal physiological conditions. The translocation of BiP to the cell surface can be observed under conditions of cellular stress, including viral infection (Gonzalez-Gronow et al., 2021). To examine whether ALV-J infection induces the translocation of BiP to the DF-1 cell surface, we performed immunocytochemical staining to analyze the distribution patterns of BiP in both permeabilized and non-permeabilized cells (Figure 5). We observed colocalization of intracellular BiP and ALV-J Env, implying that BiP plays an important role in ALV-J infection through its direct interaction with the ALV-J protein. In addition, we found that BiP colocalized on the cell surface with ALV-J Env, and the colocalization was stronger at 24hpi compared to that at 4 hpi, suggesting that ALV-J infection induces BiP translocation to the cell surface during ALV-J infection.
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FIGURE 5. Confocal immunofluorescence shows BiP interactions with ALV-J Env protein. DF-1 cells grown on glass coverslips were infected with ALV-J at an MOI of 5 for the indicated time. The cells were fixed, permeabilized, or non-permeabilized, followed by immunofluorescence labeling of BiP (green) and ALV-J Env (red). DAPI (blue) indicates nuclear staining. Yellow indicates colocalization (scale bars, 10μm).




lnc-LTR5B Inhibits ALV-J by Decreasing Surface Expression of Bip and Promoting Apoptosis of Infected Cells

Next, we sought to find an association between lnc-LTR5B and BiP. Therefore, we quantified the expression of the BiP protein in DF-1 cells during ALV-J infection. The results of western blotting revealed that the expression of BiP was unchanged during the ALV-J infection within 12h, followed by a slight increase at 24hpi (Figure 6A). However, the expression of lnc-LTR5B began to decrease at 12hpi, the time point at which we first detected the expression of lnc-LTR5B (Figure 1B). Meanwhile, the overexpression of lnc-LTR5B did not affect the protein expression of BiP (Figure 6B). These data suggest that lnc-LTR5B is not directly involved in the regulation of BiP expression.
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FIGURE 6. lnc-LTR5B inhibits ALV-J by decreasing surface expression of BiP and promoting apoptosis of infected cells. (A) Western blot analysis of BiP expression in DF-1 cells infected with ALV-J for the indicated time. (B) Western blot analysis of BiP expression in DF-1 cells transfected with either pcDNA3.1-lnc-LTR5B or control vector. (C) Western blot analysis of cell surface distribution of BiP in DF-1 cells transfected with either pcDNA3.1-lnc-LTR5B or control for 24h, followed by infection with ALV-J at MOI 5 for another 24h. GAPDH served as markers for the plasma membrane and cytosol fractions. (D) DF-1 cells were transfected with pcDNA3.1-lnc-LTR5B or control vector for 24h, followed by infection with ALV-J at MOI 20 on ice. At 1h post-infection, the cells were cultured at 37°C for another 1h. Then, the endocytosed-virus levels were determined by qRT-PCR for ALV-J genomic RNA. (E) Western blot analysis of Bcl2 and cleaved-caspase3 in DF-1 cells transfected with increasing amounts of pcDNA3.1-lnc-LTR5B or control pcDNA3.1, followed by infection with ALV-J at MOI 0.5 for 48h. The relative intensities of the different protein bands were analyzed and quantified by ImageJ software (A,C,E, lower panel; B, right panel). Data are presented as mean±SD, n=3; *p<0.05, **p<0.01, ***p<0.001, ns, not significant. Statistical analysis was carried out by one-way ANOVA (A) or two-tailed unpaired Student’s t-test (B,C,E).


Because lnc-LTR5B binds BiP in the cytoplasm, we deduced that lnc-LTR5B can affect the BiP action that may be involved in BiP translocation to the cell surface. Western blot analysis of membrane fractions was performed to assess the effect of lnc-LTR5B overexpression on the surface expression of BiP upon ALV-J infection. As presented in Figure 6C, the expression of BiP on the membrane was attenuated in DF-1 cells overexpressing lnc-LTR5B compared to that in the corresponding control. Following this observation, we examined ALV-J binding and entry in lnc-LTR5B overexpressed DF-1 cells. As expected, we found that the overexpression of lnc-LTR5B markedly reduced the entry of ALV-J (Figure 6D). In addition, cell surface BiP has been reported to promote cell survival, which is considered an important target for cancer treatment (Araujo et al., 2018; Samanta et al., 2021). We speculate that the reduction of cell surface BIP caused by lnc-LTR5B leads to increased apoptosis. To test this, we assessed the effect of lnc-LTR5B overexpression on cell apoptosis signaling following ALV-J infection. The data showed that lnc-LTR5B overexpression inhibited the expression of the anti-apoptotic protein Bcl-2 and increased caspase-3 activation (Figure 6E), suggesting that lnc-LTR5B is involved in the activation of apoptotic signaling pathways in ALV-J-infected cells.




DISCUSSION

Many studies have highlighted the functional role of lncRNAs in several infectious diseases. Viruses can utilize lncRNAs to regulate the signaling pathways involved in innate immunity (Wang et al., 2020), cell metabolism (Khatun et al., 2020), and cell stress (Chattopadhyay et al., 2021), to survive and replicate in host cells. Like other viruses, it is conceivable that some lncRNAs for virus replication that are regulated by ALV-J infection exist, which has not been documented.

In the present study, lnc-LTR5B was discovered as a novel chicken lncRNA, which was markedly downregulated in ALV-J-infected cells. We demonstrated that overexpressed lnc-LTR5B exhibited an inhibitory effect on ALV-J replication in vitro. Notably, we identified that lnc-LTR5B is a long terminal repeat (LTR)-derived lncRNA, whose promoter and first exon are mostly present within an LTR5B element of ERV-L LTR family (Figures 2A,B). Research has shown that solitary LTRs are frequently “exonized” into novel lncRNAs (Kapusta et al., 2013). For example, lncRNA TROJAN was shown to promote breast cancer progression, and its sequence highly overlaps that of a long terminal repeat, LTR70 (Jin et al., 2019). The lncRNA PRLH1 is derived from the human LTR element LTR12C and regulates hepatocellular carcinoma progression (Deng et al., 2019). Solitary LTRs probably contain regulatory elements that are likely promoter, enhancer, and transcriptional binding sites, which act in cis to activate the transcription of downstream genes (Rebollo et al., 2012). Therefore, we speculated that transcriptional factors might participate in the regulation of lnc-LTR5B expression. This will be interesting to explore in future studies.

lncRNAs exert their regulatory functions through distinct mechanisms that are closely related to their cellular localization. For example, nuclear lncRNAs tend to control the chromosome architecture or the epigenetic state of genes, whereas cytoplasmic lncRNAs may function as competing endogenous RNAs by serving as sponges that bind miRNAs or proteins (Kim et al., 2016). To dissect the antiviral action of lnc-LTR5B against ALV-J, we first examined its cellular distribution and found that it was mainly expressed in the cytoplasm, suggesting that lnc-LTR5B may function at the post-transcriptional level. We then screened for proteins that may interact with lnc-LTR5B. The RNA pulldown and RNA immunoprecipitation (RIP) assay showed that lnc-LTR5B directly binds to BiP (Figures 4B,D). BiP, also known as GRP78, is encoded by the HSPA5 gene and belongs to the heat shock protein 70 (HSP70) family. As a typical chaperone in the endoplasmic reticulum (ER), BiP plays an essential role in controlling the unfolded protein response, which aims to restore ER homeostasis and promote cell survival (Wang et al., 2017).

Under ER stress conditions, BiP can be expressed at the cell surface, acting as a receptor for several signaling pathways, including anti-apoptotic and proliferative signals (Ni et al., 2011). Accumulating evidence has indicated that the translocation of BiP to the cell surface is associated with several pathological conditions, such as autoimmune diseases, cancers, and viral infections (Ni et al., 2011; Chu et al., 2018; Lenin et al., 2019). Viruses, such as SARS-CoV-2 (Carlos et al., 2021), were able to utilize cell surface BiP as an attachment factor mediating virus entry and pathogenesis. BiP has recently been described as a receptor for ALV-J entry into cells (Wang et al., 2016). Our data indicate that ALV-J causes BiP translocation to the cell surface, where the ALV-J envelope glycoprotein recognizes BiP, and mediates virus entry into host cells. Importantly, some BiP actions depend on its interaction with other proteins. For example, BiP surface translocation is required for different cotransporters, such as DNAJC3 (Vig et al., 2019), Par-4 (Cohen et al., 2013), and MTJ-1 (Misra et al., 2005), in a context-dependent manner. Recent studies have indicated that lncRNAs can directly interact with the molecular chaperone HSP90, regulating signaling or protein stability by altering chaperone function (Guo et al., 2018; Cui et al., 2020). Our data indicated that lnc-LTR5B binds to BiP in the cytoplasm. We investigated the potential influence of this interaction on BiP translocation to the cell surface. As expected, our data show that overexpression of lnc-LTR5B decreased BiP expression on cell surface induced by ALV-J infection in DF-1 cells (Figure 6C). Accumulating evidence has indicated that cell surface BiP is also implicated in pro-survival signals; an antibody that blocked cell surface BiP was used as an anti-tumor therapeutic (Shu et al., 2020). Consistent with this, we found lnc-LTR5B overexpression inhibited the expression of the anti-apoptotic protein Bcl-2 and increased caspase-3 activation, suggesting the activation of apoptotic signaling pathways. In addition, the cytoplasmic colocalization of BiP and ALV-J Env was observed in this study, and the impact of lnc-LTR5B on this interaction requires further investigation.

In summary, our study highlights the importance of lnc-LTR5B that modulates BiP cell surface translocation during ALV-J infection. In resetting cells, lnc-LTR5B expression is abundant and binds free BiP to control cell homeostasis; However, upon ALV-J infection, the expression of lnc-LTR5B is decreased, which releases BiP and allows its translocation to the cell surface; this is crucial for ALV-J entry and pro-survival signaling (Figure 7). We posit that the surface translocation of BiP is a critical process for cell survival in response to ALV-J infection (mild ER stress), while the presence of BiP at the cell surface might be exploited by ALV-J to complete its life cycle and propagate. Conversely, the overexpression of lnc-LTR5B sponges BiP, leading to cell apoptosis due to the interruption of the translocation process and prolonged ER stress. This study expands our knowledge of the LTR-derived lncRNAs in virus-host interactions and reveals novel cellular targets that have the potential to control ALV-J replication.
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FIGURE 7. Schematic diagram showing the proposed mechanism for the effects of lnc-LTR5B on regulating ALV-J infection via BiP. In resetting cells, lnc-LTR5B localizes in the cytoplasm where it is abundant and binds free BiP to control cell homeostasis. Upon ALV-J infection, lnc-LTR5B expression is reduced, which favors the dissociation of BiP from its binding state, allowing its translocation to the cell surface, which is crucial for ALV-J entry as well as pro-survival signaling.
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Tripartite motif-containing proteins (TRIMs), exhibiting ubiquitin E3 ligase activity, are involved in regulation of not only autophagy and apoptosis but also pyrotosis and antiviral immune responses of host cells. TRIMs play important roles in modulating signaling pathways of antiviral immune responses via type I interferon, NF-κB, Janus kinase/signal transducer and activator of transcription (JAK/STAT), and Nrf2. However, viruses are able to antagonize TRIM activity or evenly utilize TRIMs for viral replication. This communication presents the current understanding of TRIMs exploited by viruses to evade host immune response.
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INTRODUCTION

Tripartite motif-containing proteins (TRIMs), an expanding family of proteins characterized by their N-terminal domains, containing a tripartite motif, are widely present in mammals (Marin, 2012). They are also known as RBCC proteins from the presence of an RBCC motif, consisting of a RING domain, one or two B-boxes, and a coiled-coil region (Figure 1; Reddy and Etkin, 1991; Meroni and Diez-Roux, 2005). In contrast to the conserved N-terminal domains, the additional C-terminal domains are variable and can be used to classify TRIMs into 11 subfamilies (Ozato et al., 2008).

[image: Figure 1]

FIGURE 1. Domain structure of tripartite motif-containing protein (TRIM) family proteins. TRIM contains a RING domain, a B-box 1 and/or B-box 2 domain, a coiled-coil domain (CCD), and distinct C-terminal domains. AR, acid-rich region; ARF, ADP ribosylation-like factor; BR, bromodomain; COS, C-terminal subgroup one signature; FIL, filamin-type immunoglobulin; FN3, fibronectin type 3; MATH, meprin and tumor-necrosis receptor-associated factor homology; NHL, NHL repeats; PHD, plant homeodomain; PRY, SPRY-associated domain; SPRY, SPIa, and the ryanodine receptor domain; and TM, transmembrane.


Presenting in most TRIMs, the RING domain is comprised of a zinc finger motif (Borden, 2000). This motif confers E3-ligase activity and is able to catalyze the conjugation of ubiquitin and ubiquitin-like proteins (ISG15 or SUMO), leading to the degradation of targeted proteins (Meroni and Diez-Roux, 2005; Ozato et al., 2008; Marin, 2012). Following the RING domain, the B-box domains are also zinc finger motifs. However, their functions are still largely unclear (Nisole et al., 2005; Meroni, 2012). It seems that they are involved in viral recognition, self-association, or interactions with other proteins (Nisole et al., 2005; Meroni, 2012). The coiled-coil domain (CCD) is the third domain of the RBCC motif. This domain has the ability to assemble with other coiled-coil structures, mediating homomeric self-association and heteromeric assemblies (Nisole et al., 2005). So far, 10 different types of C-terminal domain have been described, one or more of which can be present (Ozato et al., 2008). Specific C-terminal domains confer different functions by recruiting unique functional partners (Nisole et al., 2005; Khan et al., 2019).

TRIMs have been characterized in detail as members of E3-ubiquitin ligase group according to their interactions with E2-ubiquitin ligase (Rajsbaum et al., 2014a). Briefly, TRIMs transfer ubiquitin to the target protein by facilitating interaction with E2 enzymes via their RING domain. It has been shown that TRIMs can catalyze synthesis of K48-, K63-, or unanchored K63-linked poly-ubiquitin chains. Proteins that with K48-linked poly-ubiquitin are usually targeted for degradation by the proteasome. However, proteins with K63-linked polyubiquitin are involved in activation of antiviral signaling pathways. In addition, unanchored K63-linked poly-ubiquitin chains have also been proposed to activate kinases involved in signaling pathways in a proteasomal degradation-independent manner.

Tripartite motif-containing proteins are involved in various biological functions, including apoptosis, pyroptosis, antiviral activity, and viral evasion (Hatakeyama, 2017; Chen et al., 2018b; Koepke et al., 2021). TRIMs are involved in innate immune responses to restrict the replication of various viruses, while viruses have evolved strategies to antagonize TRIMs (Nisole et al., 2005; Rajsbaum et al., 2014a; Koepke et al., 2021). In addition, viruses are able to employ TRIMs to enhance their replication (Xing et al., 2017; Li et al., 2018; Zheng et al., 2019a).

In this review, we describe the functions of TRIMs in immune signaling pathways and discuss the latest research on viral evasion of immune system by antagonizing or utilizing TRIMs.



TRIM REGULATION OF INNATE IMMUNE RESPONSE

In response to viral infection, eukaryotes have evolved many strategies to restrict viral replication. As the first line of defense, the innate immune response is initiated when pattern recognition receptors (PRRs) recognize pathogen-associated molecular patterns (PAMPs; Medzhitov, 2007). There are a number of types of PRRs, including Toll-like receptors (TLRs), NOD-like receptors (NLRs), C-type lectin receptors (CLRs), and RIG-I-like receptors (RLRs; Kagan and Barton, 2014). PRRs use various adaptor proteins to activate downstream signaling pathways, and this leads to the production of interferons (IFNs) and inflammatory factors as well as interferon-stimulated genes (ISGs); those factors are important in the defense against incoming pathogens (Rajsbaum et al., 2014a).

Some review articles demonstrated that TRIMs act as important positive and negative modulators of PRR signaling pathways (Ozato et al., 2008; Rajsbaum et al., 2014a). In this section, we detail the role of TRIMs in regulating several main pathways, including TLR, RLR, STING, and Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling.


Toll-Like Receptor

Human TLR1, TLR2, TLR4, TLR5, and TLR6 are associated with the plasma membrane, while TLR3, TLR7, TLR8, and TLR9 are located in the endosome (Jimenez-Dalmaroni et al., 2016; Odendall and Kagan, 2017). Although TLR4 is mainly located in the plasma membrane, it can also be internalized in the endosome (van Tol et al., 2017). TLRs were first identified as receptors of bacterial PAMPs and also have recently been found to respond to viral infection (Bottermann and James, 2018; van Gent et al., 2018). TLR3 senses both double-stranded RNA (dsRNA) and single-stranded RNA (ssRNA) of viruses, TLR7 and TLR8 can recognize viral single-stranded RNA, and TLR9 recognizes CpG motifs (Thompson et al., 2011; Tatematsu et al., 2013; Jimenez-Dalmaroni et al., 2016). All TLRs except TLR3 signal through the adaptor molecule MyD88 by recruiting the kinases IRAK1/4 and E3 ubiquitin ligase TRAF6, and this results in the activation of the NF-κB and AP-1 signaling pathways (Villano et al., 2014; Jimenez-Dalmaroni et al., 2016). TLR3 and TLR4 can interact with adaptor TRIF, resulting in the activation of IRF, NF-κB, and AP-1 signaling pathways via TRAF3 and TBK1/IKKε (Gay et al., 2014).

Tripartite motif-containing proteins are able to modulate the TLR signaling pathways (Shen et al., 2012; Hu et al., 2014; Sundquist and Pornillos, 2018; Ganser-Pornillos and Pornillos, 2019). It has been proposed that TRIM5α is implicated in NF-κB signaling pathways and promotes the synthesis of unanchored K63-linked polyubiquitin chains, which can in turn activate the TAK1 (Sundquist and Pornillos, 2018; Ganser-Pornillos and Pornillos, 2019). TRIM56 has been shown to interact with TRIF in TLR3-mediated IFN/ISG production (Shen et al., 2012). TRIM38 negatively regulates TLR signaling by targeting TRAF6, TRIF, and NAP1 for degradation, leading to the suppression of TAB2/3, TBK1/IKKε, and IRF3/7 (Zhao et al., 2012; Hu et al., 2014, 2015). TRIM8 negatively affects TLR3/4-mediated response by catalyzing the polyubiquitination of TRIF, resulting in disruption of the TRIF–TBK1 interaction (Ye et al., 2017).



RIG-I-Like Receptor

RIG-I-like receptors are essential sensors in the process of viral infection, responding to dsRNA or ssRNA containing 5'-triphophates (Runge et al., 2014). RIG-I and melanoma differentiation-associated protein (MDA5) induce antiviral pathways and contain a central DEAD (Asp-Glu-Ala-Asp) box, a C-terminal domain (CTD), and two N-terminal caspase-activated recruitment domains (CARDs; Chan and Gack, 2015). RIG-I encoded by Ddx58 binds small dsRNA, while MDA5 encoded by Ifih1 recognizes long ssRNA (Chiang et al., 2018b; van Gent et al., 2018). Binding viral RNA to RIG-I or MDA5 induces the activation of RLR pathways. Then the CARDs are exposed, which leads to the recruitment of RIG-I or MDA5 to their common adaptor mitochondrial antiviral signaling protein (MAVS; Yoneyama et al., 2004; Jiang et al., 2012). MAVS can activate NF-κB and IRF3/7 pathways, finally via recruiting IKK-related kinases IKKα/β/γ complex and IKKε, respectively (Takeuchi and Akira, 2010).

Some TRIMs act as key regulators of RLR signaling (Tan et al., 2017; Chen et al., 2019; Sun et al., 2020). As a positive regulator of RLR signaling, TRIM35 directly catalyzes K63-linked polyubiquitination of TRAF3. This promotes the formation of a signaling complex TRAF3-MAVS-TBK1, facilitating the activation of IRF3/7 (Sun et al., 2020). TRIM14 provides a docking platform for the assembly of MAVS complex, consisting of Werner helicase interacting protein 1 (WHIP) and protein phosphatase PPP6C (Tan et al., 2017). TRIM14 is also reported to recruit adaptor protein IKKγ/NEMO to MAVS, taking part in RIG-1-mediated IRF3 and NF-κB signaling (Zhou et al., 2014). TRIM65, identified as an E3 ligase of MDA5, catalyzes K63-linked polyubiquitination of MDA5 at the RNA helicase domain K743, promoting IRF3/7 signaling to restrict encephalomyocarditis virus (EMCV; Lang et al., 2017). EcTRIM44L, identified from the orange spotted grouper fish, negatively regulates MAVS-mediated IFN response rather than IRF3-mediated (Zheng et al., 2019b).



STING

STING is at the outer mitochondrial membrane and ER, and most cytosolic DNA sensors activate it. Various cytosolic DNA sensors have been identified in recent years, including cyclic GMP-AMP synthase (cGAS), DDX41, and DHDX36 (Ishikawa et al., 2009). It has been reported that they can detect various DNA viruses, including adenoviruses (AdV), human cytomegalovirus (HCMV), and HSV-1, as well as retroviruses such as vesicular stomatitis virus (VSV), human immunodeficiency virus (HIV), and Dengue virus (DENV; Paijo et al., 2016; Reinert et al., 2016; Sun et al., 2017; Tan et al., 2018). Upon DNA binding, STING signaling is activated. It has been shown that STING interacts with TBK1, which phosphorylates IRF3/7, resulting in type I IFN induction (Vance, 2016).

Several TRIMs have been demonstrated to modulate STING-mediated signaling via regulatory modifications (Tsuchida et al., 2010; Zhang et al., 2012; Wang et al., 2014; Seo et al., 2018). Mammalian TRIM32 may target STING for K63-linked ubiquitination to promote dimerization and enhance type I IFN production (Zhang et al., 2012). The function of TRIM 56 in the induction of antiviral response is controversial. An initial report described TRIM56 interacting with STING by inducing K63-linked polyubiquitination of STING upon cytosolic DNA stimulation, but a later study failed to detect any ubiquitination signal of STING in the presence of TRIM56. A very recent study showed that TRIM56 directly targets cGAS, rather than STING or its downstream signaling, against HSV-1 infection but not against influenza A virus (IAV) infection (Tsuchida et al., 2010; Wang et al., 2014; Seo et al., 2018), similar to the SUMOylation of RIG-I and MDA5, TRIM38 SUMOylates cGAS, and STING, which inhibits the ligation of K48-linked ubiquitin and proteasomal degradation (Hu et al., 2016).



Janus Kinase/Signal Transducer and Activator of Transcription

Janus kinase/signal transducer and activator of transcription signaling induces multiple molecular immune responses and is essential in cytokine and growth factor signaling (Ghoreschi et al., 2009). Four different JAKs have been identified, including JAK1, JAK2, JAK3, and TyK2 (Tyrosine kinase 2), and seven members of STAT, including STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6 (Meyts and Casanova, 2021). JAK/STAT is initially activated by binding of cytokines, such as IFNα/β, IFNγ, and IL-6. IFNα/β employs TYK2 and JAK1 to phosphorylate STAT1 and STAT2, IFNγ recruits JAK1 and JAK2 to phosphorylate STAT1, and IL-6 leads to one or both JAK-mediated phosphorylations of STAT3 (Majoros et al., 2017; Banji et al., 2021). These activated STAT dimers are then transported to the nucleus and promote the transcription of interferon stimulated genes (ISGs; Raftery and Stevenson, 2017). Negative regulators, protein tyrosine phosphatase, non-receptor type 6 (PTPN6), suppressor of cytokine signaling (SOCS-1) and protein inhibitor of activated STAT (PIAS-1), suppress the JAK/STAT pathway (Cokic et al., 2012; Tikhe and Dimopoulos, 2021).

Reports have indicated that the JAK/STAT pathway can be regulated by some TRIMs (Rajsbaum et al., 2014b; Teng et al., 2020; van Tol et al., 2020). TRIM6 was found to modulate IFNα/β-induced JAK/STAT signaling for antiviral response via cooperation with E2-ubiquitin conjugase UbE2K and promotion of the synthesis of unanchored K48-linked polyubiquitin chains, which activated IKKε for subsequent STAT1 phosphorylation (Rajsbaum et al., 2014b). Another study identified VAMP8, a regulator of IFNα/β-induced JAK/STAT signaling, and mediator of the phosphorylation of STAT1 in West Nile virus infection. Its expression and function are dependent on TRIM6 activity (van Tol et al., 2020). TRIM59 interacts with STAT1 by recruiting much more PIAS1 to suppress the activation of STAT1, and it also suppresses IL-1β-induced activation of the JAK2/STAT3 pathway (Su et al., 2020; Teng et al., 2020). TRIM8 enhances IL-6-dependent activation of STAT3 by degradation of PIAS3, which is the protein inhibitor of activated STAT3 (Okumura et al., 2010).




VIRAL ANTAGONIZATION OF TRIMS

Researches have shown that TRIMs play a critical role in restricting viral replication via regulating the innate immune signaling (Masroori et al., 2016; Choudhury et al., 2020). Viruses, however, have developed various strategies to antagonize the antiviral function of TRIM proteins, including improving their proteasomal degradation, affecting their relocation, and ubiquitination (Schilling et al., 2017; Chen et al., 2018a; Koepke et al., 2021). For example, IAV is able to antagonize TRIM25 for its replication (Gack et al., 2009). In this section, we discussed the mechanism of viral evasion by antagonization of TRIMs, including TRIM6, TRIM19, TRIM23, and TRIM25, as depicted in Figure 2.
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FIGURE 2. Viral evasion of immunity via antagonization of TRIMs. Some TRIMs (green) positively regulate innate immune response. Viral proteins (orange) antagonize these TRIMs to reduce the production of type I IFNs and inflammatory factors. BPLF1, the deconjugases of HSV; E6, the oncoprotein of HPV16; MP, the matrix structural protein of NiV; NS1, the nonstructural protein 1 of IAV; NSs, the nonstructural protein NSs of SFTSV; NP, the nucleocapsid protein of SARS-CoV, MERS-CoV, or SARS-CoV-2; tAg, the small t antigen of JCV; Us11, the Us11 protein of HSV-1; VP35, the VP35 protein of EBOV; 3B, the 3B protein of FMDV; 48, K48-linked polyubiquitination; and 63, K63-linked polyubiquitination.



TRIM6

TRIM6 restricts viral replication via enhancing type I IFN production. It interacts with IKKε and catalyzes the synthesis of unanchored K48-linked polyubiquitin chains, which in turn activates IKKε for subsequent STAT1 phosphorylation, resulting in increasing of IRF3-mediated type I IFN production (Rajsbaum et al., 2014b). This pathway can be evaded by the matrix structural protein (M) of Nipah virus (NiV). The NiV-M protein interacts with TRIM6 and promotes TRIM6 degradation, so the synthesis of unanchored K48-linked polyubiquitin chains and production of type I IFNs are inhibited (Bharaj et al., 2016). It has been reported that the Ebola virus VP35 protein hijacks TRIM6 to promote its ubiquitination and polymerase activity, which results in the reduction of type I IFNs and increase of virus replication (Bharaj et al., 2017).



TRIM19/PML

TRIM19/PML, also named leukemia (PML) protein, localizes both in the nucleoplasm and in the nuclear bodies (NBs). The function of TRIM19 in viral restriction has been fairly thoroughly investigated, for both DNA viruses and RNA viruses, such as vesicular stomatitis virus (VSV), HSV, IAV, varicella-zoster virus (VZV), HIV, HCMV, and rabies virus (Blondel et al., 2010; Reichelt et al., 2011; Dutrieux et al., 2015; Masroori et al., 2016). The mechanisms of restriction are various and include the silencing of viral genomes, entrapment of newly synthesized nucleocapsids (Ns), indirect interference with reverse transcription, and regulating of type I IFN induction.

On the other hand, some viruses have developed strategies to suppress PML. The HCMV immediate-early protein IE1, for instance, directly binds to the CCD of TRIM19 through its globular core, and it prevents the SUMOylation of TRIM19 and disrupts the nuclear bodies (Scherer et al., 2014). Binding of IE1 to TRIM19 abrogates the de novo SUMOylation of PML at specific lysine residues, but this does not affect global protein SUMOylation (Schilling et al., 2017). TRIM19 represses the replication of EV71 by inhibiting autophagy and increasing response to IFNs (Chen et al., 2018a). In EV71-infected Hela cells, the expression of TRIM19 is reduced and the reduction is caused by viral protease 3Cpro rather than proteasome pathway (Chen et al., 2018a). The degradation of NB-associated PML has also been identified in HSV-1-infected cells. The HSV-1 immediate-early protein ICP0 directly binds to PML and Sp100, inducing proteasome-dependent degradation (Chelbi-Alix and de The, 1999; Boutell et al., 2003). The ORF75c protein encoded by murine gammaherpesvirus 68 (MHV68) contains ubiquitin E3 ligase activity and mediates direct ubiquitination of PML, resulting in its degradation by the proteasome (Sewatanon and Ling, 2013). Arenaviruses use a different strategy to incapacitate TRIM19: The Z protein of arenaviruses colocalizes with PML via the RING domain and induces its relocation from NBs to the cytoplasm (Kentsis et al., 2001) This results in PML and the Z protein binding directly to the translation initiation factor eIF4E and inhibiting translation (Kentsis et al., 2001).

TRIM19 plays an important role against various viral infections, and the restriction of TRIM19 to viruses depends on the antiviral mechanisms induced by IFNs (Nisole et al., 2005; Chen et al., 2018a). Viruses have developed strategies to antagonize TRIM19, but the NB disruption induced by TRIM19 degradation to overcome a cellular antiviral defense remains controversial (Kentsis et al., 2001; Lopez et al., 2002). In PML overexpression cells, ICP0 colocalized with PML in ND10 early in infection, but the two proteins did not overlap or were juxtaposed in orderly structures and PML overexpression had no significant effect on HSV-1 replication (Lopez et al., 2002). It is possible that other virus mechanisms may block PML-mediated repression, and further studies are needed.



TRIM23

It has been demonstrated that TRIM23 is involved in the induction of autophagy to decrease viral replication (Sparrer et al., 2017). Upon viral infection, the GTP hydrolysis activity of TRIM23 is activated by the autoubiquitination of ARF with unconventional K27-linked polyubiquitin. This facilitates TBK1 dimerization, which proceeds to phosphorylate p62 and ultimately induces autophagic degradation of viral components (Sparrer et al., 2017).

HSV-1 has developed strategy to enhance its replication by antagonizing TRIM23. In HSV-1-infected cells, on the other hand, expression of the HSV-1 Us11 protein promotes HSV-1 growth, while expression of TRIM23 restricts HSV-1 replication in the absence of US11 (Liu et al., 2019). The Us11 protein binds the ARF domain in TRIM23 and disrupts the TRIM23-TBK1 complex, causing decrease of autophagy-mediated restriction of HSV-1 infection (Liu et al., 2019).



TRIM25

TRIM25 restricts the replication of viruses, such as MERS-CoV, NDV, IAV, SinV, SARS-CoV-2, porcine reproductive and respiratory syndrome virus (PRRSV), and Sendai virus (SeV; Zeng et al., 2010; Sanchez et al., 2016; Hu et al., 2017; Zhao et al., 2019; Choudhury et al., 2020). TRIM25 catalyzes K63-linked polyubiquitination on the N-terminal CARD at K172 of RIG-I via its B30.2 domain chains, and this facilitates its recruitment to MAVS and thus induces downstream IFNs induction (Sanchez et al., 2016). However, K48-linked ubiquitination of TRIM25 negatively regulates RIG-I activation, though this can be reversed by the deubiquitinating enzyme USP15 (Pauli et al., 2014). Recently, it was found that TRIM25 enhances the antiviral activity of zinc finger antiviral protein (ZAP) with both ubiquitin ligase activity and multimerization (Li et al., 2017; Zheng et al., 2017). In addition, TRIM25 ubiquitinates DDX3X (a critical component of TBK1) at K55, and TRIM25 and DDX3X cooperatively enhance type I IFN induction following RIG-I activation (Soulat et al., 2008; Atkinson et al., 2021).

TRIM25 plays an important role in a broad range of antiviral activity; however, viruses have evolved a diverse collection of strategies to antagonize TRIM25 activity. The nonstructural protein 1 (NS1) of IAV, for instance, targets the TRIM25 coiled-coil domain directly, thus inhibiting TRIM25 dimerization and preventing the activation of RIG-I with K63-polyubiquitin (Gack et al., 2009). The interaction between NS1 and TRIM25 has been shown to be species-specific, in that human TRIM25 binds to all species-adapted IAV strains, while chicken TRIM25 interacts with NS1 only from avian strains, and murine TRIM25 does not bind with any NS1 interacts (Rajsbaum et al., 2012). However, a recent study of the crystal structures of TRIM25-NS1 complexes showed that the formation of unanchored K63-linked polyubiquitin chains is unchanged by NS1 binding. And the binding of NS1 interferes with the correct positioning of the PRYSPRY domain of TRIM25, which is required for substrate ubiquitination (Koliopoulos et al., 2018). Moreover, the N-terminal domain of NS1 encoded by IBV is responsible for interaction with TRIM25, and this interaction blocks the Lys63-linked ubiquitination of RIG-I (Jiang et al., 2016). Recently, it was found that NS1 disrupts the TRIM25:DDX3X interaction, abrogating both TRIM25-mediated ubiquitination of DDX3X and cooperative activation of the IFNB1 promoter (Atkinson et al., 2021).

Like IAV/IBV, the coronaviruses, including SARS-CoV, MERS-CoV, and SARS-CoV-2, are able to suppress TRIM25 activity via the viral N protein. The N protein of SARS-CoV has been demonstrated to interact with the C-terminal SPRY domain of TRIM25, interfering with subsequent ubiquitination of the RIG-I CARD domains and negative regulating type I IFNs (Hu et al., 2017). This strategy of RIG-I-induced IFN-β reduction is also seen in SARS-CoV-2 and MERS-CoV (Hu et al., 2017; Oh and Shin, 2021). In addition to modulating type I IFNs, the N protein of MERS-CoV also suppresses type III expression, and this offers a plausible mechanism for coronavirus evasion of the host immune response (Chang et al., 2020). Interestingly, although not a coronavirus, PRRSV exhibits a similar loss of RIG-I-induced IFN-β when its N protein associates with TRIM25 (Zhao et al., 2019). In foot-and-mouth disease virus (FMDV), it is 3B protein that suppresses type I IFN production and host antiviral response by blocking the interaction between RIG-I and TRIM25, which prevents the TRIM25-mediated, K63-linked ubiquitination of RIG-I (Zhang et al., 2020b).

Severe fever with thrombocytopenia syndrome virus (SFTSV), a highly pathogenic member of the Bunyavirales, has developed a different mechanism to inhibit TRIM25. The nonstructural protein NSs of SFTSV interacts with and redistributes RIG-I, TRIM25, and TBK1 into NSs-induced cytoplasmic structures, which circumvents IFN responses (Santiago et al., 2014). Another report demonstrated that NSs specifically trap TRIM25 into viral inclusion bodies and inhibits TRIM25-mediated RIG-ILys-63-linked ubiquitination/activation, contributing to suppression of RLR-mediated antiviral signaling at its initial stage (Min et al., 2020).

The DENV and human papillomavirus Type 16 (HPV16) suppress TRIM25 activity by USP15 to attenuate RIG-I signaling. PR-2B, an epidemic strain of dengue virus, encodes subgenomic flavivirus RNA, which binds to host TRIM25 and prevents USP15-mediated deubiquitination (Manokaran et al., 2015). The E6 oncoprotein of HPV16 interacts with TRIM25 and USP15, promoting K48-linked ubiquitination of TRIM25 and suppressing TRIM25-mediated K63-linked ubiquitination of RIG-I to evade the host antiviral response (Chiang et al., 2018a).

The small t antigen (tAg) of JC polyomavirus (JCV) interacts with TRIM25, preventing it from binding with RNA and inhibiting the K63-linked ubiquitination of RIG-I (Chiang et al., 2021). This antagonism strategy is also conserved in tAg presented polyomavirus BK virus (BKV; Chiang et al., 2021). Herpesviruses use a different strategy to antagonize TRIM25 activity. BPLF1 of herpesvirus promotes the dimerization and autoubiquitination of TRIM25, which inactivates the RIG-I signalosome (Gupta et al., 2018).




VIRAL UTILIZATION OF TRIMS

Some of TRIMs exhibit negatively regulatory effect in the innate immune. Thus, apart from antagonizing TRIMs, some viruses directly utilize TRIMs or induce their gene expression to promote viral replication. In this section, we discuss viruses employ TRIMs to enhance their replication, including TRIM21, TRIM26, TRIM27, TRIM29, and TRIM30a, as depicted in Figure 3.
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FIGURE 3. Viral evasion of immune response via induction of TRIMs. Some TRIMs (green) negatively regulate innate immune response. Viral proteins (orange) can utilize these TRIMs to reduce the production of type I IFNs and inflammatory factors. USP7, the ubiquitin-specific peptidase 7 of SeV; 48, K48-linked polyubiquitination; and 63, K63-linked polyubiquitination.



TRIM21

TRIM21, also named Ro52, seems to follow two strategies; some studies indicate that TRIM21 restricts viral replication and positively regulates antiviral pathways, while other reports show that TRIM21 negatively regulates innate immune response to promote viral production (Higgs et al., 2008; Yang et al., 2009; McEwan et al., 2013; Zhang et al., 2013; Manocha et al., 2014). On the one hand, TRIM21 has exhibited antiviral activity. TRIM21 catalyzes the formation of Lys63 (K63)-linked ubiquitin chains and activates the NF-κB, AP-1, and IRF signaling pathways (McEwan et al., 2013). However, in porcine epidemic diarrhea virus (PEDV) infection, TRIM21 exhibits a different strategy; TRIM21 was found to interact and colocalize with the N protein, inducing the degradation of the N protein in a proteasome-dependent manner (Wang et al., 2021).

On the other hand, TRIM21 is also able to facilitate viral evasion of the innate immune response. TRIM21 interacts with IRF3 via its C-terminal SPRY domain post-pathogen recognition, resulting in the polyubiquitination and proteasomal degradation of IRF3 (Higgs et al., 2008). The SPRY-PRY domain of TRIM21 targets the DEADc domain of DDX41 at Lys9 and Lys115, inducing the Lys48 (K48)-linked ubiquitination and degradation of DDX41 and thereby inhibiting the innate immune response to intracellular dsDNA (Zhang et al., 2013). Evidence shows that Japanese encephalitis virus (JEV) evades the innate immune response by inducing transcriptional expression of TRIM21 (Manocha et al., 2014). In JEV-infected human microglial cells, TRIM21 overexpression inhibited phosphorylation of IRF3 and activation of IFN-β, while TRIM21 silencing contributed to the type I IFN responses (Manocha et al., 2014).

Other mechanisms involved in antiviral evasion have been reported recently. HPV E7 was found to recruit TRIM21 to ubiquitinate and degrade the IFI16 inflammasome, leading to the inhibition of cell pyroptosis and production of inflammatory factors including IL-18 and IL-1β (Song et al., 2020). SFTSV NSs binds to the carboxylterminal SPRY subdomain of TRIM21, promoting p62 stability and oligomerization and causing activation of the Nrf2 antioxidant signal pathway (Choi et al., 2020). The activation of the p62-Keap1-Nrf2 antioxidant response provides an optimal environment for SFTSV replication (Choi et al., 2020).



TRIM23

At least two studies have revealed that TRIM23 is an important factor in virus replication (Laurent-Rolle et al., 2014). TRIM23 interacts with and polyubiquitinates yellow fever virus (YFV) NS5 to promote its binding to STAT2 and trigger IFN-I signaling inhibition, thus overcoming the antiviral action of IFN-I (Laurent-Rolle et al., 2014). MnTrim23 identified from Macrobrachium nipponense negatively regulates the Relish transcription factor-mediated expression of antimicrobial peptides (AMPs), promoting WSSV replication (Zhang et al., 2020a). It has been also shown that knockdown of MnTrim23 inhibits WSSV replication and VP28 expression.



TRIM26

Identified as a negative regulator of IFN-β, TRIM26 binds to IRF3 and promotes its K48-linked polyubiquitination and degradation in the nucleus. More important, viral infection promotes TRIM26 nuclear translocation, which in turn increases IRF3 degradation (Wang et al., 2015a). The suppression of IFN-β-involved IRF3 has also been observed in HSV-2, VSV, and PRRSV infection (Huang et al., 2020). It is worth noting that a different report showed that TRIM26 positively regulates type I IFNs, upon RNA viral infection; TRIM26 undergoes autoubiquitination and subsequently associates with NEMO, to promote TBK1–NEMO interaction and the activation of IRF3 and NF-kB (Ran et al., 2016). Some of the discrepancies among these results might be attributed to the different experimental systems (Ran et al., 2016).



TRIM27

Report mentioned that TRIM27 positive regulates RIG-I signaling, leading to increased production of IFN-β in response to viral infection (Blaine et al., 2015; Conwell et al., 2015). However, other studies have proven that TRIM27 is a negative modulator of immune response. It has been suggested that TRIM27 negatively regulates NOD2-induced NF-κB signaling via the K48-linked ubiquitination and subsequent proteasomal degradation of NOD2, which can recognize viral RNA and DNA (Moreira and Zamboni, 2012; Kapoor et al., 2014). In SeV infection there seems to be another mechanism at work; the ubiquitin-specific peptidase 7 (USP7) interacts with and stabilizes TRIM27, promoting the degradation of TBK1 and suppressing the activation of IFN-β (Cai et al., 2018). As in SeV infection, TRIM27 inhibits type I IFN response to HCV infection by inhibiting the IRF3 and NF-κB pathways (Zheng et al., 2019a).



TRIM29

TRIM29 acts as a negative regulator of proinflammatory cytokines in macrophages and directly binds NEMO, inducing its ubiquitination and proteolytic degradation, which in turn inhibits the NF-κB pathway (Xing et al., 2016). TRIM29 expression is especially induced by DNA virus and cytosolic DNA in macrophages and dendritic cells and targets STING for K48 ubiquitination and degradation, negatively regulating immune response in infection by DNA viruses like HSV-1 and Epstein-Barr virus (Xing et al., 2017; Li et al., 2018). Recently, a different regulatory function of TRIM29 was reported in the context of RNA virus infection in human mDCs; TRIM29 was found to interact with MAVS and subsequently induce K11-linked ubiquitination and degradation, causing decrease of type I IFN (Xing et al., 2018). In addition, TRIM29 ubiquitinates and degrades TAB2, suppressing IFN-γ production in NK cells (Dou et al., 2019). Indeed, deficiency of TRIM29 resulted in an enhanced IFN-γ production and consequently protected mice from murine CMV infection (Dou et al., 2019).



TRIM30α

TRIM30α enhances the degradation of STING via K48-linked ubiquitination at Lys275 in a proteasome-dependent pathway and suppresses innate immune response to DNA viruses (Wang et al., 2015b). TRIM30α also negatively regulates TRAF6-induced NF-κB activation involved in TLR by degrading TAB2 and TAB3 (Shi et al., 2008). Although TRIM30a is well known in mouse, it is phylogenetically related to human TRIMs 5, 6, 22, and 34, which provide the possibility that TRIMs serve as immune regulator in mouse in a similar manner with that in humans (Song et al., 2005).




CONCLUSION AND FUTURE PERSPECTIVES

Here we have collected recent studies on the regulatory effects of TRIMs in several main signaling pathways, and we have discussed the latest research on immune evasion of viruses by antagonizing TRIM activity or utilizing TRIMs. There seems to be no direct correlation between the immune regulation and any particular subfamily of TRIMs. Thus, TRIM6 and TRIM25, belonging to the C-IV group, positive regulate PRR signaling pathways, while TRIM21 and TRIM26, also members of the C-IV group, act as negative regulators of antiviral immune response (Manocha et al., 2014; Rajsbaum et al., 2014b; Ran et al., 2016; Sanchez et al., 2016).

Over the past decade, multiple studies have explored the function of TRIMs in the innate immunity. It is clear that TRIMs play critical roles in regulating immune response to restrict viral infection, especially in NF-κB and IRF signaling. However, TRIMs whose mechanisms are not limited to innate immune regulation. Recently, previously uncharacterized phenomenon has been detected, for example, TRIM25 presentation of RNA-binding activity, TRIM23 induction of autophagy, TRIM21 participation in cell pyroptosis, and TRIM21 activation of the Nrf2 antioxidant signal pathway (Choudhury et al., 2017; Sparrer et al., 2017; Choi et al., 2020; Song et al., 2020). The functions of TRIMs in the innate immunity remain to be further defined, but the functions of TRIMs likely go far beyond immune regulation.

The viral evasions are mainly involved in the regulatory function of TRIMs in immune response. TRIMs, including TRIM25, TRIM6, TRIM14, and TRIM30α (Wang et al., 2015b; Sanchez et al., 2016), act as positive or negative modulator in the innate immune. Nevertheless, reports have shown that some TRIMs are able to regulate immune pathways both positively and negatively, such as TRIM21, TRIM27, and TRIM32 (Higgs et al., 2008; Yang et al., 2009; Conwell et al., 2015). A comprehensive understanding of the regulation of TRIMs on immune response can support further research on antiviral innate immunity pathway dependencies during the process of viral infection. Of highly topical interest, the SARS-CoV, MERS-CoV, and SARS-CoV-2, belonging to the Coronaviridae family, have caused devastating pandemic disease in humans. There is evidence to show that the coronaviral nucleocapsid (N) protein suppresses TRIM25 activity to defend against human immune response (Hu et al., 2017; Chang et al., 2020; Oh and Shin, 2021). On the other hand, the N protein can be degraded by TRIM21 (Wang et al., 2021). It is therefore of urgent interest to clarify the dynamic interaction of the N protein with TRIMs, which can provide new clues to understand coronavirus pathogenesis.

The current understanding of the role of TRIMs in immune regulation is broad and well supported, but the knowledge of the mechanisms by which TRIMs participate in viral immune evasion is weakness. This review would be a fruitful line for future investigations. Demonstration of virus-TRIM interactions may reveal new molecular targets for the treatment, or even prevention, of viral infectious diseases.
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Pseudorabies virus (PRV) is a pathogen that causes substantial economic losses to the swine industry. With the emergence and widespread of PRV variants since 2011 in China, current commercial vaccines cannot provide complete protection against PRV infection. Therefore, antiviral drugs may work as an alternative way to control and prevent PRV. In this study, the inhibitory effects and underlying molecular mechanisms of meclizine against PRV were studied. Meclizine displayed a significant inhibitory effect against PRV when it was added before, simultaneously with, or after virus infection. The inhibitory effect of meclizine occurred during viral entry and cell-to-cell spreading but not at viral attachment into PK-15 cells. Meclizine also inhibited viral particle release at the late stage of infection. The antiviral effect of meclizine was tested in mice, and the results showed that meclizine reduced the severity of clinical symptoms and the viral loads in tissues, and delayed the death, after PRV challenge. The above results indicated that meclizine had an inhibitory effect on PRV. Our findings will contribute to the development of potential therapeutic drugs against PRV infection.
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INTRODUCTION

Pseudorabies (PR) is an acute highly contagious disease caused by pseudorabies virus (PRV). It was first described in Hungary in 1902 (Lee and Wilson, 1979). PRV, an enveloped and double-stranded linear DNA virus, is a member of the Herpesviridae family (Sun et al., 2016). It was also called Aujeszky’s disease virus (ADV), which causes fever, itching (except pigs), and encephalomyelitis in many livestock and wild animals (Müller et al., 2011; Tan et al., 2021). PRV can infect pigs of different ages. The clinical signs of infected pigs were fever, diarrhea, vomiting, nervous system disorders, with high mortality for newborn piglets, nonsignificant symptoms for adult pigs, abortion, stillbirth and respiratory symptoms for sows, and reproductive disorder for boars (Tan et al., 2021). Recently, it has been reported that PRV infects and causes human endophthalmitis or encephalitis, which highlights the potential threat of this pathogen to public health (Wong et al., 2019; Yang et al., 2019; Liu et al., 2020).

In China, PRV were firstly identified in cats in 1947, then were reported in swine and other animals. At present, both inactivated and attenuated live vaccines are widely used to prevent and control PR (Freuling et al., 2017; Delva et al., 2020). However, PRV variants emerged and spread in China since 2011, leading to huge economic losses (An et al., 2013; Wu et al., 2013; Tong et al., 2015). Compared to classical virulent PRV, PRV variants were more pathogenic on pigs and commercial vaccines failed to provide complete protection against the variants (Luo et al., 2014; Hu et al., 2021).

Besides developing new vaccines using current PRV circulating strains, researchers have also been working to identify inhibitors or drugs against PRV infection. Some diaminopurine-based acyclic nucleoside phosphonate analogues exhibited effective anti-PRV activity (Zouharova et al., 2016). Resveratrol, a polyphenolic stilbenoid, was identified to show efficient anti-PRV activities in vitro and in vivo (Zhao et al., 2017, 2018). The inhibitory effect of resveratrol occurred during viral multiplication by inhibiting IκB kinase activity but not at viral entry into porcine kidney cells (PK-15; Zhao et al., 2017). Further studies showed that resveratrol treatment effectively relieved pathological symptoms, reduced PRV-induced inflammation, and increased the growth performance of PRV-infected piglets (Zhao et al., 2018). Fang et al. (2020) demonstrated that hydroquinone inhibited PRV replication during viral attachment and internalization into PK-15 cells by activating the phosphorylation of AKT. In addition, platycodon grandiflorus polysaccharides were confirmed to inhibit PRV replication via downregulating PRV-induced autophagy (Xing et al., 2021).

Meclizine is a first-generation piperazine class of H1-antihistamine, which are usually used for vertigo, nausea and vomiting (Cohen and Dejong, 1972). Meclizine can also treat the same symptoms caused by viral infection, pregnancy, or radiation therapy. Meclizine has some anticholinergic activity as H1-antihistamines, and it is also reported to regulate constitutive androstane receptor (Huang et al., 2004). Recently, meclizine has been identified as an inhibitor of mitochondrial respiration or mitochondrial oxidative phosphorylation (Gohil et al., 2010, 2013). Gohil et al. revealed that meclizine inhibited mitochondrial respiration by inhibiting phosphoethanolamine cytidylyltransferase (PCYT2) activity. HSV-1 replication was significantly reduced after treatment with meclizine in Hela cells and in mice experiment (Arii et al., 2020).

In this study, we investigated whether meclizine could inhibit PRV replication in vitro and in vivo. Our findings showed that meclizine displayed antiviral activity against PRV infection in PK-15 cells, while the antiviral effect was not significant in mice. The mechanisms of meclizine still need to be further clarified. The study laid a foundation for the development of potential therapeutic drugs against PRV infection.



MATERIALS AND METHODS


Ethics Statement

All the animal experiments were approved by the Jiangsu Administrative Committee for Laboratory Animals (Permission Number: SYXKSU-2017-0044) and complied with the Guidelines of Laboratory Animal Welfare and Ethics of Jiangsu Administrative Committee and Laboratory Animal Welfare and Ethics Committee of Yangzhou University for Laboratory Animals.



Cells and Virus

PK-15 cells were obtained from the American Type Culture Collection (ATCC) and cultured in Dulbecco’s modified Eagle medium (DMEM, CORNING, United States) containing 10% fetal bovine serum (FBS, Thermo Fisher Scientific, Waltham, United States) and 1% penicillin/streptomycin at 37°C with 5% CO2. PRV variant strain JS21 with abbreviation of PRV-W and PRV Bartha K61 strain (GenBank accession no. JF797217; with abbreviation of PRV-V) were preserved in our laboratory. PRV titers were determined as the median tissue culture infective doses (TCID50) on PK-15 cells.



Cell Viability Assay

The viability of PK-15 cells after meclizine treatment was determined using the Enhanced Cell Counting Kit-8 (CCK-8; Beyotime, Shanghai, China) to detect the relative cytotoxicity of agents according to the manufacturer’s instructions. Briefly, PK-15 cells were seeded in 96-well plates (1 × 104 cells/well) and then exposed to different concentrations of meclizine or DMSO. Plates were incubated for 24 h at 37°C with 5% CO2. After incubation, added 10 μl CCK-8 solution (containing WST-8, which can be reduced by some dehydrogenase in mitochondria to form orange formazan) to each well and continue incubated for 3 h. The absorbance was measured at 450 nm.



Virus Infection

PK-15 cells were seeded into 6-well plates (1 × 106/well) overnight at 37°C with 5% CO2. When the cells reached approximately 70–80% confluence, they were infected with PRV at a multiplicity of infection (MOI) of 1 and incubated at 37°C with 5% CO2 for 1 h. Then the supernatant was removed by washing with phosphate-buffered saline (PBS) for three times and incubated in DMEM supplemented with 2% FBS.



Meclizine Treatment

PK-15 cells were seeded into 6-well plates (1 × 106/well) overnight at 37°C with 5% CO2. When the cells reached 70–80% confluence, they were infected with PRV (PRV-W and PRV-V) at MOI of 1 and cells were treated with meclizine at different concentrations (50, 100, 150, and 200 μM) or DMSO (used as negative control). Twenty-four hours later, the supernatant and cell samples were harvested for further detection.



Western Blot Analysis

PK-15 cells seeded in 6-well plates were washed with cold PBS and harvested with lysis buffer (containing 50 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, etc.; Beyotime, Shanghai, China) on ice. After centrifugation, the supernatant was denatured and subjected to SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, MA, United States). The membranes were blocked in TBST with 5% nonfat dry milk for 1 h at room temperature and then incubated with antibodies of anti-PRV glycoprotein B (gB) mAb (1:1,000, preserved in our laboratory) and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 1:1,000, Cell Signaling Technology, MA, United States) overnight at 4°C. After washing, the membranes were incubated with HRP-conjugated secondary antibodies for 1 h at room temperature (Jackson ImmunoResearch, PA, United States). The signals were visualized using an enhanced chemiluminescence reagent kit (NCM Biotech, Suzhou, China) through Tanon 5200 system (Tanon, Shanghai, China).



Immunofluorescence Assay

The cells were washed with PBS and fixed with 4% paraformaldehyde for 10 min and permeabilized with 0.5% Triton X-100 at room temperature. After blocking with 3% bovine serum albumin (BSA) in TBST for 30 min, the cells were incubated with anti-PRV gB protein mAb (1:1,000) for 1 h, followed by incubation with FITC-conjugated anti-mouse IgG secondary antibody (1:500, Cell Signaling Technology, MA, United States) for 45 min at 37°C. The cell nuclei were stained with DAPI (Beyotime, Shanghai, China) for 10 min at room temperature. Finally, the cells were visualized with a LSM 880 Zeiss confocal fluorescence microscope (Oberkochen, Germany).



DNA Extraction and Quantitative PCR

Total DNAs from cells or tissues were extracted using a DNA Extraction Kit according to the manufacturer’s instructions (Omega, GA, United States). Viral loads were tested and assayed by real-time PCR. Briefly, serial 10-fold dilutions of the PRV-gD standard plasmid were used to construct a standard curve for each experiment. The CT value of the sample is substituted into the standard curve to calculate the corresponding copy number of viral genome DNA. Primers and probes are as follows: PRV-F: GTGGGCGTG TGCGTCTACA, PRV-R: GACCGGGCTGCGCT TTTA, the probe: FAM-CGAAGGGGTATCGCCTCCT-BHQ1. The PCR Mix (TaKaRa, Dalian, China) was used following the manufacturer’s recommendations. The Quantitative PCR (qPCR) was performed on an ABI QuantStudioTM 3 (Applied Biosystems, CA, United States). The qPCR reaction was performed under the following conditions: 95°C for 1 min, followed by 40 cycles at 95°C for 5 s and 60°C for 1 min.



Viral Attachment, Entry, Replication, and Cell-to-Cell Spreading Assays

In the viral attachment assay, PK-15 cells were pre-cooled at 4°C for 30 min and then challenged with PRV strains (MOI = 5) with or without meclizine (150 μM) for 3 h at 4°C. After washing with PBS for three times, the cells were harvested for qPCR to test and analyze the copy numbers of PRV DNA.

In the viral entry assay, PK-15 cells were infected with PRV strains (MOI =5) for 3 h at 4°C. After washing, the cells were incubated at 37°C and meclizine was added at scheduled time points. Meclizine (150 μM) was added at 0, 0.5, 1, 1.5, 2, and 4 h (the time when the cells were transferred to 37°C was set as 0 h). After incubation for 6 h, the cells were washed for three times and harvested for qPCR to quantify viral DNA.

In the viral release assay, PK-15 cells were infected with PRV strains (MOI = 0.1/0.01) at 37°C for 24 h. After washing with PBS for three times, the medium was replaced with DMEM of 2% FBS and meclizine (150 μM) for another 4 h in 5% CO2 at 37°C. Then the supernatants were harvested to quantify the viral DNA using qPCR.

In the cell-to-cell spreading assay, PK-15 cells were infected with PRV strains (MOI = 1) and treated with meclizine (150 μM) in 5% CO2 at 37°C. After washing with PBS for three times, PK-15 cells were collected for immunofluorescence assay (IFA) at 0, 6, 9, 12, 18, and 24 h post-infection.



Animal Experiments

Twenty 5-week-old female BALB/c mice were randomly divided into five groups: control group, the administration group (Mec100), PRV-infected group (PRV), PRV-infected and administration groups (meclizine at doses of 50 mg/kg and 100 mg/kg respectively, PRV + Mec50, PRV + Mec100). Mice in different groups were fed separately. The infected mice were intraperitoneally injected with PRV-W at a dose of 102.5 TCID50. The administration group was injected with meclizine at doses of 100 mg/kg. The control group was injected with the same amount of DMEM. The other two groups were challenged with PRV in the same way and dose. At 8 h after PRV infection, the mice were administered intraperitonially with meclizine at doses of 50 mg/kg or 100 mg/kg respectively, which was repeated every 12 h until the end of the study. Meanwhile, 0.9% NaCl solution was injected into the first three groups. After inoculation, the daily behavior, mental status, and survival of mice were monitored every day for 7 days. Mice were humanely euthanized and brain, lung, and liver samples were subjected for gross pathology examination. DNA extraction and the viral load in tissues were quantified by qPCR.



Statistical Analysis

GraphPad Prism 7.0 (GraphPad Software, CA, United States) was used for the statistical analyses. The data was analyzed with student’s t test and one-way test among groups and expressed as the mean ± standard deviation. The values of p of <0.05 was considered as statistically significant. Significance in all figures is indicated as follows: *, p < 0.05; **, p < 0.01; ***, p < 0.001.




RESULTS


Meclizine Inhibited PRV Infection in PK-15 Cells

To evaluate the antiviral activity of meclizine against PRV infection, we first investigated its cytotoxicity on PK-15 cells. The viability of PK-15 cells after different concentration of meclizine treatment for 24 h was determined. Compared with DMSO control, no significant cytotoxicity was observed when the drug concentration did not exceed 200 μM (Figure 1A). To further examine the antiviral effect of meclizine on different PRV strains, PK-15 cells were treated with meclizine of 50, 100, 150, and 200 μM and infected with PRV-W and PRV-V at a MOI of 1, respectively. At 24 h post infection (h.p.i.), virus titration, immunoblotting, qPCR, and IFA assays were performed. As shown by Figure 1B, virus titers in PK-15 cells significantly decreased by meclizine (≥100 μM) compared with the DMSO control. The results of immunoblotting showed that the expression levels of PRV-gB protein were markedly reduced by meclizine (Figure 1C). The inhibitory effect was more significant when meclizine was used in higher concentration. Besides, a notable decrease of copy numbers of PRV was also observed in meclizine-treated groups by using qPCR (Figure 1D). Consistently, the fluorescence intensity of cells treated with meclizine was significantly weaker than that in the DMSO groups (Figure 2). These results indicated that treatment with meclizine effectively inhibited PRV infection in PK-15 cells.
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FIGURE 1. Meclizine inhibited PRV infection and replication in PK-15 cells. (A) Potential cytotoxicity of meclizine against PK-15 cells was detected with the Enhanced Cell Counting Kit-8. PK-15 cells were seeded in 96-well plates and then exposed to different concentrations of meclizine or DMSO. After 24 h of incubation, 10 μl CCK-8 solution was added for another 3 h. The absorbance was measured at 450 nm. (B–D) PK-15 cells were infected with PRV variant strain (PRV-W) and Bartha K61 strain (PRV-V) at MOI of 1 in the presence of different concentrations of meclizine, DMSO (control) for 24 h at 37°C with 5% CO2. The supernatant and cell samples were harvested. Supernatants were subjected to virus titration. The expression levels of gB protein were analyzed by immunoblotting (C). The copy numbers of PRV-W and PRV-V DNA were quantified by real-time PCR (D). Data were presented as means±SD from three independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001.


[image: Figure 2]

FIGURE 2. Meclizine decreased the expression levels of PRV gB protein detected by IFA. PK-15 cells were infected with PRV-W (A) and PRV-V (B) at MOI of 1 in the presence of different concentrations of meclizine or DMSO (control groups) for 24 h at 37°C with 5% CO2. Cells were detected by IFA. Scale bars = 200 μm. Typical figures were presented from three independent experiments.




Meclizine Inhibited PRV Infection During the Different Stages of Infection

To investigate the stages that meclizine affects PRV infection in vitro, meclizine treatment was performed either before, simultaneously with, or after PRV infection, respectively (Figure 3A). PK-15 cells were treated with meclizine of 150 μM and infected with different PRV strains at a MOI of 1. At 24 h.p.i., cells were harvested for qPCR and Western blot analysis. Compared with DMSO control, the production of viral DNA was significantly decreased with meclizine at three different approaches (Figure 3B). Consistent with qPCR results, the expression of gB was significantly reduced with treatment of meclizine on protein level (Figures 3C–F). In addition, the inhibitory effect was the most significantly in meclizine treatment before PRV infection. These results showed that meclizine inhibited PRV infection during the different stages of infection, particularly in the early stage.

[image: Figure 3]

FIGURE 3. Meclizine inhibited PRV infection during the different stages of infection. (A) Schematic diagram of meclizine administration. PK-15 cells were infected with different PRV strains (PRV-W and PRV-V) at MOI of 1 for 1 h, and cells were treated with 150 μM meclizine at different time points. Meclizine treatment was performed either before (pre), simultaneously with (co), or after PRV infection (post), respectively. At 24 h, cell samples were harvested. (B) The copy numbers of PRV DNA were quantified by qPCR. (C–F) The expression levels of gB protein and GAPDH were analyzed by immunoblotting. The analysis of WB band gray value was visualized by Image J software. Data were presented as means±SD from three independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001.




Meclizine Inhibited PRV Infection by Interfering With Virus Entry, Release, and Cell-to-Cell Spreading

Replication cycle of PRV includes four stages: adsorption, entry, replication, and release. To explore the mechanism of meclizine against PRV infection, viral attachment assay, entry assay, release assay, and cell-to-cell spreading assay were performed. For the viral attachment assay, PK-15 cells were infected with PRV with or without meclizine. After washing, the cells were harvested for qPCR to quantify the copy number of viral DNA. The results showed that the copy numbers of PRV DNA in meclizine-treated cells were not significantly different from those in the control cells (Figure 4A).

[image: Figure 4]

FIGURE 4. Meclizine inhibited PRV infection by interfering with the entry, release and cell-to-cell spreading but not attachment into PK-15 cells. PK-15 cells were seeded in 6-well plates and cultured overnight. When the cells reached approximately 70–80% confluence before carrying out antiviral assays. (A) Virus attachment assay. (B,C) Virus entry assay. (D,E) Virus release assay. (F,G) The cell-to-cell spreading assay of meclizine about PRV-W. The results of PRV-V were showed in Supplementary Figure S1. Scale bars = 200 μm. Data were presented as means±SD from three independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001.


For the viral entry assay, PRV-infected cells were incubated at 37°C and meclizine was added at scheduled time points. Finally, intracellular viral DNA was quantified using qPCR. The results showed that the copy numbers of PRV DNA were remarkable decreased after adding meclizine (Figures 4B,C). Interestingly, the inhibition effect was better when meclizine was added at the earlier stage of incubation at 37°C.

For the viral release assay, the medium was replaced with DMEM containing 2% FBS and meclizine (150 μM) at 24 h after PRV infection. Four hours later, the supernatants were harvested to quantify the viral DNA using qPCR. Compared to control cells, the copy numbers of PRV DNA in meclizine-treated cells were significantly lower (Figures 4D,E).

As shown in Figure 4F, the fluorescence intensity in the DMSO groups increased over time after PRV-W infection. However, the amount of fluorescence in the cells treated with meclizine was much late and significantly less than that in DMSO groups (Figure 4G). Expectedly, meclizine also showed a similar effect during PRV-V infection, the results were showed in Supplementary Figure S1. The results indicated that meclizine inhibited cell-to-cell spreading step during PRV replication.

Taken together, these data indicated that meclizine negatively affected the entry, release, and cell-to-cell spreading stages of viral life cycle to inhibit PRV infection.



Meclizine Inhibition on PRV Infection in vivo

After PRV-W challenge, the daily behavior, mental status, and survival of mice were monitored and recorded. Mice that were not administered with meclizine showed clinical symptoms, including loss of appetite, lethargy, and scratching. On the 3rd day after viral challenge, the mice in the PRV group began to die and the mortality rate was 75% on the 4th day (Figures 5A,B). While the mice in PRV + Mec groups were found dead from the 4th day. At the end of the experiment, there was one mouse survived in both PRV group and PRV + Mec group. All mice in control group and administration group survived within 7 days (Figure 5B). Brain, lung, and liver samples of mice were collected and subjected to gross pathology evaluation. Pathological examination results showed that lungs and brains of mice in PRV group had hemorrhage and congestion, which were more severe than that in PRV + Mec groups. There was more serious edema in livers of mice in PRV group than in other groups (Figure 5C). No significant lesions were observed in the tissues from Mec100 group and control group.
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FIGURE 5. Meclizine inhibits PRV infection in mice. (A) Schematic diagram of mice experiment and mortality of mice in different groups. (B) Survival profile of mice after PRV challenge in different groups. (C) Brain, lung, and liver samples of mice were collected for pathological examination. Typical figures were presented from three independent experiments.


In addition, viral load in tissues were quantified to further explore the effect of meclizine on PRV replication in vivo. The results of qPCR showed that the viral loads in mice brain were higher than that in the lungs and livers (Figure 6). PRV loads in the brains of mice from PRV + Mec groups were lower than those from PRV group (Figure 6A). There was no significant difference among PRV group and PRV + Mec groups in the lungs and livers of mice (Figures 6B,C). The above results suggested that meclizine treatment could decrease the severity of clinical symptoms, delay death, and reduce viral loads in tissues after viral challenge. However, the inhibit effect of meclizine in mice were not as good as those in vitro, and the mechanism was unknown.
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FIGURE 6. Meclizine treatment decreased the viral loads in tissues after viral challenge. 0.1 g of brain (A), lung (B), and liver (C) samples were taken for DNA extraction. The viral loads in tissues were analyzed by qPCR. *, p < 0.05; Data were presented as means ± SD from three independent experiments.





DISCUSSION

Since the emergence and widespread of PRV variants, commercial vaccines could not prevent completely PRV infection in pigs, which led to huge economic losses to the Chinese pig industry. Besides developing new PRV vaccines, research on antiviral drugs with inhibitory effects on PRV is an alternative solution for disease control. In this study, we for the first time verified that meclizine had potent inhibitory effect on PRV variant strain and Bartha K61 strain both in vitro and in vivo.

Our results indicated that meclizine reduced PRV replication at multiple stages of virus life cycle by impairing the production of viral particles and protein synthesis (Figure 3). Antiviral assay of meclizine administration with three different methods showed that meclizine treatment no matter before or simultaneously with PRV infection displayed more effective antiviral activity against PRV replication than treatment after PRV infection. Antiviral drugs were reported to destroy virus replication by targeting different stages of life cycle of infectious viruses, such as the attachment, entry, and release of viral particles (Yasin et al., 2004; Kausar et al., 2021; Tompa et al., 2021). As for meclizine, our results suggested it could interfere with viral entry, release and cell-to-cell spreading stages of the viral life cycle (Figure 4), which was similar to the effect of it inhibiting HSV-1 replication (Arii et al., 2020).

Viruses interact and regulate with cell membrane in several stages of replication, which need to pass through cell membrane to entry for infection and exit for release virus particles (Lorizate and Kräusslich, 2011). Lipids are the structural basis of cell biofilm, which mainly include glycerophospholipids, sphingolipids, and sterols. Glycerol phospholipids in cell biofilms and viral envelope play a variety of roles in membrane related virological events (Ketter and Randall, 2019). Phosphatidylethanolamine (PE) is a kind of glycerophospholipids, which is involved in the composition of biofilm (Hishikawa et al., 2014). Meclizine is also an inhibitor of metabolic enzyme PCYT2, in addition to being an antihistamine. PCYT2 is a key enzyme for the biosynthesis of PE from ethanolamine and diacylglycerol (Pavlovic and Bakovic, 2013; Vance and Tasseva, 2013). In our study, PRV replication was significantly decreased after treatment with meclizine. The possible mechanism could be attributed to PE biosynthesis pathway was disrupted by meclizine and reduced the production of cell biofilms, which were adverse to virus entry, protein biosynthesis, and virus egress. The antiviral mechanism of meclizine needs further investigation.

The antiviral activity of meclizine was also tested in mice. Compared with PRV group, the severity of clinical symptoms was decreased, and death of mice in the PRV + Mec groups was delayed (Figure 5). Decreased viral loads were observed in tissues of mice in PRV + Mec groups compared with those in PRV group (Figure 6). The viral loads in the brain were higher than that in the lungs and livers, which was consistent with the previous research (Huang et al., 2020). In our study, meclizine only delayed the death of mice but not reduce the mortality. It suggested that the inhibitory mechanism of meclizine on PRV was complex, and its effect in mice may be inconsistent with those in vitro. In addition to pharmacological activity, the function of meclizine in mice was also related to their absorption, distribution, metabolism, excretion and so on. When drugs act on cells, they can exert their effect directly. When the drug is used in animals, it needs to enter the blood circulation through the barrier membrane (vascular wall and mucosa, etc.) from the site of administration, then be distributed in various organs or cells, and be absorbed by the body to play roles. Meanwhile, with the prolongation of time, the drug will undergo varying degrees of structural changes and gradually be metabolized by the body, which led to its pharmacological effects weakened or completely lost. In our experiment, although mice were administered with meclizine every 12 h, the time to maintain effective working concentration of meclizine was still unclear. It was possible that medicine had a short time to maintain its antiviral activity in mice and did not display the expected protective effect on them. The detailed mechanism was unknown.

To sum up, our findings revealed that meclizine not only has antiviral activity, but also showed inhibitory effects on PRV replication in vitro, when it was administered either before, simultaneously with, or after PRV infection, respectively. Meclizine also decreased viral replication in brains in vivo. Therefore, meclizine has the potential for the development of preventive and therapeutic strategies for PRV infection.
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Activated cdc42-associated kinase 1 (ACK1) is a well-known non-receptor tyrosine kinase that regulates cell proliferation and growth through activation of cellular signaling pathways, including mitogen-activated protein kinase (MAPK). However, the anti-HBV activity of ACK1 has not been elucidated. This study aimed to investigate the role of ACK1 in the HBV life cycle and the mechanism underlying the anti-HBV activity of ACK1. To examine the antiviral activity of ACK1, we established HepG2-ACK1 cells stably overexpressing ACK1. The HBV life cycle, including HBeAg/HBsAg secretion, HBV DNA/transcription, and enhancer activity, was analyzed in HepG2 and HepG2-ACK1 cells with HBV replication-competent HBV 1.2mer (HBV 1.2). Finally, the anti-HBV activity of ACK1 was examined in an HBV infection system. ACK1 suppressed HBV gene expression and transcription in HepG2 and HepG2-ACK1 cells. Furthermore, ACK1 inhibited HBV replication by decreasing viral enhancer activity. ACK1 exhibited its anti-HBV activity via activation of Erk1/2, which consequently downregulated the expression of HNF4α binding to HBV enhancers. Furthermore, hepatocyte growth factor (HGF) induced ACK1 expression at an early stage. Finally, ACK1 mediated the antiviral effect of HGF in the HBV infection system. These results indicated that ACK1 induced by HGF inhibited HBV replication at the transcriptional level by activating the MAPK-HNF signaling pathway. Our findings suggest that ACK1 is a potentially novel upstream molecule of MAPK-mediated anti-HBV activity.
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INTRODUCTION

Activated cdc42-associated kinase 1 (ACK1), encoded by tyrosine kinase non-receptor 2, is a ubiquitously expressed non-receptor tyrosine kinase and well-known adaptor of activated receptor tyrosine kinases (RTKs) (Galisteo et al., 2006; Mahajan and Mahajan, 2015). ACK1 is phosphorylated by Src family kinase (SFK) (Chan et al., 2011), and phosphorylation of ACK1 promotes cancer progression and growth via activation of tyrosine kinase signaling (Mahajan and Mahajan, 2015). In prostate cancer, activated ACK1 promotes tumor growth via androgen receptor (AR) tyrosine phosphorylation, facilitating androgen-independent transactivation of AR (Mahajan et al., 2007) and degradation of tumor suppressor WW domain containing oxidoreductase (Wwox) (Mahajan et al., 2005). ACK1 activation by RTK HER2 induces phosphorylation of the histone demethylase KDM3A and recruits the estrogen receptor (ER) to form a complex with KDM3A. This promotes the homeobox A1 (HOAX1) transcription associated with breast cancer progression in the absence of estrogen (Mahajan et al., 2014). ACK1 overexpression enhances invasive and metastatic properties of hepatocellular carcinoma (HCC) via AKT-activated epithelial-mesenchymal transition (EMT) (Lei et al., 2015). In addition to tumorigenesis, ACK1 contains the clathrin interaction domain and is involved in clathrin-mediated endocytosis. Variations in ACK1 expression regulate endocytosis of the transferrin receptor (Teo et al., 2001). ACK1 interacts with epidermal growth factor receptor (EGFR) to regulate its degradation, thereby inhibiting EGFR signaling (Shen et al., 2007; Grovdal et al., 2008). Collectively, these studies suggest that ACK1 plays an important role in kinase-mediated cellular processes. It is therefore important to address the precise function of ACK1 in viral infection.

Hepatitis B virus (HBV) has a partially double-stranded DNA genome of 3.2 kb. Persistent HBV infection is a major cause of chronic hepatitis B (CHB), cirrhosis, and HCC, increasing the risk for developing HCC in over 200 million infected individuals worldwide (Trepo et al., 2014; Seeger and Mason, 2015). HBV proteins, particularly HBx and large HBV surface proteins (LHBs), disrupt various cellular signaling cascades, leading to chronic liver disease (Seeger and Mason, 2015). Interestingly, signaling cascades regulated by ACK1, namely SFK, EGFR, AR, ER, and Akt signaling, are associated with HBV replication and pathogenesis. HBx and LHBs are implicated in liver carcinogenesis via activation of Src and Akt signaling, respectively (Klein and Schneider, 1997; Liu et al., 2011), and the activation of SFK by HBx stimulates HBV replication (Klein et al., 1999). Furthermore, AR signaling promotes HCC and increases HBV replication in vitro and in vivo by binding to the androgen response elements of the HBV enhancer I (Wang et al., 2009; Wu et al., 2010; Tian et al., 2012). In contrast, ER signaling attenuates viral enhancer activity by interacting with and disrupting the binding of hepatocyte nuclear factor 4α (HNF4α) to the enhancer I region, thus suppressing HBV gene transcription (Wang et al., 2012). EGFR is also a co-factor that facilitates the internalization of HBV via the NTCP-EGFR complex (Iwamoto et al., 2019). HBx is a substrate of Akt kinase and augments the oncogenic function of HBx through phosphorylation (Khattar et al., 2012). Together, these studies indicate ACK1 may potentially affect HBV replication. Thus, this study aimed to investigate the role of ACK1 in the HBV life cycle and examine the molecular mechanism underlying the anti-HBV activity of ACK1.



MATERIALS AND METHODS


Cell Culture and Transfection

Human hepatoma (HepG2) cells were purchased from the Korean Cell Line Bank (KCLB), and HepG2-NTCP and HepAD38 cells were cultured as described previously (Park et al., 2016, 2020). HepG2 cells stably expressing ACK1 (HepG2-ACK1), were established via puromycin (1 μg/mL) selection. All cell lines were maintained in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY, United States) at 37°C in a 5% CO2 humidified incubator. HepG2-ACK1 and HepAD38 cells were cultured in medium supplemented with puromycin and tetracycline, respectively. Plasmids and small interfering RNA (siRNA) were transfected at 40–50% confluence in 6- or 12-well plates with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, United States) and RNAiMAX (Invitrogen) according to the manufacturer’s protocols.



Plasmids and Reagents

The HBV 1.2mer, encoding 1.2 copies of the HBV genome (3⋅8 kb, genotype D), EnhI⋅II, EnhI⋅ΔEnhII, and EnhII/Cp, used in previous studies (Park et al., 2016, 2020), were used. ACK1 and ACK1⋅ΔSK were cloned into pIRES-FLAG (Creative Biogene, NY, United States) at the AflII and XbaI sites, respectively. PD98059 (Cell Signaling Technology, Danvers, MA, United States), AIM-100 (Sigma, St. Louis, MO, United States), and hepatocyte growth factor (HGF) (R&D Systems, Minneapolis, MN, United States) were purchased. Control siRNA (Cat. No. sc-37007, Santa Cruz biotechnology, Dallas, TX, United States) and ACK1 siRNA (SMARTpool, Dharmacon) were also used in this study.



HBeAg and HBsAg Levels

To assess the secretion of HBeAg and HBsAg, the culture supernatants were harvested at 3-day after HBV 1.2 transfection into HepG2 and HepG2-ACK1 cells. HBeAg and HBsAg levels were determined using a hepatitis B e/s antigen kit (Wantai Bio-Pharm, Beijing, China) according to the manufacturer’s protocol. Supernatants were diluted in phosphate-buffered saline to prevent signal saturation, and the absorbance was measured at 450 nm using a spectrophotometer (Epoch, BioTek, United States).



Hepatitis B Virus Enhancer Activity

HepG2 and HepG2-ACK1 cells were cultured to 40–50% confluence in 12-well plates, following which the plasmids of enhancer mutants (Figure 3A) were transfected. After 48 h, luciferase activity was determined using the Luciferase Assay System (Promega, Madison, WI, United States). To normalize the transfection efficiency, β-Galactosidase activity was measured using a β-galactosidase enzyme assay system (Promega).
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FIGURE 1. Overexpression of ACK1 inhibits HBV replication. The constructs of HBV 1.2, with or without ACK1, were transfected into HepG2 cells grown in a 6-well plate and cells were harvested after 3-day. Cell lysates were subjected to viral DNA and RNA analysis. Culture supernatants were assessed to determine HBeAg and HBsAg levels. (A) Effect of ACK1 on HBV replication. HBV DNA was detected by southern blotting. +, 1 μg; ++, 2 μg; rc, relaxed circular HBV DNA; ss, single-stranded HBV DNA; M, size marker (3.2kb). **p < 0.01. (B) Effect of ACK1 on the secretion of HBeAg and HBsAg. +, 1 μg; ++, 2 μg. *p < 0.05; **p < 0.01; ***p < 0.001. (C) Effect of ACK1 on core protein expression. HBV core and ACK1 detected by immunofluorescence. Scale bar indicates 100 μm. core, green; ACK1, red. *p < 0.05. (D) Effect of ACK1 on HBV RNA. HBV RNA was analyzed using real-time PCR. +, 1 μg; ++, 2 μg. *p < 0.05; **p < 0.01.
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FIGURE 2. Stable expression of ACK1 strongly inhibits HBV replication. One microgram of HBV 1.2 was transfected into HepG2-ACK1 cells grown in a 6-well plate, and cells were harvested after 3-day. Cell lysates were subjected to viral DNA and RNA analysis. Culture supernatants were assessed to determine HBeAg and HBsAg levels. (A) Establishment of HepG2-ACK1 cells. (B) Secretion of HBeAg and HBsAg in HepG2-ACK1 cells. *p < 0.05; **p < 0.01; ***p < 0.001. (C) HBV replication in HepG2-ACK1 cells. HBV DNA was detected by southern blotting. +, 1 μg; ++, 2 μg; rc, relaxed circular HBV DNA; ss, single-stranded HBV DNA; M, size marker (3.2kb). (D) HBV replication in HepG2-ACK1 cells. HBV rcDNA was analyzed using real-time PCR. Values represent the mean ± SD determined from two independent experiments (each performed in triplicates). (E) HBV RNA levels in HepG2-ACK1 cells. HBV RNA was analyzed using real-time PCR. *p < 0.05; **p < 0.01.
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FIGURE 3. ACK1 decreases viral enhancer activity by HNF4α regulation. (A) Schematic diagram of the reporter plasmids containing HBV enhancers of various lengths. (B) Relative luciferase activity of HBV enhancer. HepG2 and HepG2-ACK1 cells were grown in a 12-well plate and transfected with each enhancer construct with or without ACK1. At 48 h post-transfection, cell lysates were assessed to determine luciferase activity. Values represent the mean ± SD determined from two or three independent experiments (each performed in duplicate). +, 1 μg. (C) mRNA level of C/EBPα and HNFs in HepG2-ACK1 cells. Each mRNA was analyzed by RT-PCR using the indicated primers (Supplementary Table 1). +, 1 μg. (D) Expression of C/EBPα and HNFs in HepG2-ACK1 cells. The proteins were detected by western blotting using the indicated antibodies. +, 1 μg.




Southern Blotting

HBV replication was evaluated as previously described (Park et al., 2016, 2020). Briefly, HepG2 and HepG2-ACK1 cells were grown to 40–50% confluence in 6-well plates and co-transfected with HBV 1.2 and/or ACK1. At 72 h after transfection, cell pellets were lysed in HEPES buffer containing 1% NP-40 and subsequently treated with DNase I (Sigma) and mung bean nuclease (Takara, Shiga, Japan) at 37°C for 30 min. Core particles were precipitated with 26% polyethylene glycol 8000 solution (1.2 M NaCl, 60 mM EDTA, 30% sucrose, and 26% polyethylene glycol). To degradate the core particle and polymerase, proteinase K (20 mg/mL, Roche, Basel, Switzerland) and 0.5% SDS solution (25 mM Tris pH 7.5, 10 mM EDTA, 100 mM NaCl, and 0.5% SDS) were added, and the mixture was incubated at 37°C for 2.5 h. Finally, HBV DNA was purified with a mixture of phenol/chloroform/isoamyl alcohol (25:24:1; Sigma) and precipitated with ethanol. Purified HBV DNA was separated on a 0.8% agarose gel and transferred onto a Hybond-N + nylon membrane (GE Healthcare). HBV DNA was detected with highly pure randomly primed probes labeled with [α-32P] dCTP (PerkinElmer, Waltham, MA, United States) and quantified using a Phosphorimager (Fujifilm, Tokyo, Japan).



Western Blotting

To analyze the indicated proteins, HepG2 and HepG2-ACK1 cells were cultured to 40–50% confluence in 6-well plates, after which transfection was performed. The cells were harvested 2 or 3-day after transfection with the indicated plasmids. Thereafter, cells were harvested using the M-PER Mammalian Protein Extraction Reagent (Thermo Fisher Scientific, Waltham, MA, United States) containing protease inhibitor cocktail and phosphatase inhibitor (Thermo Fisher Scientific). Cell lysates in Laemmli sample buffer (Bio-Rad, Hercules, CA, United States) were subjected to SDS-PAGE in 4–20% Mini-Protein TGX Precast Protein gels (Bio-Rad) and electro-transferred to Trans-Blot Turbo Mini PVDF Transfer packs (Bio-Rad). Proteins were detected using primary anti-ACK1 (Cat. No. sc-28336; Santa Cruz Biotechnology), anti-FLAG (Cat. No. A5316, Sigma), anti-Erk1/2 (Cat. No.9102; Cell Signaling Technology), anti-phospho-Erk1/2 (Cat. No.9101; Cell Signaling Technology), anti-JNK (Cat. No.9252, Cell Signaling Technology), anti-phospho-JNK (Cat. No.9251, Cell Signaling Technology), anti-p38 (Cat. No.9212, Cell Signaling Technology), anti-phospho-p38 (Cat. No.9211, Cell Signaling Technology), anti-C/EBPα (Cat. No. sc-365318; Santa Cruz Biotechnology), anti-HNF1α (Cat. No. sc-393668; Santa Cruz Biotechnology), anti-HNF4α (Cat. No. sc-374229; Santa Cruz Biotechnology), anti-HNF3β (Cat. No. sc-374376; Santa Cruz Biotechnology), and anti-β-actin (Cat. No. A5316; Sigma) antibodies.



Immunofluorescence Staining

HepG2 cells were seeded on 6-well plates and transfected with HBV 1.2 and/or ACK1. Three days after transfection, cells were fixed in 4% paraformaldehyde and permeabilized with 0.2% Triton X-100. Following blocking with 3% bovine serum albumin, the cells were treated with primary antibodies against HBV core (Cat. No. B0586, Dako) and ACK1 (Cat. No. sc-28336; Santa Cruz Biotechnology) proteins at 4°C overnight. The nuclei were stained with ProLong Gold antifade reagent (Cat. No. 8961S, Cell signaling).



Reverse-Transcription Polymerase Chain Reaction and Real-Time Polymerase Chain Reaction

To analyze the mRNA level of HNF1α, C/EBP1α, HNF3β, HNF4α, and HBV RNA, total RNA was extracted using the RNeasy Plus mini kit (Qiagen, Hilden, Germany) and reverse-transcribed to cDNA using the SuperScript III First-strand synthesis kit for reverse-transcription polymerase chain reaction (RT-PCR) (Invitrogen) according to the manufacturer’s instructions. RT-PCR was performed using indicated primers with the following conditions: denaturation at 95°C for 5 min, followed by 25∼30 cycles of 95°C for 30 s, 55∼60°C for 30 s, and 72°C for 1 min, with final extension at 72°C for 5 min. For the HBV rcDNA and cccDNA, total genomic and viral DNAs were extracted using the QIAamp DNA mini kit (Qiagen). To purify the cccDNA, 500 ng of extracted DNA was treated with plasmid safe DNase I (PSD, Epicentre Technologies, United States) and inactivated by incubation for 30 min at 70°C. To assess HBV RNA, rcDNA, and cccDNA levels, real-time PCR was performed using Power SYBR green PCR master mix (Applied Biosystems, Foster City, CA, United States) with primers for HBV RNA, rcDNA (nt 256 to 421) and cccDNA (nt 1824 to 2068) (Supplementary Table 1) and amplified using the QuantStudio 3.0 (Applied Biosystems). Relative gene expression levels were normalized against those of GAPDH.



Hepatitis B Virus Infection

To isolate HBV particles, HepAD38 cells were maintained for 60-day. Culture media was changed every 3∼4-day with fresh DMEM/F-12 (1:1) medium. The supernatant was harvested from day 15 until day 60 and concentrated 50–fold using the PEG Virus Precipitation Kit (BioVision, United States). HepG2-NTCP cells (1 × 106 cells) were seeded onto 6-well plates coated with collagen I (Gibco) and infected with 2000 HBV genome equivalents per cell (Geq/cell) in DMEM supplemented with 4% PEG 8000 (Sigma) and 2.5% dimethyl sulfoxide (DMSO, Sigma) for 16–20 h. Thereafter, cells were washed thrice with DMEM, maintained in DMEM containing 2% DMSO, and harvested 7-day post-infection (dpi).



Statistical Analysis

All data were obtained from at least two or three independent experiments and values represent the mean ± SD. Indicated figures show representative data, and statistical significance was determined by comparison with the control group. The p value was analyzed by paired t-test using GraphPad Prism 5 software.




RESULTS


Ectopic Activated cdc42-Associated Kinase 1 Expression Inhibits Hepatitis B Virus Replication

To address whether ACK1 regulates HBV replication, a plasmid expressing ACK1 was constructed and transfected into HepG2 cells with HBV replication-competent HBV 1.2mer (HBV 1.2). Ectopic ACK1 expression inhibited HBV replication and viral antigen (HBeAg/HBsAg) secretion. ACK1 expression was confirmed with western blotting (Figures 1A,B). The effect of ACK1 on core protein expression was analyzed by immunofluorescence staining. In cells co-transfected with HBV 1.2 and ACK1, the expression of core proteins was decreased (Figure 1C). This indicated that ACK1 suppressed core protein expression. To determine the inhibitory effect of ACK1 on HBV replication and gene expression, we investigated HBV RNA level. As shown in Figure 1D, ACK1 reduced HBV transcription in a dose-dependent manner. These results indicated that ACK1 overexpression suppress HBV transcription. Previous studies reported that cellular expression of ACK1 is retained at low level (Yokoyama and Miller, 2003; Mahajan et al., 2005). Thus, to validate the anti-HBV activity of ACK1, we established HepG2-ACK1 cells constitutively expressing ACK1. Two HepG2-ACK1 clones (1.3 and 2.10) showing different expression levels of ACK1 were selected for further analysis (Figure 2A). In HepG2-ACK1 cells, HBeAg/HBsAg levels and HBV replication were markedly inhibited as compared to those in cells ectopically expressing ACK1 (Figures 2B–D). Consistently, the expression levels of HBV RNA, core, and surface protein were attenuated by ACK1 (Figure 2E and Supplementary Figure 1). These results indicate that ACK1 exerts anti-HBV activity at the transcriptional level. Furthermore, ACK1 expression was increased in HBV-expressing cells (Supplementary Figure 2A), and knockdown of ACK1 by siRNA enhanced HBV DNA (Supplementary Figures 2B,C). Taken together, our data demonstrate that ACK1 is a novel antiviral molecule against HBV.



Activated cdc42-Associated Kinase 1 Suppresses Viral Enhancer Activity by Downregulating Hepatocyte Nuclear Factor 4α

HBV transcription is reportedly regulated by the viral enhancers, enhancer I (Enh I) and enhancer II overlapping with the core promoter (Enh II/Cp) (Yuh and Ting, 1990; Su and Yee, 1992; Moolla et al., 2002; Doitsh and Shaul, 2004). Since ACK1 inhibits HBV transcription, we first investigated whether ACK1 affects viral enhancer activity. Enh I⋅II and its deletion mutants were constructed to determine which enhancer region is affected by ACK1 (Figure 3A). The activities of all enhancer constructs were decreased by ACK1 (Figure 3B), indicating that ACK1 suppresses the activity of both Enh I and Enh II/Cp. HBV enhancers possess specific DNA binding sequences for several transcription factors. Our group and others have reported that HBV enhancers are regulated by HNF1α, HNF4α, and CCAAT/enhancer binding protein 1α (C/EBP1α) and HNF3β (Lopez-Cabrera et al., 1990; Garcia et al., 1993; Tang and Mclachlan, 2001, 2002; Banks et al., 2002; Zheng et al., 2004; Park et al., 2016; Kim et al., 2018). Hence, to elucidate the mechanism underlying the suppression of HBV enhancer activity by ACK1, we first examined the expression of these transcription factors. Notably, ACK1 dysregulated the protein levels of HNF1α, C/EBP1α, HNF3β, and HNF4α. Among them, only HNF4α expression was regulated at the transcriptional level (Figures 3C,D). HNF4α is the most potent regulator of HBV transcription (Tang and Mclachlan, 2001; Park et al., 2016; Kim et al., 2018). Therefore, our data suggest that ACK1 inhibits HBV replication by suppressing viral enhancer activity via HNF4α downregulation.



Activated cdc42-Associated Kinase 1 Downregulates Hepatocyte Nuclear Factor 4α by Activating Erk1/2 in a Kinase-Independent Manner

Since HNF4α expression is regulated by the mitogen-activated protein kinase (MAPK) cascade (Hösel et al., 2009; Zhao et al., 2012; Park et al., 2016; Kim et al., 2018), we examined whether ACK1 regulates MAPK signaling. Although MAPK phosphorylation was dysregulated, phosphorylation of Erk1/2 was most strongly increased (Figure 4A), indicating that activation of Erk1/2 by ACK1 correlated with HNF4α downregulation. To confirm ACK1-Erk1/2 signaling-mediated HNF4α expression, HepG2-ACK1 cells were treated with ACK1 and Erk1/2 inhibitors. Treatment with PD98059, an inhibitor of Erk1/2 phosphorylation, reverted HNF4α expression to baseline levels (Figure 4B), indicating that ACK1 attenuates HNF4α expression via Erk1/2 activation. Intriguingly, AIM-100, a specific inhibitor of ACK1 phosphorylation, did not affect the levels of phosphorylated Erk1/2 and HNF4α (Figure 4B and Supplementary Figure 3). Consistent with HNF4α expression, HBV replication was only rescued by PD98509 treatment (Figure 4C). These results suggest that the kinase activity of ACK1 is not responsible for the regulation of Erk1/2 phosphorylation, HNF4α expression, and HBV DNA. To validate whether ACK1 regulates HBV DNA irrespective of its kinase activity, an ACK1 mutant (ACK1⋅ΔSK) lacking the kinase domain was constructed (Supplementary Figure 4A). ACK1⋅ΔSK overexpression was a more potent inhibitor of HBeAg/HBsAg secretion and HBV DNA than ACK1 (Supplementary Figures 4B,C). Finally, the anti-HBV activity of ACK1⋅ΔSK was confirmed using an HBV infection system (Figure 4D). Ectopic ACK1⋅ΔSK expression also significantly inhibited HBV DNA, consistent with that of ACK1 (Figure 4E). Both ACK1 and ACK1⋅ΔSK commonly regulated the activation of Erk1/2 and inhibition of HNF4α expression in HBV-infected HepG2-NTCP cells (Figure 4F). Together, our data revealed that ACK1 suppresses HBV replication by decreasing viral enhancer activity via activation of the Erk1/2-HNF4α signaling pathway without kinase activity.
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FIGURE 4. ACK1 activates the Erk1/2-HNF4α signaling pathway in a kinase-independent manner. (A) Effect of ACK1 expression on MAPK-HNF4α signaling pathway. One microgram of HBV 1.2 was transfected into HepG2-ACK1 cells grown in a 6-well plate, and cells were harvested after 3-day. Cell lysates were subjected to western blotting analysis. The proteins were detected by western blotting using the indicated antibodies. (B,C) One microgram of HBV 1.2 was transfected into HepG2-ACK1 cells grown in a 6-well plate, and cells were harvested after 3-day. HepG2-ACK1 cells were treated with AIM-100 (10 μM) and PD98059 (20 μM) for 16 h before harvest. (B) Effect of kinase inhibitors on HNF4α expression. (C) Effect of kinase inhibitors on HBV replication. HBV DNA was analyzed using real-time PCR. *p < 0.05; **p < 0.01. (D) Experimental procedure for panels (E,F). Geq/cell, genome equivalents per cell. (E) Effects of ACK1 and ACK1⋅ΔSK on HBV replication in HBV-infected HepG2-NTCP cells. HBV DNA was analyzed using real-time PCR. HBV 1.2, 1 μg; ACK1 and ACK1⋅ΔSK, 2 μg. **p < 0.01. (F) Effect of ACK1 expression on MAPK-HNF4α signaling pathway in HBV-infected HepG2-NTCP cells. HBV 1.2, 1 μg; ACK1 and ACK1⋅ΔSK, 2 μg.




Hepatocyte Growth Factor Is the Upstream Stimulator of the Activated cdc42-Associated Kinase 1-Erk1/2-HNFs Signaling Pathway

ACK1 is activated by growth factors and extracellular stimuli such as EGF, platelet-derived growth factor (PDGF), and integrin (Galisteo et al., 2006). Since ACK1 exhibited anti-HBV activity in hepatocytes, we investigated whether ACK1 expression is stimulated by the hepatocyte-enriched growth factor, HGF. As shown in Figure 5A, ACK1 expression level following treatment with HGF rapidly increased (0.5 h) and peaked (2.6–fold increase) after 1–3 h in HepG2 cells. At later time points (6 h), ACK1 expression decreased. Similar to ACK1 expression, Erk1/2 phosphorylation peaked (11.6–fold increase) at 1 h and subsequently declined. Conversely, HNF4α expression was downregulated at 6 h (Figure 5A, left panel) and was salvaged by siRNA of ACK1 and PD98059 treatment (Figures 5B,C) after HGF stimulation. These results suggest that HGF-induced ACK1 rapidly activated Erk1/2 phosphorylation and consequently decreased HNF4α expression. Finally, we determined whether HGF is involved in the ACK1-mediated HBV inhibition in an HBV infection system by infecting HepG2-NTCP cells with HBV (Figure 5D). Notably, HGF suppressed rcDNA and cccDNA levels, which were significantly recovered by inhibition of the ACK1-Erk1/2 signaling cascade (Figure 5E). Moreover, HGF induced Erk1/2 activation and HNF4α suppression, which were reversed by siRNA of ACK1 and PD98059 treatment (Figure 5F). Collectively, these results indicate that HGF play a role as an upstream regulator of the ACK1-Erk1/2-HNF4α signaling cascade, exerting HBV inhibitory effect.
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FIGURE 5. ACK1 is involved in HGF-mediated inhibitory effect of HBV. (A) Effect of HGF treatment on the ACK1-Erk1/2- HNF4α signaling cascade. HepG2 cells were treated with HGF (20 ng/mL) for indicated times before harvest. Values represent the mean ± SD calculated from at least three independent experiments. (B) Effect of siRNA on the ACK1-Erk1/2- HNF4α signaling cascade. siRNAs of control (Ctrl) and ACK1 (20 nM) were transfected into HepG2 cells. HepG2 cells were treated with HFG (20 ng/mL) for 6 h before harvest. (C) Effect of PD98059 treatment on the ACK1-Erk1/2- HNF4α signaling cascade. HepG2 cells were seeded in a 6-well plate and treated with HGF and/or PD98059 (20 μM) for 6 h before harvest. (D) Experimental procedure for panels (E,F). Geq/cell, genome equivalents per cell. (E) Effect of HGF on rcDNA and cccDNA level in an HBV infection system. HGF (20 ng/mL) with/without PD98059 (20 μM) used for treatment for the indicated times. HBV rcDNA and cccDNA were analyzed using real-time PCR. *p < 0.05; **p < 0.01; ***p < 0.001. (F) Effect of HGF on the ACK1-Erk1/2-HNF4α signaling cascade in an HBV infection system. HGF (20 ng/mL) with/without PD98059 (20 μM) was used for treatment for the indicated times.





DISCUSSION

ACK1 plays important roles as an adaptor kinase in cellular signaling pathways, including carcinogenesis, receptor trafficking, and epigenetic modulation (Teo et al., 2001; Mahajan and Mahajan, 2015). However, the antiviral activity of ACK1 has not been investigated thus far. Although one study reported that single nucleotide polymorphism rs2278034 in ACK1 affects the outcomes of IFN-α therapy in chronic hepatitis C patients (Fujimoto et al., 2011), the precise mechanism underlying the antiviral activity of ACK1 had not been elucidated. This study provides novel insight into the anti-HBV activity of ACK1. Our results show that ACK1 inhibits HBV replication by downregulating HNF4α, thus suppressing viral enhancer activity (Figure 3). Intriguingly, the antiviral activity of ACK1 was independent of its kinase activity. The ACK1⋅ΔSK construct was expressed at high levels and was a more potent inhibitor of HBV replication than ACK1 in HepG2 cells (Supplementary Figure 4). Moreover, ACK1⋅ΔSK strongly activated Erk1/2 phosphorylation and decreased HNF4α expression (Figure 4F) in HBV-infected HepG2-NTCP cells. Furthermore, knockdown of endogenous ACK1 enhanced HBV DNA level (Supplementary Figure 2D). These data indicated that ACK1 is a cellular inhibitor of HBV infection.

Various cytokines are involved in Erk1/2-HNF4α signaling-mediated inhibition of HBV transcription in hepatocytes. Interleukin (IL)-6 and TGF-1β attenuate HBV replication by suppressing HNF4α via Erk1/2 phosphorylation (Hösel et al., 2009; Hong et al., 2012). Furthermore, p22-FLIP, hepatocystin, and IL-32 induced by TNF-α and IFN-γ control HBV transcription by downregulating HNF4α via Erk1/2 activation in HepG2 and primary human hepatocytes (Shin et al., 2014; Park et al., 2016; Kim et al., 2018). Moreover, this study shows that HGF-induced ACK1 suppressed HBV DNA by downregulating HNF4α expression via Erk1/2 activation in HBV-infected cells (Figure 5). These findings indicated that HNF4α is responsible for the cytokine-mediated inhibition of HBV transcription. HNF4α is regulated by a transcription factor complex comprising HNF6β, HNF1α, and C/EBPα in the promoter region (Hatzis and Tallanidis, 2001; Hatzis et al., 2006). ACK1 suppressed HNF1α and C/EBPα expression (Figures 3C,D), suggesting that ACK1 may be implicated in the transcription factor complex-mediated suppression of HNF4α as well as Erk1/2 activation.

HGF is a mesenchymal cell-derived protein with mitogenic function during liver regeneration and the development of primary hepatocytes (Tsukada et al., 2001). However, the antiviral effect of HGF has not been investigated. Here, we first identified the inhibitory effect of HGF against HBV infection. HGF simultaneously induced ACK1 expression and phosphorylated Erk1/2, thereby decreasing HNF4α levels (Figures 5A,F). Moreover, Erk1/2 inhibition by siRNA of ACK1 and PD98059 rescued HNF4α expression (Figures 5B,C,F). These findings reveal that HGF is an upstream molecule in the ACK1-dependent anti-HBV signaling pathway. Although siRNA of ACK1 and PD98059 treatment significantly recovered HBV rcDNA levels, HGF strongly downregulated cccDNA levels (Figure 5E). This result suggests that HGF primarily suppresses cccDNA rather than the ACK1-Erk1/2-HNF4α signaling cascade. The cccDNA conformation depends on rcDNA level during new HBV infections and capsid recycling, and the conversion of rcDNA to cccDNA is regulated by host DNA repair systems, such as topoisomerase and tyrosyl-DNA-phosphodiesterase (Nassal, 2015). Therefore, HGF may reduce cccDNA levels by affecting the host DNA repair system or blocking capsid recycling via an unknown mechanism. These hypotheses suggest a novel antiviral activity of HGF against HBV infection. We are currently investigating the molecular mechanism of HGF-mediated cccDNA reduction. Interestingly, we previously reported that HBV inhibits HGF maturation via epigenetic regulation of urokinase-type plasminogen activator (uPA) by HBx during liver regeneration (Park et al., 2013). uPA is a serine protease that cleaves and activates pro-HGF (Naldini et al., 1992; Mars et al., 1993). HBx suppresses uPA expression by hypermethylation of the uPA promoter, consequently inhibiting HGF maturation (Park et al., 2013), which is a protective mechanism against the antiviral activity of HGF. This phenomenon may be considered a novel mechanism for persistent HBV infection.

In conclusion, this study elucidates the role of ACK1 in HGF-mediated suppression of HBV. Our results show that ACK1 is induced by HGF in HepG2 cells and that it inhibits HBV transcription and replication. Notably, HGF decreased HBV DNA and cccDNA levels in an HBV infection system, and ACK1 was implicated in the inhibitory effect of HGF on HBV infection. Furthermore, this study demonstrates that ACK1 attenuates HBV enhancer activity by downregulating HNF4α, leading to the suppression of viral transcription and replication. Finally, the antiviral signaling cascade of HGF was confirmed in an HBV infection system. Our findings suggest a novel signaling pathway for anti-HBV activity through which HGF suppresses HBV replication during the regeneration of liver tissue damaged by persistent HBV infection.
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Highly pathogenic fowl adenovirus serotype 4 (FAdV-4) is the causative agent of hydropericardium syndrome (HPS), which is characterized by pericardial effusion and hepatitis, and is one of the foremost causes of economic losses to the poultry industry over the last 30 years. However, the metabolic changes in cells in response to FAdV-4 infection remain unclear. In order to understand the metabolic interactions between the host cell and virus, we utilized ultra-high-performance liquid chromatography/quadrupole time-of-flight tandem mass spectrometry to analyze the metabolic profiles with hepatocellular carcinoma cell line (LMH) infected with FAdV-4. The results showed that FAdV-4 could restore metabolic networks in LMH cells and tricarboxylic acid cycle, glycolysis, and metabolism of purines, pyrimidines, alanine, aspartate, glutamate, and amino sugar and nucleotide sugar moieties. Moreover, FAdV-4 production was significantly reduced in LMH cells cultured in glucose or glutamine-deficient medium. These observations highlighted the importance of host cell metabolism in virus replication. Therefore, similarities and disparities in FAdV-4-regulation of the metabolism of host cells could help improve targeted drug and reduce infection.

Keywords: metabolomics, FAdV-4, LMH cells, UHPLC-QTOF-MS, glycolysis, glutamine metabolism


INTRODUCTION

Fowl adenovirus serotype 4 (FAdV-4) is a highly pathogenic hepatotropic virus and the etiological agent of hydropericardium syndrome (HPS), which is an infectious disease of broiler chickens characterized by pericardial effusion and acute hemorrhagic hepatitis, resulting in high mortality rates (Schachner et al., 2014; Steer et al., 2015; Zhao et al., 2015; Niu et al., 2018a,b; Wang and Zhao, 2019). Although the diagnostic criteria for HPS are relatively well established, the intrinsic mechanisms underlying FAdV-4 infection of host cells remain unclear.

To elucidate the molecular mechanisms underlying the pathogenesis of FAdV-4 infection, high throughput techniques can be used to reveal global changes in the expression profiles of gene and proteins associated with metabolism and disease progression. Metabolomics is a powerful tool to analyze changes to molecular metabolites caused by viral infection in order to clarify the interactions between host cells and viruses (Lu et al., 2012). Mounting evidence indicates that similarities and disparities in virus-induced regulation of host cell metabolism could help to improve the efficacy of targeted drug therapies and reduce the incidence of infection (Cui et al., 2013; Sun et al., 2013; Ni et al., 2014). However, relatively few studies have investigated changes to host cell metabolomics in response to FAdV-4 infection. The liver, which is one of the main organs involved in metabolism (Han et al., 2016; Sato et al., 2017; Cappel et al., 2019; Zhou et al., 2020), is the target of FAdV-4 infection. Therefore, metabolomics might be useful to elucidate the pathogenic mechanisms underlying FAdV-4 infection of hepatic cells.

However, there are too many different kinds of cells in the liver to simply clarify the metabolomic changes of hepatocytes, so we chose the hepatocellular carcinoma cell line (LMH) which are often employed as an in vitro model to study the replication and pathogenesis of FAdV-4 (Niu et al., 2019; Zhao et al., 2020). In our study, ultra-high-performance liquid chromatography/quadrupole time-of-flight tandem mass spectrometry (UHPLC-QTOF-MS) was used to assess regulation of the metabolic network of LMH cells infected with FAdV-4 in order to control the onset and progression of HPS.



MATERIALS AND METHODS


Cell Culture, Virus and Antibodies

Chicken LMH (ATCC® CRL-2117™) were obtained from the American Type Culture Collection (Manassas, VA, United States) and cultured as described in a previous study (Niu et al., 2018a). The FAdV-4 strain (SDDM-4/15) used in the study was prepared as described previously (Niu et al., 2016). Self-prepared rabbit polyclonal antibodies against the FAdV-4 hexon protein were used for indirect immunofluorescence (Niu et al., 2018a).



Virus Growth Curve

LMH cells at 80% confluence were seeded in the six-well culture plates and infected with FAdV-4 at a multiplicity of infection (MOI) of 1, while mock-infected cells were treated with an equal volume of Dulbecco’s modified Eagle’s medium (DMEM). After 2 h, the inoculum was aspirated and the cells were washed twice with phosphate-buffered saline (PBS). Subsequently, the cells were collected at 12, 24, 36, and 48 h post-infection (hpi). A virus growth curve was constructed based on the data acquired by quantitative real-time polymerase chain reaction (qRT-PCR).



Sample Preparation

At 24 h before FAdV-4 infection, ∼8.0 × 106 LMH cells were seeded in 100-mm culture plates and cultured to 80–90% confluence. Twelve plates were prepared, six of which were infected with FAdV-4 at an MOI of 1, while the others were used as the mock group. All cells (about 1.2 × 107) were harvested at 24 hpi. Briefly, after the medium was discarded, the cells were washed twice with cold PBS followed by cold 0.9% sodium chloride solution, then quenched with 1 mL of methanol:acetonitrile: water (2:2:1, v/v), and stored at −80°C until metabolomics analysis.



Metabolite Extraction and Derivatization

After thawing, the cell suspensions were sonicated in an ice bath for 30 min and cooled at −20°C for 10 min before centrifugation at 14,000 × g for 20 min at 4°C. Then, the supernatant was evaporated under a stream of nitrogen gas in a vacuum concentrator. Prior to LC-MS/MS analysis, 100 μL of acetonitrile:water solution (1:1, v/v) was added to each tube for resolution and the tubes were swirled and centrifuged at 14,000 × g at 4°C for 15 min.



LC-MS/MS Analysis

The samples were assayed using an Agilent 1290 Infinity UHPLC system (Agilent Technologies, Inc., Santa Clara, CA, United States) and a Triple TOF 6600 mass spectrometer (AB SCIEX, Concord, ON, Canada). Electrospray ionization (ESI) in positive and negative ion modes was used to detect the samples with the following parameters: atomization auxiliary heating gas 1, 60 Psi; auxiliary heating gas 2, 60 Psi; curtain gas, 30 Psi; ion source temperature, 600°C; spray voltage, ± 5,500 V (positive and negative modes); first-grade mass charge ratio detection range, 60–1,000 Da; second grade ion mass charge ratio detection range, 25–1,000 Da; first grade mass spectrum scanning accumulation time, 0.20 s/spectra; and second grade mass spectrum scanning accumulation time, 0.05 s/spectra. The secondary mass spectrum was obtained in data-dependent acquisition mode with a dynamic exclusion of isotopic ion range of 4 Da with scanning and collecting of 10 debris at a time.



Data Preprocessing and Statistical Analysis

The raw MS data (wiff.scan files) were converted to MzXML files using ProteoWizard MSConvert software before importing into freely available XCMS software. For peak picking, the following parameters were used: centWave m/z, 25 ppm; peakwidth, c (10, 60); and prefilter, c (10, 100). For peak grouping, the following parameters were used: bw, 5; mzwid, 0.025; and minfrac, 0.5. CAMERA (Collection of Algorithms of MEtabolite pRofile Annotation) was used for annotation of isotopes and adducts. In the extracted ion features, only variables with more than 50% of non-zero measurement values in at least one group were retained. Compound identification of metabolites was performed by comparing the accuracies of the m/z values (<25 ppm) and MS/MS spectra with an in-house database established with available authentic standards.

After sum-normalization, the processed data were subjected to multivariate data analysis with the R package “ropls,” including pareto-scaled principal component analysis (PCA), partial least squares discrimination analysis (PLS-DA), and orthogonal partial least-squares discriminant analysis (OPLS-DA). Sevenfold cross-validation and response permutation testing was used to evaluate the robustness of the model. The variable importance in the projection (VIP) value of each variable in the PLS-DA and OPLS-DA models was calculated to indicate potential contribution to the classification. The quality of the models is described by the R2X or R2Y and Q2 values. The Student’s t-test was applied to determine the significance of differences between two groups of independent samples. VIP > 1 and a probability (p) value < 0.05 were used to screen for significant changes in metabolites. Pearson’s correlation analysis was performed to identify potential correlations between two variables.



Inhibitory Effects of Related Metabolic Pathways on FAdV-4 Replication

To investigate the impact of host cell metabolism of glucose and glutamine on FAdV-4 replication, LMH cells were cultured in DMEM without glucose or glutamine. As drug treatment samples, FAdV-4-infected LMH cells were treated with 10 or 40 μM 2-deoxy-D-glucose (2dGlc) (a commonly used inhibitor of glycolysis), 1 or 10 μM CB-839, or dimethyl sulfoxide (DMSO) for 48 h. Cells in the DMSO group were infected with FAdV-4 and cultured in DMEM supplemented with glucose and glutamine. Cells were lysed for western blot analysis.




RESULTS


Characteristics of FAdV-4 Infected LMH Cells

FAdV-4 is known to cause cytopathologic effects in LMH cells. Firstly, the replication characteristics of the virus in LMH cells were determined by qRT-PCR. As shown in Figure 1A, virus titers in LMH cells reached 104 at 24 hpi. Indirect immunofluorescence showed that about 50% of the cells were infected with FAdV-4 at 24 hpi (Figure 1B), and hematoxylin and eosin staining confirmed the formation of viral inclusion bodies (Figure 1C). Combined with previous research results (Niu et al., 2018a), FAdV-4 could cause significant apoptosis, autophagy, and a severe inflammatory response in LMH cells at 24 hpi. Therefore, mock and FAdV-4-infected LMH cells were prepared at 24 hpi for early metabolomics analysis.
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FIGURE 1. Characteristics of FAdV-4 infected LMH cells. (A) The replication characteristics of the virus in LMH cells were determined by qRT-PCR. 50% of the cells were infected with FAdV-4 at 24 hpi by indirect immunofluorescence (B), and viral inclusion bodies were observed in LMH cells (hematoxylin and eosin staining; × 400) (C).




Analysis of Metabolomics Based on LC-MS/MS

The metabolomic profiles of LMH cells infected with FAdV-4 were characterized using LC-MS/MS techniques, and PCA, PLS-DA, and OPS-DA were applied to the data. Analysis of data quality, including total ion chromatogram, PCA, Pearson’s correlation, Hotelling’s t2 statistic, multivariate control chart, and relative standard deviation, indicated that the quality of data was acceptable for the following metabolomics analysis. PCA score plots revealed clear separation between the control and FAdV-4-infected groups, under both positive and negative modes (Figures 2A,B). The LC-MS/MS data were further subjected to PLS-DA and OPLS-DA. The quality of the PLS-DA and OPLS-DA models was evaluated based on the parameters R2Y and Q2, which are measures of fitness and prediction ability, respectively. Generally, Q2 is greater than 0.5, indicating that the model is stable and reliable, where 0.3 < Q2 ≤ 0.5 indicates that the model is stable and Q2 < 0.3 indicates low reliability of the model. PLS-DA and OPLA-DA score plots revealed excellent separation of the control and FAdV-4-infected groups (Figures 2C–F).
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FIGURE 2. Score plots of PCA, PLS-DA and OPLS-DA of LMH cells infected with FAdV-4. PCA [(A) positive ion mode-ESI + ; (B) negative ion mode-ESI-], PLS-DA [(C) positive ion mode-ESI + ; (D) negative ion mode-ESI-], and OPLS-DA [(E) positive ion mode-ESI + ; (F) negative ion mode-ESI-] models were constructed using LC-MS/MS metabolomics data. Results indicate the separation of control and FAdV-4 group. The ellipses represent 95% confidence intervals of all samples.




Differential Metabolites

OPLS-DA based on a VIP > 1 in and P < 0.05 (Student’s t-test) revealed significant differences in metabolite screening criteria. The metabolites and associated fold changes in response to FAdV-4 infection of LMH cells are shown in Figure 3 and Tables 1, 2. The differential metabolites, which included 49 amino acids and related derivatives, of LMH cells caused by FAdV-4 infection, included 78 that were increased and five that were decreased in positive ion mode, while 34 were increased and four were decreased in negative ion mode.
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FIGURE 3. Analysis of the multiple of the difference of metabolite expression in positive ion mode (A) and negative ion mode (B). The X-axis indicates the differential expression multiple, red indicates that the differential expression multiple is greater than 1, and green indicates that the differential expression multiple is less than 1. The Y-axis indicates the significant difference metabolites.



TABLE 1. Differential metabolites in FAdV-4-infected LMH cells compared to controls in positive ion mode.
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TABLE 2. Differential metabolites in FAdV-4-infected LMH cells compared to controls in negative ion mode.
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Changes to Metabolic Pathways

Differential metabolites were further analyzed to explore the effects of FAdV-4 infection on the metabolic pathways of LMH cells. The relationships among the differential metabolites were investigated using heatmap analysis (Figure 4) and Pearson’s correlation (Figure 5). The results indicated that metabolites in the same or related metabolic pathways were closely connected. When the significance level of metabolite enrichment in each pathway was analyzed and calculated with the Fisher’s exact test, 60 pathways were potentially changed in LMH cells infected with FAdV-4 (Table 3). The top 20 metabolic pathways with the highest significance were selected based on P values and presented in the form of a histogram (Figure 6). The top 20 metabolic pathways mainly involved pyrimidine metabolism, purine metabolism, amino acid metabolism, carbohydrate metabolism, glutathione metabolism, and cofactor and vitamin metabolism, in addition to some signal transduction pathways. Next, some metabolites with significant differences were further screened to establish connections among the related metabolic pathways (Figure 7). The results showed that the tricarboxylic acid (TCA) cycle, purine metabolism, pyrimidine metabolism, alanine, aspartate, and glutamate metabolism, amino sugar and nucleotide sugar metabolism, and glycolysis were significantly up-regulated and closely connected.
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FIGURE 4. Heatmap of differentially expressed metabolites in LMH cells infected with FAdV-4. Each row in the figure represents a differential metabolite (the ordinate is the metabolite with significant differential expression), and each column represents a group of samples (the abscissa is the sample information). Red represents significant up regulation, blue represents significant down regulation, color depth indicates the degree of up regulation and down regulation, and metabolites with similar expression patterns gather in the same cluster on the left.
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FIGURE 5. Pearson’s of differentially expressed metabolites in positive ion mode (A) and negative ion mode (B). Red indicates positive correlation, blue indicates negative correlation, and white indicates no significant correlation. The color depth is related to the absolute value of correlation coefficient. The higher the degree of positive correlation or negative correlation, the darker the color. The size of the point is related to the significance of the correlation, the more significant.



TABLE 3. Differential metabolites in FAdV-4-infected LMH cells compared to controls in negative ion mode.
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FIGURE 6. KEGG enrichment pathway map. The vertical axis represents each KEGG metabolic pathway, and the horizontal axis represents the number of differentially expressed metabolites in each KEGG metabolic pathway. Color represents the P value of enrichment analysis. The darker the color is, the smaller the P value is, and the more significant the enrichment degree is. The number on the column represents the proportion of different metabolites in the detected metabolites.
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FIGURE 7. Schematic representation of altered metabolic pathways in LMH cells infected with FAdV-4.




Glucose and Glutamine Metabolism on FAdV-4 Replication

As shown in Figure 8, treatment of LMH cells with either glutamine withdrawal or 1 or 10 μM CB-839 significantly reduced FAdV-4 replication and lowered viral yields relative to DMSO treatment in the presence of 4 mM glutamine. Moreover, the inhibitory effect of CB-839 on FAdV-4 was dose-dependent. FAdV-4 production was significantly reduced in LMH cells cultured in glucose-deficient medium. Treatment of FAdV-4-infected cells with 20 or 40 μM 2dGlc also effectively impaired the production of infectious particles.
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FIGURE 8. Western blot analysis hexon expression in LMH cells by affecting glucose and glutamine metabolism. The destination strip is marked in the red box, and the below bands are non-specific.





DISCUSSION

Viruses, as obligate intracellular parasites, are completely dependent on host cell metabolism for replication, production, and release (Harries et al., 2010; Thaker et al., 2019b). In order to fulfill these requirements, viruses have evolved different mechanisms to reprogram and exploit the host metabolism (Mesquita and Estaquier, 2018). Therefore, understanding changes to the metabolism of virus-infected host cells would be useful to develop targeted therapies. In recent years, metabolomics analysis has been conducted of various viruses, such as Zika virus (Thaker et al., 2019a), Newcastle disease virus (Liu et al., 2019), and classical swine fever virus (Gou et al., 2017). This study is the first to employ metabolomics to analyze changes in metabolites and metabolic pathways in FAdV-4-infected LMH cells, which revealed insights into the mechanisms of the pathogenesis and host cell interactions of FAdV-4.

The results of this study provide useful information on alterations to metabolites and associated pathways in LMH cells infected with FAdV-4 (Figures 3, 4, 6). Several pathways involved in energy metabolism were found to be perturbed during FAdV-4 infection, including the TCA, purine metabolism, pyrimidine metabolism, glycolysis, and the metabolism of some amino acids. In a sense, changes to these metabolic pathways could reflect the contributions of host cells to virus proliferation.

Glucose oxidation is a major source of carbon and energy in cellular bioprocesses. During glycolysis, glucose is metabolized to pyruvate (Tohyama et al., 2016). In the presence of oxygen or under oxygen-limiting conditions, pyruvate is catabolized in the TCA to generate large amounts of adenosine triphosphate (ATP) or lactate. Increased amounts of glycolytic intermediates provide the precursors required for synthesis of nucleotides, amino acids, and lipids, as well as cellular redox homeostasis (Vander Heiden et al., 2009; DeBerardinis and Chandel, 2016). Metabolomics analysis revealed that FAdV-4 significantly affected glycolysis and, subsequently, the intermediates of purine metabolism. However, FAdV-4 infection did not induce significant changes to the intermediates of the TCA cycle for ATP production, with the exception of citrate. In a previous study, FAdV-4 infection induced swelling of the mitochondria of hepatocytes and the disappearance of cristae. Oxidative phosphorylation and ATP synthesis occur in the mitochondria (Zorova et al., 2018). However, FAdV-4 infection impairs oxidative phosphorylation, at least to a certain extent, which can result in mitochondrial injury. On the other hand, pyruvate carboxylation will replenish the metabolites involved in the TCA cycle, while redirecting other TCA intermediates to pyrimidine biosynthesis (Vastag et al., 2011). In this study, pyrimidine biosynthesis was increased (Figures 6, 7). The metabolism of purines and pyrimidines can be summarized as nucleic acid metabolism. Increase metabolism of purines and pyrimidines provides materials for virus replication. In general, glycolysis is a key metabolic pathway. Previous studies have shown that glucose metabolism can affect virus replication (Yu et al., 2011; Thai et al., 2014; Kong et al., 2015). The results showed that in glucose-deficient medium, FAdV-4 production was reduced in LMH cells. Later studies showed that treatment of FAdV-4-infected cells with 2dGlc, a commonly used inhibitor of glycolysis, also effectively impaired the production of infectious particles (Figure 8), likely due to reduced glycosylation of viral glycoproteins. Although it is clear that glucose metabolism is important for FAdV-4 infection, the exact mechanisms responsible for virus-induced activation of glycolysis are still not fully understood. Since glucose uptake is important for bioenergy requirements and cell biomass, increased glycolysis may be used by viruses as a source of biomass replication. Increasing glucose uptake may also be required for other metabolic pathways, such as the pentose phosphate and nucleic acid pathways. In fact, virus-induced changes to glucose metabolism seem to play a key role in successful infection, thus it is important to understand the precise molecular mechanisms that drive this reprogramming.

Apart from glucose, glutamine, which is classified as a non-essential amino acid, plays a crucial role in cell proliferation. Virus infection of cells will enhance bioenergetics and macromolecular synthesis, which may include glutamine uptake and utilization. Glutamine serves as a carbon source to support the biosynthesis of lipids, amino acids, and nucleotides (Lunt and Vander Heiden, 2011; DeBerardinis and Chandel, 2016). Therefore, glutamine availability is essential for the replication of several viruses. In this study, glutamine metabolism was notably increased in response to FAdV-4 infection (Figures 6, 7). Moreover, FAdV-4 replication was found to be glutamine-dependent as cultivation in glutamine-free medium completely abolished the production of infectious viral particles. Treatment of LMH cells with 1.0 or 10 μM CB-839 significantly decreased replication of FAdV-4 as compared with DMSO treatment (Figure 8). This observation highlights the importance of glutamine in virus replication, although future studies are needed to further clarify the underlying molecular mechanisms.

FAdV-4 infection caused changes to a variety of metabolic pathways, among which the metabolism of purines and pyrimidines is particularly important. It is a known that virus infection affects nucleotide metabolism of the host cells in order to meet the nucleic acid needs of the virus (Munger et al., 2006; Vastag et al., 2011; Thai et al., 2014). In this study, the concentrations of the intermediates of the purine and pyrimidine biosynthesis pathways had increased (Figure 7).

In summary, these metabolomics data provide evidence that FAdV-4 restored the metabolic networks in LMH cells. Various metabolic pathways, including glycolysis and the metabolism of glutamine, amino acids, purines, and pyrimidines, were altered. Hence, virus infection modified the metabolism of the host cell to provide energy and materials for replication. The identification of these changes will provide considerable important information for further understanding of FAdV-4 replication, pathogenesis, and drug sensitivity.
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Hepatitis B virus (HBV) infection remains a major health problem worldwide. Sufficient maintenance of the HBV covalently closed circular DNA (cccDNA), which serves as a template for HBV transcription, is responsible for the failure of antiviral therapies. While accumulating evidence suggests that cccDNA transcription is regulated by epigenetic machinery, particularly the acetylation and methylation of cccDNA-bound histone 3 (H3) and histone 4 (H4), the potential contributions of histone succinylation and related host factors remain obscured. Here, by screening a series of succinyltransferases and desuccinylases, we identified KAT2A as an important host factor of HBV transcription and replication. By using HBV-infected cells and mouse models with HBV infection, KAT2A was found to affect the transcriptional activity of cccDNA but did not affect cccDNA production. Mechanism studies showed that KAT2A is mainly located in the nucleus and could bind to cccDNA through interaction with HBV core protein (HBc). Moreover, we confirmed histone H3K79 succinylation (H3K79succ) as a histone modification on cccDNA minichromosome by using the cccDNA ChIP-Seq approach. Importantly, KAT2A silencing specifically reduced the level of cccDNA-bound succinylated H3K79. In conclusion, KAT2A promotes HBV transcription and replication through epigenetic machinery, and our findings may provide new insight into the treatment of HBV infection.

Keywords: lysine acetyltransferase 2A (KAT2A), hepatitis B virus (HBV), covalently closed circular DNA (cccDNA), histone modification, succinylation


INTRODUCTION

Hepatitis B virus (HBV) infection remains a major global public health issue despite the availability of an effective vaccine and antiviral drugs that prevent HBV infection and arrest disease progression. Recent global hepatitis report estimates indicate 257 million people living with chronic HBV infection (Schweitzer et al., 2015; Salerno et al., 2020, p. 2). Moreover, among individuals with chronic hepatitis B (CHB) who are untreated, 15–40% develop cirrhosis and hepatocellular carcinoma (HCC) (Tang et al., 2018). HBV is a small hepatotropic virus with a 3.2-kb relaxed-circular partially double-stranded DNA (rcDNA) genome (Caballero et al., 2018). Upon entry into a hepatocyte, rcDNA in the HBV virion is delivered into the nucleus and converted into covalently closed circular DNA (cccDNA), which then serves as a transcription template for all viral transcripts, including the 3.5-kb precore RNA (pcRNA) and pregenomic RNA (pgRNA), the 2.4-kb and 2.1-kb surface mRNAs, and a 0.7-kb X mRNA (Block et al., 2007). pgRNA is a template for viral reverse transcription and translation into viral polymerase (Pol) and HBV core protein (HBc) (Jones and Hu, 2013). HBV replication begins with packaging of the pgRNA and Pol protein into core protein particles (nucleocapsids), then transforming pgRNA within the nucleocapsid into HBV core DNA (including ssDNA, dsDNA, and rcDNA). Eventually, mature rcDNA-containing nucleocapsids can re-deliver rcDNA to the nucleus to replenish the cccDNA pool or be secreted via interaction with envelope proteins as progeny virions. Therefore, HBV cccDNA is the key intermediate in the viral life cycle, which is responsible for the persistence of the infection during the natural course of chronic infection and prolonged antiviral treatment (Hong et al., 2017). Targeting cccDNA represents the key approach to cure HBV infection.

HBV cccDNA accumulates in the nucleus of infected cells as a stable episome and organises into a minichromosomes with histone 3 (H3) and histone 4 (H4) proteins and non-histone proteins, such as HBc, HBV x protein (HBx) and host transcription factors (Bock et al., 1994, 2001; Belloni et al., 2009). Accumulating evidence suggests that epigenetic modifications on cccDNA minichromosomes, such as histone modifications, play vital roles in the regulation of cccDNA transcriptional activity (Hong et al., 2017). Previous studies have suggested that the acetylation (ac) status of H3 and H4 on the HBV minichromosome is associated with cccDNA transcriptional activity, and that histone acetyltransferases CBP/p300 and deacetylase HDAC1 are involved in the regulation of HBV transcription (Pollicino et al., 2006; Belloni et al., 2009). A recent study reported that protein arginine methyltransferase 5 (PRMT5) could restrict HBV replication through epigenetic repression of cccDNA transcription and interference with encapsidation of pgRNA (Zhang et al., 2017, p. 5). Moreover, SIRT3 is a host factor epigenetically restricts HBV cccDNA transcription by acting cooperatively with histone methyltransferase (Ren et al., 2018, p. 3). Lysine succinylation (Ksucc), defined as the transfer of a succinyl group to a lysine residue of a protein, is a newly identified protein posttranslational modification (PTM) (Sreedhar et al., 2020). It has been found that histone succinylation has important roles in nucleosome and chromatin dynamics (Jing et al., 2018, 2020). At present, there are few reports about the regulation of histone succinylation on cccDNA minichromosomes (Yuan et al., 2020, p. 5; Yu et al., 2021, p. 7).

Here, by screening a series of succinyltransferases and desuccinylases, we demonstrate KAT2A, as an important host factor for HBV replication, catalyses the succinylation of H3K79 (H3K79succ) on cccDNA through its succinyltransferase activity to promote cccDNA transcription.



MATERIALS AND METHODS


Cell Culture

HepG2 cells were obtained from American Type Culture Collection (ATCC) and the stabled cell line HepG2-NTCP (Na+/taurocholate co-transporting polypeptide) was constructed in our lab reference to previous study (Sun et al., 2017); Huh-7 cells were obtained from Health Science Research Resource Bank (HSRRB). HepAD38 cells were kindly provided by Prof. Ningshao Xia (The Xiamen University, Fujian, China). Primary human hepatocytes (PHHs) were acquired from ScienCell Research Laboratories; HepG2 and Huh-7 cells were maintained in Dulbecco’s modified Eagle medium (DMEM) (D6429, Sigma-Aldrich, United States) with 10% fetal bovine serum (FBS) (10270, Corning, New York, United States), 100 U/mL penicillin, and 100 μg/mL streptomycin (SV30010, HyClone, United States). HepG2-NTCP and HepAD38 cells were cultured in DMEM with 10% FBS and 400 μg/mL of G418 (345810, Merck Millipore, Germany). PHHs were maintained in hepatocyte medium (5201, ScienCell, United States). All cells were maintained in a humidified incubator at 37°C with 5% CO2.



Plasmids, Antibodies, and Drugs

pCMV6-XL5-KAT2A was purchased from OriGene (SC125929). Lentivirus expressing KAT2A was purchased from Shanghai Genechem Company Limited (lentivector CMV-MCS-EF1-ZsGreen1-T2A-puromycin). Short hairpin RNA targeting KAT2A (shKAT2A-1 and shKAT2A-2) or non-targeting shRNA (shCont) were purchased from Shanghai Genechem Company Limited (lentivector hU6-MCS-ubiquitin-EGFP-IRES-puromycin). pCH9/3091 was presented by prof. Lin Lan (The Third Military Medical University, China). pCH9/3091 containing a 1.1-unit length HBV genome-wide (1818-3182(0)-1988 of HBV) (Genotype D, GenBank accession No. V01460) driven by the CMV promoter for HBV pgRNA transcription. Flag-HBc was constructed by in-frame insertion of full-length HBc into pcDNA3.1 that contains a Flag tag at the C-terminus. pcDNA3.1-HBc was constructed by in-frame insertion of full-length HBc into pcDNA3.1. pCH9/3091-ΔHBc, with a stop codon mutation in the HBc gene (codon 69) based on pCH9/3091. 3 × Flag-HBx was constructed by in-frame insertion of full-length HBx into p3 × Flag-CMV-7.1. The monomeric linearised HBV DNA was amplified from pCH9/3091 and purified by gel extraction kit (D2111, Magen, China). The primers used are listed in Supplementary Table 1. The siRNA and plasmid were transfected into cells by using Lipofectamine™ 3000 Transfection Reagent (L3000015, Thermo Fisher Scientific, United States). prcccDNA (the precursor plasmid of recombinant covalently closed circular DNA of HBV) and pCMV-Cre (encoding Cre recombinase) were obtained from Prof. Qiang Deng (Fudan University, Shanghai, China).

Mouse anti-p300 monoclonal antibody (NB100-616) and rabbit anti-HBsAg polyclonal antibody (NB100-62652) were obtained from Novus (United States). Rabbit anti-KAT2A monoclonal antibody (#3305S), rabbit anti-H3K14ac monoclonal antibody (#7627S), rabbit anti-CPT1A monoclonal antibody (#97361), rabbit anti-Flag monoclonal antibody (#14793), rabbit anti-SIRT5 monoclonal antibody (#8779), mouse anti-Histone H3 monoclonal antibody (#3638) and rabbit anti-GAPDH monoclonal antibody (#2118) were obtained from Cell Signaling Technology (United States). Rabbit anti-SIRT7 polyclonal antibody (S5947) was from Sigma-Aldrich (United States). Rabbit anti-HBV core antigen (HBcAg) polyclonal antibody (B0586) was obtained from Dako (United States). Mouse anti-HBcAg monoclonal antibody (sc-23945), mouse anti-GAPDH monoclonal antibody (sc-47724) and rabbit anti-β-actin monoclonal antibody (sc-47778) were obtained from Santa Cruz Biotechnology (United States). Rabbit anti-H3ac polyclonal antibody (06-599), rabbit anti-H3K9ac polyclonal antibody (06-942), normal rabbit IgG (NI01) and normal mouse IgG (12–371) were obtained from Merck Millipore (Germany). Rabbit anti-succinyllysine polyclonal antibody (PTM-401), rabbit anti-H3K122succ polyclonal antibody (PTM-413) and rabbit anti-H3K79succ polyclonal antibody (PTM-412) were obtained from PTM-Bio (China).

KAT2A inhibitor γ-butyrolactone (MB-3) (HY-129039) was obtained from MedChemExpress (United States).



Virus Particles Production and Cell Infection

HBV particles were collected from the culture supernatant of HepAD38 cells. HBV wild type virus (HBV WT virus) were produced from Huh-7 cells transiently transfected with HBV expressing plasmid pCH9/3091 (containing a 1.1-unit length HBV genome driven by the CMV promoter). HBV HBc protein-deficient virus (HBV-ΔHBc virus) were collected from the supernatant of Huh-7 cells co-transfected with pCH9/3091-ΔHBc and vector expressing of HBc. Briefly, supernatants of cells were collected and mixed with polyethylene glycol (PEG)8000 at final concentration of 5%. Following gently rotated overnight at 4°C, the mixture was concentrated at 4,000 rpm for 30 min at 4°C to collect HBV particles. Centrifugal sediment was re-dissolved in serum-free opti-MEM at 1% volume of the original supernatant samples. For infection, cells were inoculated in plates. Then, the cells were infected with 1,000 vge/cell HBV particles diluted in culture medium supplemented with 2% dimethyl sulphoxide (DMSO) and 4% PEG8000. After 24 h post-infection, the cells were washed by phosphate buffer saline (PBS) three times.



Real-Time Reverse-Transcription PCR

Total cellular RNA was extracted using TRNzol Universal reagent (DP424, TIANGEN, China) followed by DNase treatment. cDNA was synthesised from 1 μg extracted total RNA using an IScript™ cDNA Synthesis kit (KR116-02, TIANGEN, China). Relative quantification of target genes was determined by Fast Start Universal SYBR Green Master with β-actin mRNA as an internal control. The expression of target genes was calculated by the 2–ΔΔCt method. The primers used are listed in Supplementary Table 1.



Hirt Extraction of Hepatitis B Virus Covalently Closed Circular DNA and Analysis

Briefly, cells were lysed in 500 μL SDS lysis buffer (50 mM Tris-HCl, pH8.0, 10 mM EDTA, 150 mM NaCl, 1% SDS) at 37°C for 20 min. Then the cell lysate was mixed with 125 μL of 2.5 M KCl and rested overnight at 4°C. After centrifugation at 12,000 g for 20 min, the supernatant was collected (containing the cccDNA). Following purified by phenol/chloroform (1:1), the DNA was precipitated with ethanol and finally dissolved in TE buffer (10 mM Tris-HCl, pH7.5, 1 mM EDTA).

For liver samples, 10–20 mg liver tissues were lysed in lysis buffer (20 mM Tris-HCl, pH8.0, 5 mM EDTA, 400 mM NaCl, 1% SDS) by tissue homogenising apparatus. The cell lysate was incubated with 100 μg/mL protease K at 37°C overnight. Following purified by phenol/chloroform (1:1), DNA was precipitated with ethanol and finally dissolved in TE buffer.

Extracted DNA was digested by exonuclease V (M0345S, New England Biolabs, United States) for 30 min at 37°C. Taq-man probe PCR was carried out to quantify the cccDNA level with specific primers. The primers and probe used are listed in Supplementary Table 1.



Hepatitis B Virus Core DNA Extraction and Quantification

Cells were lysed in 500 μL lysis buffer (10 mM Tris-HCl pH8.0, 1 mM EDTA, 1% NP-40, 2% sucrose) and incubated for 15 min at 37°C. The nuclei were removed by centrifugation at 16,000 g for 5 min. 10 μL of cytoplasmic cell lysate was put aside and β-actin was detected by western blot. The free nuclei acids in remaining cell lysates were digested with 40 IU/mL DNase I and 10 mM MgCl2 for 4 h at 37°C. After precipitation with 5% PEG8000, the HBV core capsids were incubated with proteinase K overnight at 45°C to release HBV DNA. Following purified by phenol/chloroform (1:1), the HBV DNA was precipitated with ethanol and finally dissolved in TE buffer.

For liver samples, 10–20 mg liver tissues were homogenised in 500 μL lysis buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA, 1% NP-40, 2% sucrose) by tissue homogenising apparatus and incubated for 15 min at 37°C. The subsequent steps are same as the above described. Extracted HBV DNA was subjected to absolute quantification PCR by using Fast Start Universal SYBR Green Master Mix. The primers used are listed in Supplementary Table 1.



Southern Blotting

The DIG-High Prime DNA Labelling and Detection Starter Kit (11585614910, Roche, Germany) was used in the experiments. The HBV core DNA and Hirt-extracted DNA samples were subjected to 1% agarose gel electrophoresis and transferred onto a nylon membrane. The nylon membrane was cross-linked by exposure to UV light in a Stratalinker UV crosslinker and hybridised with a digoxigenin-labelled HBV full-length genomic DNA probe overnight at 42°C. The membrane was incubated in blocking solution for 30 min and antibody solution for another 30 min at 37°C. The signal was detected by exposing on an X-ray film. The mitochondrial gene Cox1 was hybridised as the loading control for HBV cccDNA.

For HBV DNA probe, full-length HBV DNA was amplified by PCR using pCH9/3091 plasmid as template. Electrophoresis of the PCR products was identified, and finally PCR product was purified by gel extraction kit (D2111-02, Magen, China) and PCR product purification kit (11732676001, Roche, Germany). Full-length HBV DNA was labelled with digoxigenin-11-dUTP with a kit supplied by Roche (11585614910). Labelling was carried out by following the manufacturers’ instructions.



Northern Blotting

The DIG Northern Starter Kit (12039672910, Roche, Germany) was used in the experiments. Briefly, total cellular RNA was extracted and electrophoresed on 1.4% formaldehyde-agarose gel. The RNA was then transferred onto a nylon membrane and fixed by UV cross-linking. The nylon membrane was hybridised with a digoxigenin-labelled specific RNA probe (corresponding to nucleotides 126–1,225 of the HBV genome) overnight at 68°C. The membrane was incubated in blocking solution for 30 min and antibody solution for 30 min at 37°C. The signal was detected by exposing on an X-ray film.

For HBV RNA probe, three 500 bp HBV DNA fragments (corresponding to nucleotides 126–1,225 of the HBV genome) were amplified by PCR using pCH9/3091 plasmid as template. Electrophoresis of the PCR products was identified, and finally PCR product was purified by gel extraction kit (D2111-02, Magen, China) and PCR product purification kit (11732676001, Roche, Germany). Three 500 bp HBV DNA fragments (corresponding to nucleotides 126–1,225 of the HBV genome) were labelled with digoxigenin-11-UTP with a kit supplied by Roche (12039672910). Labelling was carried out by following the manufacturers’ instructions.



Chromatin Immunoprecipitation

The chromatin immunoprecipitation (ChIP) assays were performed using Magna ChIP™ A/G Chromatin Immunoprecipitation Kit (17-10086, Merck Millipore, Germany) and with minor modifications (Belloni et al., 2012). Cells were scraped with cold PBS (containing protease inhibitor) and centrifuged at 1,000 g at 4°C for 5 min to pellet the cells. The cell pellets were resuspended in 500 μL ChIP Cell Lysis Buffer and the lysate was centrifuged to pellet the nuclei. The nuclei were fixed in 1% formaldehyde at 4°C for 30 min and neutralised by glycine. Isolated cross-linked nuclei were washed and resuspended in 500 μL Nuclear Lysis Buffer. Nuclear extract was sheared to ∼200–1,000 base pairs in length by sonication. After centrifugation, 50 μL of the supernatant was diluted 1:10 in dilution buffer and 5 μL of the sample was put aside as input, and the rest was then subjected to immunoprecipitation using the indicated antibodies and 20 μL protein A/G magnetic beads (17-10086, Merck Millipore, Germany) at 4°C with rotation for 14–16 h. Immunoprecipitation with normal IgG antibody was conducted in the experiment to exclude non-specific binding. The next day, bead-antibody/chromatin complex was washed by Low Salt Wash Buffer, High Salt Wash Buffer, LiCl Wash Buffer, TE Buffer, successively, and eluted in ChIP Elution Buffer containing Proteinase K at 62°C for 2 h with shaking. The immunoprecipitated chromatin was purified using Spin Columns according to the product manual (17-10086, Merck Millipore, Germany), and Taq-man probe qPCR with a specific cccDNA primer and probe was used to measure the level of cccDNA. Host genes glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and cardiac gene myosin heavy chain 6 (MYH6) were used as control genes. The promoter regions of GAPDH and MYH6 were targeted in the ChIP-PCR. The primers and probe used are listed in Supplementary Table 1.

For liver tissues, 25 mg liver tissues were finely minced by using the razor blade on ice and homogenised in tissue lysis buffer and the lysate was centrifuged to pellet the nuclei. The subsequent steps were the same as described above.



Covalently Closed Circular DNA Chromatin Immunoprecipitation-Seq Assay

cccDNA ChIP-Seq assay was performed according to the method described previously with minor modifications (Tropberger et al., 2015). Briefly, HBV-infected PHHs were resuspended in cold nuclei isolation buffer (PBS with 0.1% Triton X-100, 0.1% NP-40, 1 mM DTT, 10 mM sodium butyrate, 1 × protease inhibitor) for 15 min on ice with gentle mixing every 5 min. After centrifugation at 1,000 g at 4°C for 5 min, the nuclei were pelleted and fixed in 1% formaldehyde for 30 min at 4°C. Cross-linked nuclei were washed and resuspended in Mnase digestion buffer (50 mM Tris-HCl pH7.5, 4 mM MgCl2, 1 mM CaCl2, 10% glycerol, 10 mM sodium butyrate, 1 × protease inhibitor). The nuclei were cut into mainly single nucleosome-sized pieces by digesting with 50 U/mL Mnase (New England Biolabs, United States) at 37°C for 10 min and ultrasonic crushing on ice. The sample was centrifugated at 6,500 g for 5 min and the supernatant was applied to 5–30% sucrose (sucrose, 50 mM Tris-HCl pH7.5, 50 mM NaCl, 5 mM EDTA pH8.0, 0.01% NP-40, 10 mM sodium butyrate, 1 × protease inhibitor) gradient centrifuge at 40,000 rpm at 4°C for 4 h. Mononucleosome containing fractions were pooled and subjected to ChIP assay. The immuno-enriched DNA sample was then used for sequencing.



Co-immunoprecipitation and Western Blotting

The cells were lysed in IP lysis buffer (20 mM Tris (pH7.5), 150 mM NaCl, 1% Triton X-100, 20 mM sodium pyrophosphate, 20 mM β-glycerophosphate, 2 mM EDTA, 1 mM Na3VO4, 1 mM PMSF) containing 1 × protease inhibitors cocktail (04693159001, Roche, Germany) on ice for 20 min. After centrifugation, 500 μg of total protein was pre-cleared with protein A/G magnetic beads (88803, Thermo Fisher Scientific, United States) 1 h at 4°C. Then the protein complexes were immunoprecipitated with the indicated antibodies overnight at 4°C, followed by incubating with 20 μL protein A/G magnetic beads for another 2 h at room temperature. The protein complexes bound to the beads were washed three times with IP lysis buffer and eluted with loading buffer, followed by resolving on denaturing SDS/PAGE for Western blotting analysis. In general, the protein samples were separated by SDS-PAGE gel and transferred onto a PVDF membrane. Following being blocked in 5% non-fat milk, the membrane was incubated with primary antibody overnight at 4°C. The next day the membrane was incubated with a secondary antibody and the signal was visualised by ECL western blot reagents.



Hepatitis B Virus Infection Mouse Model Involving Hepatitis B Virus Recombinant Covalently Closed Circular DNA Construction

All experiments using mice were carried out in the Laboratory Animal Centre of Chongqing Medical University. The animal study was reviewed and approved by Chongqing Medical University Institutional Animal Experimental Ethics Committee. Wild-type (wt) male mice (C57BL/6), aged 6–7 weeks, from the Laboratory Animal Centre of Chongqing Medical University were anaesthetised with ketamine and xylazine. For hydrodynamic injection, 4 μg prcccDNA and 4 μg pCMV-Cre plasmids were injected through tail veins (diluted to 8% of the mouse body weight with PBS) within 5–8 s (n = 20) (Yang et al., 2002, 2010; Huang et al., 2006). After 1 week, serum HBV DNA copies were determined by absolute quantification PCR. Next, mice were assigned to two groups randomly: negative group (1 × 108 lentivirus-packaged control shRNA was injected into mice via the tail vein, n = 5). positive group (1 × 108 lentivirus-packaged KAT2A shRNA was injected into mice via the tail vein, n = 5). Blood samples were collected via the orbital sinus every 2 days. At 8 days after treatment, the mice were euthanised by slow-fill CO2, and liver tissues were collected and immediately frozen in liquid nitrogen and stored at −80°C for further study.



Immunofluorescence Staining

Cells grown on a coverslip were fixed in 4% paraformaldehyde for 15 min and then permeabilised in 0.5% Triton X-100 for 30 min. After blocking in PBS containing 2% bovine serum albumin (BSA) for 1 h, cells were incubated with the indicated antibodies overnight at 4°C. The cells were washed by PBS three times and incubated with secondary antibodies conjugated with Alexa Fluor 594 (goat anti-mouse, 1:1,000) and Alexa Fluor 488 (goat anti-rabbit, 1:400) for 2 h at room temperature. Then the cells were then incubated with 4′,6-diamidino-2-phenylindole (DAPI) for nuclear counterstaining, and images were captured by using a confocal laser scanning microscope (LEICA DMi8, Germany).



Immunohistochemistry

Formalin-fixed and paraffin-embedded liver tissue from the mouse model were serially sectioned. Deparaffinisation was performed in xylene and dehydration in a gradient ethanol solution. Then, antigen retrieval was performed in a sodium citrate buffer (10 mmol/L, pH 6.0) using the microwaved heating method. The specimens were incubated with primary antibody overnight at 4°C. Then, the specimens were treated with a secondary antibody for 1 h at room temperature. Immunoreactivity was detected by using diaminobenzidine (DAB) staining. Counterstaining nuclei were performed using haematoxylin.



Cell Counting Kit-8 Cell Viability Assay

The cells were mixed with CCK-8 (HY-K0301, MedChemExpress, United States) solutions and maintained for 2 h at 37°C. The amount of formazan generated by cellular mitochondrial dehydrogenase activity was measured at 450 nm by using Synergy H1 (BioTek Instruments, Inc.). The difference in cell viability was detected by comparing the absorbance of each well.



Enzyme-Linked Immunosorbent Assay

The levels of HBsAg and HBeAg in the culture medium were assessed by using a direct double-antibody sandwich enzyme-linked immunosorbent assay (ELISA) according to the manufacturer’s protocol (KHB, Shanghai, China).



Alanine Aminotransferase/Aspartate Aminotransferase Assay

The levels of alanine aminotransferase (ALT)/aspartate aminotransferase (AST) in liver tissue were detected by colorimetric microplate assay according to the manufacturer’s protocol (C009-2-1/C010-2-1, Nanjing Jiancheng Bioengineering Institute, China).



Statistical Analysis

Statistics were performed with the non-parametric Mann-Whitney U-test. A value of P < 0.05 was considered significant. All statistical analyses were performed by using SPSS 19.0 software. Results are expressed as the average of three independent experiments. Data are shown as mean value ± standard error.




RESULTS


Identification of Lysine Acetyltransferase 2A as a Host Factor Promoting Covalently Closed Circular DNA Transcription

Multiple pieces of evidence have revealed the critical role of histone modification in regulating the transcription of cccDNA, particularly the acetylation and methylation of cccDNA-bound histone 3 (H3) and histone 4 (H4) (Zhang et al., 2017, p. 5; Ren et al., 2018, p. 3). To investigate whether histone succinylation plays a potential role in the HBV life cycle, we used the RNA interference method to screen a series of the reported histone succinyltransferases and desuccinylases, including p300, KAT2A, CPT1A, SIRT5, and SIRT7 (Figure 1A), which are known to catalyse histone succinylation or desuccinylation to result in transcription activation or repression (Zhang et al., 2011; Li et al., 2016; Wang et al., 2017; Kurmi et al., 2018; Ou et al., 2020). The data showed that the histone succinyltransferases and desuccinylases (including p300, KAT2A, CPT1A, SIRT5, and SIRT7) were efficiently knocked down (Figure 1B and Supplementary Figure 1A). Then the monomeric linear full-length HBV DNA genomes was transfected into Huh-7 cells (Supplementary Figure 1B), in which the cccDNA minichromosome could be formed and the level of the antigen in the supernatant was proven to serve as a surrogate marker for cccDNA transcription (Belloni et al., 2009). Our results suggested that KAT2A knockdown led to significant downregulation of both hepatitis B e antigen (HBeAg) and hepatitis B surface antigen (HBsAg) in the supernatant (Figure 1C). Therefore, we focused on KAT2A for further study.
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FIGURE 1. Identification of KAT2A as a host factor promoting cccDNA transcription. (A) The reported succinyltransferases and desuccinylases were summarised in the table. (B) After 4 days of siRNA treatment, total RNA was extracted by TRNzol Universal reagent. The silencing efficiency of related genes in Huh-7 cells was analysed by real-time PCR with specific primers. β-actin was used as the internal control. (C) The indicated siRNA (50 pmol) and monomeric linearised HBV DNA (1 μg) were co-transfected into huh-7 cells by using Lipofectamine™ 3000 Transfection Reagent. The supernatant was collected and HBeAg and HBsAg levels were detected by ELISA. *P < 0.05.




Lysine Acetyltransferase 2A Knockdown Suppresses Covalently Closed Circular DNA Transcription in an Hepatitis B Virus Infection Cell Model

To confirm whether KAT2A is involved in HBV transcription and replication, the HepG2-NTCP cell model was used in our experiments. HepG2-NTCP cells were transduced with two individual lentiviruses expressing shRNA targeting KAT2A before HBV infection. Lentivirus-mediated shRNA effectively knocked down KAT2A and had no obvious cytotoxicity (Figure 2A and Supplementary Figure 2A). Knockdown of KAT2A distinctly reduced HBV 3.5-kb RNA and total HBV RNAs as evidenced by Northern blotting and real-time PCR (Figure 2B). Next, we investigated whether KAT2A could regulate the level of cccDNA, which is the only transcription template for all HBV RNAs in HepG2-NTCP cell model. Then, cccDNA was extracted and detected. Knockdown of KAT2A had no obvious effect on the level of cccDNA (Figure 2C and Supplementary Figure 2B), but could markedly silence cccDNA transcriptional activity, which was determined by the ratios of HBV 3.5-kb RNA to cccDNA or total HBV RNAs to cccDNA (Figure 2D). We also detected other HBV replicative intermediates including virus core DNA and proteins that are directly from cccDNA in HBV-infected HepG2-NTCP cells. Consistently, silencing KAT2A markedly reduced the level of HBV core DNA in the cytoplasm (Figure 2E), HBV core protein (HBc) in cytoplasm and nucleus (Figure 2F), surface antigen protein (S-HBs) in the intracellular space (Figure 2G, left), and HBeAg and HBsAg in the supernatant (Figure 2G, right). The results confirmed the role of KAT2A knockdown in the suppression of the cccDNA transcription and HBV replication.
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FIGURE 2. KAT2A knockdown suppresses cccDNA transcription in the HBV infection cell model. HepG2-NTCP cells were infected HBV particles at 1-day post shRNA transduction. At 4 days after infection. (A) The expression of KAT2A was detected by western blot. (B) Northern blotting and real-time PCR were used to analyse the effect of KAT2A knockdown on HBV RNAs. (C) HBV cccDNA was extracted by a modified Hirt DNA extraction protocol and then Southern blotting and Taq-man probe qPCR were used to detect the HBV cccDNA level. The mitochondrial gene Cox1 was hybridised as the loading control for HBV cccDNA. (D) The level of HBV 3.5-kb RNA, total HBV RNAs, and cccDNA were used to calculate the ratio of HBV 3.5-kb RNA to cccDNA and total HBV RNAs to cccDNA. (E) HBV core DNA was quantified by Southern blotting and absolute quantification PCR. The level of β-actin was used as a loading control for HBV core DNA. (F) HBV core protein (HBc) was produced by HBV infected HepG2-NTCP cells. Intracellular HBc was visualised by immunofluorescence staining. The scale bar is 100 μm. (G) Western blot was used to detect the level of HBsAg in cells (left). Cell culture supernatant was collected for HBsAg and HBeAg analysis via ELISA (right). Cox1, cyclooxygenase 1; rRNA, ribosomal RNA. *P < 0.05.




Lysine Acetyltransferase 2A Overexpression Promotes Hepatitis B Virus Transcription in Hepatitis B Virus Infection Cell Model

We next transduced HepG2-NTCP cells with lentivirus expressing KAT2A before HBV infection to further determine the effect of KAT2A on HBV transcription and replication. Concordantly, overexpression of KAT2A significantly increased HBV RNA levels, as verified by Northern blotting and real-time PCR (Figures 3A,B). Overexpression of KAT2A also promoted cccDNA transcription without affecting the level of cccDNA (Figures 3C,D). Moreover, the levels of HBV core DNA in the cytoplasm (Figure 3E), HBc protein in the intracellular space (Figure 3F), and viral antigens in the supernatant (Figure 3G) were markedly increased after KAT2A overexpression. Together, these data suggest that KAT2A is a host factor that could promote HBV cccDNA transcription.
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FIGURE 3. KAT2A overexpression promotes HBV transcription in the HBV infection cell model. HepG2-NTCP cells were infected HBV particles at 1-day post lentivirus expressing KAT2A plasmids transduction. At 4 days after infection. (A) The expression of KAT2A was detected by western blot. (B) The effect of KAT2A overexpression on HBV RNAs was analysed by Northern blotting and real-time PCR. (C) Taq-man probe qPCR was used to detect the HBV cccDNA level. (D) The level of HBV 3.5-kb RNA, total HBV RNAs, and cccDNA were used to calculate the ratio of HBV 3.5-kb RNA to cccDNA and total HBV RNAs to cccDNA. (E) HBV core DNA was quantified by Southern blotting and absolute quantification PCR. The level of β-actin was used as a loading control for HBV core DNA. (F) HBc was produced by HBV-infected HepG2-NTCP cells. Intracellular HBc was visualised by immunofluorescence staining. The scale bar is 100 μm. (G) Cell culture supernatant was collected for HBsAg and HBeAg analysis via ELISA. *P < 0.05.




Lysine Acetyltransferase 2A Bound to Covalently Closed Circular DNA and Regulated H3K79 Succinylation on the Covalently Closed Circular DNA Minichromosome

The obtained data encouraged us to investigate how KAT2A regulates cccDNA transcription. Considering that cccDNA transcription is a nuclear event, we first observed the subcellular localisation of KAT2A. Consistent with previous studies, KAT2A is a nuclear protein (Figure 4A). Following ChIP analysis, we found that KAT2A was recruited onto the cccDNA minichromosome after HBV infection (Figure 4B). As previously reported, KAT2A has acetyltransferase and succinyltransferase activity. KAT2A facilitates H3K9 and H3K14 acetylation, which are associated with transcription regulation (Benhamed et al., 2006; Hu et al., 2015; Fournier et al., 2016). It was also reported that H3K79succ could be catalysed by KAT2A and activate gene expression (Wang et al., 2017). Previous studies have shown that acetyl-CoA has a lower binding affinity to KAT2A than succinyl-CoA, and succinyl-CoA markedly reduces KAT2A-mediated acetylation (Wang et al., 2017). To further explore the role of the acetyltransferase function of KAT2A in cccDNA transcriptional regulation, HepG2-NTCP cells were treated with γ-butyrolactone (MB-3). MB-3 has been discovered as a small, cell-permeable KAT2A inhibitor with an IC50 of 100 μM, which can specifically reduce the acetylation of histone H3 catalysed by KAT2A (Mai et al., 2006). MB-3 at concentrations higher than 500 μM exhibited cell toxicity in HepG2-NTCP cells (CC50 > 800 μM) (Supplementary Figure 3A). H3K9 acetylation levels were reduced by MB-3 treatment and H3K79 succinylation levels were not affected at 12 and 24 h (Supplementary Figure 3B). We found that MB-3 treatment did not affect the level of HBV RNA (Supplementary Figure 3C). Then, a ChIP experiment was carried out after silencing KAT2A, and it was found that H3ac, H3K9ac, and H3K14ac modification on cccDNA histones was not affected compared with the control group (Figure 4C and Supplementary Figure 3D). Therefore, we preliminarily ruled out the role of the acetyltransferase function of KAT2A in cccDNA transcriptional regulation. Then, we asked whether the cccDNA minichromosome could undergo histone succinylation and be regulated by KAT2A. ChIP assays found that knockdown of KAT2A significantly reduced pan-succ (Figure 4D) and H3K79succ (Figure 4E) on the cccDNA minichromosome, and no effect was observed on H3K122succ (Figure 4E). The host genes GAPDH and MYH6 were chosen as the controls in the ChIP assay. Furthermore, we used HBV-infected primary human hepatocytes (PHHs) to prepare chromatin for the cccDNA ChIP-Seq assay as described previously (Tropberger et al., 2015). By mapping sequencing reads to the HBV genome, we confirmed H3K79succ as a histone modification on the cccDNA minichromosome (Figure 4F). Our results suggest that KAT2A binds to cccDNA and regulates H3K79 succinylation on the cccDNA minichromosome.
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FIGURE 4. KAT2A bound to cccDNA and regulated H3K79 succinylation on the cccDNA minichromosome. (A) HepG2-NTCP cells were infected with HBV particles for 4 days, HBV core protein and endogenous KAT2A were observed by immunofluorescence assay using the specific antibodies. The scale bar is 10 μm. (B) Cross-linked chromatin from the HBV-infected and non-infected HepG2-NTCP nucleus was immunoprecipitated with a specific antibody or the control lgG. Taq-man probe qPCR was used to detect the HBV cccDNA level. ChIP results are expressed as% of input. (C–E) HepG2-NTCP cells were infected with HBV particles at 1-day post shKAT2A transduction. On 4 days post-infection. (C) The levels of H3ac, H3K9ac, and H3K14ac associated with cccDNA, GAPDH, or MYH6 promoter were analysed by ChIP assay with anti-H3ac, anti-H3K9ac, anti-H3K14ac, and the corresponding IgG, respectively. (D) ChIP assay was performed with anti-Pan-succ antibody. (E) The levels of H3K79succ and H3K122succ associated with cccDNA, GAPDH, or MYH6 promoter were analysed by ChIP assay with anti-H3K79succ, anti-H3K122succ, and the corresponding lgG, respectively. (F) ChIP-Seq analysis of the H3K79succ modification on the cccDNA minichromosome. The HBV-specific reads were quantified and normalised by the reads mapped to the human genome. *P < 0.05.




Lysine Acetyltransferase 2A Binds to the Covalently Closed Circular DNA Minichromosome Through Interaction With HBc

Since the HBV HBc and HBV x protein (HBx) participate in the structural organisation of the cccDNA minichromosome (Bock et al., 2001; Belloni et al., 2009; Nassal, 2015), this may be the reason that KAT2A binds to the cccDNA minichromosome. Therefore, we further clarified whether there is an interaction between KAT2A and HBc or HBx protein. The Co-IP results showed that ectopically expressed KAT2A interacted with HBc (Figure 5A). However, no interaction between KAT2A and HBx was observed (Supplementary Figure 4A). In addition, HBc was mainly located in the nucleus and partially colocalised with KAT2A in HBV infected HepG2-NTCP cells (Figure 4A). To further explore the functional role of HBc in the binding of KAT2A to the cccDNA minichromosome, HBV wild type virus (HBV WT virus) and HBV HBc-deficient virus (HBV-ΔHBc virus) were collected from the supernatant of Huh-7 cells transfected with HBV wild type plasmids (HBV WT) or co-transfected with HBV-ΔHBc and a plasmid expressing HBc (Supplementary Figure 4B). After overexpression or silencing of KAT2A, the transcriptional activity of cccDNA could not be regulated in the group infected with HBV-ΔHBc virus (Figures 5B,C and Supplementary Figures 4C,D). Moreover, we found that the binding of KAT2A to the cccDNA minichromosomes was reduced in the HBV-ΔHBc group compared with the HBV WT group (Figure 5D). These results suggest that KAT2A may be targeted to HBV cccDNA minichromosome through its interaction with HBc.
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FIGURE 5. KAT2A binds to the cccDNA minichromosome through interaction with HBc. (A) HepG2-NTCP cells were co-transfected with plasmids encoding KAT2A and Flag-HBc for 3 days, the cells were subjected to Co-IP assay with the indicated antibody. The expression of the indicated proteins was analysed by western blot. (B,C) HepG2-NTCP cells were transduced with lentivirus expressing KAT2A or shKAT2A for 24 h, then infected with HBV wild type virus (HBV WT virus) and HBc-deficient virus (HBV-ΔHBc virus) for 4 days. Total HBV RNAs and cccDNA were extracted and quantified by real-time PCR and Taq-man probe qPCR for calculating the ratio of total HBV RNAs to cccDNA. The HBc proteins were detected by immunoblotting analysis. (D) HepG2-NTCP cells in 100 mm dishes were infected by HBV WT virus and HBV-ΔHBc virus. The cells were used for ChIP assays with the anti-KAT2A antibody. *P < 0.05.




Antiviral Activity of Lysine Acetyltransferase 2A Knockdown in vivo

To investigate whether KAT2A silencing could inhibit HBV transcription in vivo. A mouse model of HBV infection involving the generation of HBV recombinant cccDNA (rcccDNA) using site-specific DNA recombination techniques was used (Qi et al., 2014; Supplementary Figure 5A). The workflow of the mouse model was shown (Figure 6A), wild-type (wt) male mice (C57BL/6) were hydrodynamically injected with prcccDNA and pCMV-Cre, which resulted in the accumulation of nuclear cccDNA that was epigenetically organised as a minichromosome. Then the wt C57BL/6 mice were hydrodynamically injected with 1 × 108 lentivirus-packaged control/KAT2A shRNA for 8 days. Body weight was monitored every 2 days, all animals were sacrificed to collect liver tissue on day 8, liver weight was measured. There were no significant differences in body weight or liver weight in shKAT2A-treated mice compared to the control group (Supplementary Figures 5B,C). The expression of KAT2A, the level of ALT/AST were detected in liver tissues. The data showed that lentivirus-mediated shRNA could effectively knock down KAT2A and had no significant hepatotoxicity (Supplementary Figures 5D,E). Serum viral markers were detected during treatment, and our results showed that silencing KAT2A decreased the serum HBV DNA levels (Figure 6B), as well as HBsAg (Figure 6C). We further evaluate the effect of silencing KAT2A on intrahepatic HBV RNAs, cccDNA, HBV DNA, and HBc protein. It turned out that silencing KAT2A reduced HBV 3.5-kb RNA and total HBV RNAs (Figure 6D) without affecting the level of HBV cccDNA (Figure 6E). Consistently, silencing KAT2A reduced HBV DNA levels (Figure 6F). Immunohistochemical analysis showed that that the expression of HBc was inhibited by KAT2A silencing (Figure 6G). Interestingly, the cccDNA-ChIP assay was carried out in liver tissue and found that silencing KAT2A did not affect levels of H3K9ac and H3K14ac modification on the cccDNA minichromosome (Figures 6H,I), but decreased the level of H3K79succ (Figure 6J). Taken together, these results demonstrated that silencing KAT2A could restrict HBV transcription and replication in vivo, and our study may provide new insight into the treatment of HBV infection.


[image: image]

FIGURE 6. Antiviral activity of KAT2A knockdown in vivo. (A) Schematic depiction of experiments in C57BL/6 mice. (B) Serum HBV DNA was detected by absolute quantification PCR. (C) Serum HBsAg was measured via ELISA. (D) HBV 3.5-kb RNA and total HBV RNAs in liver tissue were measured by real-time PCR. (E) HBV cccDNA in liver tissue was detected by Taq-man probe qPCR. (F) The level of HBV DNA in liver tissue was detected by absolute quantification PCR. (G) HBc in liver tissues was analysed by IHC. The scale bar is 50 μm. (H,I) The levels of H3K9ac, H3K14ac associated with cccDNA were analysed by ChIP assay. (J) The level of H3K79succ associated with cccDNA was analysed by ChIP assay. *P < 0.05.





DISCUSSION

Sufficient maintenance of the HBV covalently closed circular DNA (cccDNA), which serves as a template for HBV transcription, is responsible for the failure of antiviral therapies. Identification of the molecular mechanisms regulating cccDNA transcriptional activity may reveal new potential therapeutic targets for anti-HBV drugs. Multiple pieces of evidence have revealed the critical role of histone modification in regulating the transcription of cccDNA (Zhang et al., 2017, p. 5; Ren et al., 2018, p. 3). For example, histone acetylation and methylation have been well characterised (Belloni et al., 2012; Palumbo et al., 2015; Rivière et al., 2015; Yuan et al., 2019). Succinylation is a recently discovered PTM. It has been reported that succinylation, acetylation, and monomethylation of lysine residues change the charge state from + 1 to −1, and from + 1 to 0, and do not change the charge state at all, respectively. Therefore, succinylation may lead to more substantial changes in the structure and function of proteins than acetylation and methylation (Wang et al., 2017). Moreover, succinylation is also a frequently occurring histone modification that is central to the regulation of chromatin-based processes (Zhang et al., 2011; Weinert et al., 2013). However, at present, there are few reports on the regulation of cccDNA minichromosomes by histone succinylation (Yuan et al., 2020, p. 5; Yu et al., 2021, p. 7). Our previous study had identified that SIRT7 inhibited HBV transcription and replication by catalysing cccDNA-bound histone H3K122 desuccinylation (Yu et al., 2021), indicating that histone succinylation may play a crucial role in cccDNA transcription.

Previous studies demonstrated that KAT2A histone succinyltransferase coupled with the α-ketoglutarate dehydrogenase (α-KGDH) complex regulated H3K79 succinylation and gene expression (Wang et al., 2017) and KAT2A could be recruited to the HBV cccDNA minichromosome, thus contributing to HBV replication (Belloni et al., 2009). Recently, a paper by Yuan et al. came to a similar conclusion: KAT2A-mediated succinylation of histone H3K79 contributed to the epigenetic regulation of cccDNA minichromosomes, thus was beneficial to HBV replication (Yuan et al., 2020, p. 5). They also concluded that IFN-α effectively depressed histone H3K79 succinylation in the HBV cccDNA minichromosome. However, the mechanism by which KAT2A is recruited to the HBV cccDNA minichromosome remains elusive. In our study, we proved that KAT2A could bind to cccDNA through interaction with HBc where it catalysed H3K79 succinylation. Moreover, we confirmed histone H3K79 succinylation as a histone modification on the cccDNA minichromosome by using the cccDNA ChIP-Seq approach. Since the effect of KAT2A on HBV replication has not been validated in vivo, our data demonstrated that KAT2A modulated histone H3K79 succinylation on cccDNA minichromosome to enhance HBV transcription and replication in vivo.

HBV cccDNA exists in the nucleus as the template for HBV RNA transcription. One previous study showed that the α-KGDH complex interacted with KAT2A in the nucleus (Wang et al., 2017). In our study, we validated the subcellular localisation of KAT2A in HepG2-NTCP cells. And similarly, we found that KAT2A was a nuclear protein which might be related to cccDNA minichromosomes. The viral proteins HBc and HBx have been shown to be associated with the cccDNA minichromosome and thus were candidates to mediate the preferential binding of KAT2A to cccDNA (Lucifora et al., 2014; Zhang et al., 2017, p. 5). Therefore, we further found that ectopically expressed KAT2A co-precipitated with HBc rather than HBx. More importantly, compared with HBV-WT virus infected cells, the recruitment of KAT2A to cccDNA was markedly reduced in HBV-ΔHBc virus infected cells (Figure 5D). Together, these results suggest that HBc plays a functional role in the regulation of KAT2A on cccDNA transcription.

In conclusion, the present study revealed that KAT2A could bind to cccDNA through interaction with HBc where it catalysed H3K79 succinylation, thus facilitated HBV transcription and replication. These findings broaden our knowledge regarding the physiological functions of KAT2A and the roles of histone succinylation in epigenetic regulation of HBV cccDNA. In addition, our results may reveal new potential therapeutic targets for anti-HBV drugs and hence assist in the design of strategies aimed at silencing and eventually depleting the cccDNA reservoir.
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Induction of Reactive Oxygen Species Is Necessary for Efficient Onset of Cyprinid Herpesvirus 2 Replication: Implications for Novel Antiviral Strategy With Antioxidants
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Cyprinid herpesvirus 2 (CyHV-2) has caused great economic loss to the crucian carp breeding industry. Upon viral stimulation, eukaryotic cells generally activate the expression of anti-oxidative genes to maintain the intracellular oxidative balance and resist viral infection. Here, intracellular reactive oxygen species (ROS) levels in CyHV-2-infected cells were monitored to show that CyHV-2 induced the increase of intracellular ROS during early infection, and intracellular excessive accumulation of ROS was ameliorated during late infection, which was accompanied by activated expression of genes related to Nrf2 signaling pathway. In order to explore the interaction between CyHV-2 infection and ROS production, RyuF-2 cells were treated with either antioxidant epigallocatechin-3-gallate (EGCG) or berberine hydrochloride (BBH) and then infected with CyHV-2. Both BBH and EGCG could effectively inhibit the amplification of CyHV-2 while inhibiting the accumulation of intracellular ROS. Consistent with this, the oxidant stress-related genes were up-regulated by CyHV-2 infection and down-regulated in cells treated with either BBH or EGCG, through which the production of intracellular ROS was modulated. These results collectively demonstrated that early ROS accumulation favored the replication of CyHV-2, while antioxidants (BBH and EGCG) could inhibit the amplification of CyHV-2 by inhibiting ROS induction.

Keywords: Keap1-Nrf2 pathway, BBH, EGCG, CyHV-2, ROS


INTRODUCTION

Cyprinid herpesvirus 2 (CyHV-2), belonging to the genus Cyprinivirus and the family Alloherpesviridae, was first isolated and characterized from juvenile goldfish (Carassius auratus auratus) in Japan (Jung and Miyazaki, 1995). Recently, CyHV-2 has emerged as a virulent pathogen for cultured crucian carp (Carassius auratus gibelio) with high mortality and significant economic loss in cultured crucian carp and allogynogenetic gibel carp (Wang et al., 2012; Xu et al., 2013). CyHV-2 is an enveloped DNA virus with a 290.3-kb linear double-stranded DNA genome that encodes approximately 150 genes (Davison et al., 2013). Goldfish are regarded as the natural host for CyHV-2, and the symptoms are generally represented by pale gills and swollen spleens and kidneys. CyHV-2 causes high mortality among juvenile goldfish at water temperatures between 15 and 25°C (Jeffery et al., 2007). Typical symptoms for crucian carp include lethargy and lack of appetite, bleeding and pale gills, pink ascites in the abdominal cavity, and enlarged spleen and kidneys, and death can occur within 1 to 2 days following the onset of clinical signs (Xu et al., 2014). Notably, the symptoms of CyHV-2 infection in crucian carp are significantly more severe than those in goldfish. Currently, neither vaccine nor medicine is available for the control of disease caused by CyHV-2 infection.

Virus generally stimulates the host’s immune system response during the infection process and destroys the homeostasis of the cell. The balance of pro-oxidation/anti-oxidation in the internal environment is very important for maintaining the integrity of cellular structure and function. An excess of bad radical species, including reactive oxygen species (ROS) and reactive nitrogen species (RNS), is often associated with important diseases such as cancer and neurodegeneration (Liguori et al., 2018). Under normal physiological conditions, excessive free radicals will be cleared by the endogenous antioxidant defense through either enzymatic or non-enzymatic pathways. The primary antioxidant enzymes are superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx), while the major non-enzymatic antioxidants include bilirubin, α-tocopherol, β-carotene, albumin, and uric acid (Liguori et al., 2018). However, virus infection generally results in a transient ROS induction followed by a continuous and weak antioxidant defense in infected tissues to facilitate viral infection (Kumar et al., 2009; Souza et al., 2011). ROS suppresses the type-I interferon response by oxidizing cysteine 147 on murine stimulator of interferon genes (STING), indicating that ROS orchestrates anti-viral immune responses and can be exploited by viruses to evade cellular defenses (Tao et al., 2020). ROS is usually induced to a higher level immediately following viral attachment and manipulated by the virus to alternate cellular antiviral response; some viruses might modulate the ROS to a normal level after the onset of viral replication for avoiding its adverse effect on viral replication (Baruchel and Wainberg, 1992). ROS is also involved in tissue damage through regulating host inflammatory and immune responses (Akaike, 2001), and virus-induced oxidative stress serves as a common and important pathogenic mechanism for diseases caused by viral infection (Jackson et al., 2010).

Berberine (BBR), the most abundant isoquinoline alkaloid with a concentration range of 4.5–8% in different medical plant species, has been used to treat various inflammatory disorders and related diseases (Wang et al., 2019). Interestingly, low concentrations of berberine (5–20 μM) inhibited increased oxidative stress in 3T3-L1 cells by suppressing ROS production via increased GPx gene expression and GPx activity (Dong et al., 2015), while a higher concentration of berberine (40–160 μmol/l) dose-dependently induced ROS generation, G(2)/M phase arrest, and apoptosis in U266 cells (Hu et al., 2013). Furthermore, BBR has a great potential to reduce the effects of oxidative stress in vivo through markedly reducing Nox2-dependent cytoplasmic and mitochondrial ROS production (Sun et al., 2017).

Epigallocate-chin-3-gallate (EGCG) from green tea extract is a natural antioxidant that confers strong resistance against oxidation and free radicals (Lotito and Fraga, 1998; Yao et al., 2008) and is also regarded as a multifunctional molecule with anti-cancer (Yang and Wang, 2010) and immunity-enhancing properties (Sheikhzadeh et al., 2011). Favorable effects of EGCG have been largely attributed to its scavenging effects on free radicals, inhibition of ROS-generating mechanisms, and upregulation of major antioxidant enzymes including CAT, superoxide dismutase 1 (SOD1), superoxide dismutase 2 (SOD2), and GPx (Potenza et al., 2020).

The understanding of the interplay between virus-induced oxidative stress and anti-oxidative host response has shed light on the application of antioxidants as potential antiviral supplements for better management of some human viral diseases (Lee, 2018). For example, the upregulation of intracellular ROS during the early phase of retroviral infection plays an important role in viral establishment in the host cell, and the treatment of apocynin, an inhibitor of NADPH oxidase, could decrease viral titer in the mouse brain and increase the lifespan of infected mice (Kim and Wong, 2013). Recently, we reported that BBR could systematically impede CyHV-2 replication and protect crucian carp from CyHV-2 challenge in a dose-dependent manner (Su et al., 2021). However, it is not clear whether BBR-mediated modulation of ROS signaling involves the anti-CyHV-2 activity of BBR. In the present study, we monitored the ROS level and progeny virus production of susceptible cells during the infection course of CyHV-2 in the presence of either BBR or EGCG and provided evidence to show that antioxidants could serve as potential therapeutic agents against cyprinid herpesvirus 2 infection.



MATERIALS AND METHODS


Materials and Reagents

Berberine hydrochloride (BBH) and EGCG standards were purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Dimethyl sulfoxide (DMSO) was purchased from Sigma (Shanghai, China). DCFDA/H2DCFDA cellular ROS assay kit was purchased from Abcam (Shanghai, China). M199 medium, FBS serum, penicillin/streptomycin, second antibodies, Pierce BCA Protein Assay Kit, and TRIzol reagent were purchased from Thermo Fisher Scientific (Shanghai, China). PrimeSTAR® Max DNA Polymerase, PrimeScript™ II 1st Strand cDNA Synthesis Kit, TaKaRa MiniBEST Viral RNA/DNA Extraction Kit Ver.5.0, and One-Step SYBR RT-PCR kit were purchased from Takara Bio (Beijing, China). All other reagents were purchased from Sangon Biotech (Shanghai, China). CyHV-2 strain ST-J1 (NCBI: NC_019495) and RyuF-2 cell line were provided by Dr. Motohiko Sano, University of Marine Science and Technology, Tokyo.



Cell Culture

Our cell lines are from the generous sharing of Dr. Motohiko Sano from Tokyo Ocean University. Cryopreserved samples of RyuF-2 cell stock at −150°C were thawed in a 37°C water bath before cell passage and virus propagation. Frozen cells were quickly thawed in a water bath, and the cryopreserved liquid was removed by centrifugation at 850 rpm for 3 min. M199 medium was used to resuspend RyuF-2 cells and supplemented with 10% heat-inactivated FBS and penicillin/streptomycin (50 U/ml/50 mg/ml). The suspension cells are adjusted to a density of 5 by the culture medium and then seeded on a 75-cm2 culture flask/cm2 coated with collagen. The cultured flask was placed in a humidified incubator at 27°C for culture. Before subculturing, the cells were grown to 80% confluence.



Virus Infection and Amplification

The virus was saved in normal M199 medium with 2% FBS (2% medium). After CyHV-2 was taken out from −150°C, the titer was quantified by gradient dilution counting. The 2% medium dilution was used to adjust the virus concentration until the multiplicity of infection (MOI) = 1. To infect the RyuF-2 cells with CyHV-2, the supernatant of the cells was removed, and viral inoculum was added immediately for an incubation time of 2 h. After that, the inoculum was replaced with 2% medium. Infected cells were cultured until CPE was developed in 80% of the cells. The remaining cells were scraped off with a spatula, the suspension was collected, and the cells and cell debris were removed by centrifugation at 12,000 g at 4°C for 20 min. The supernatant was filtered with a 0.22-μm filter to collect the virus. The harvested virus was equally divided and placed at −80°C for subsequent experiments. Before the experiment, the gradient dilution method was used to detect the virus titer again, and the virus concentration was adjusted according to the experimental cell density so that MOI = 1. CyHV-2 virus with a known titer was used to infect RyuF-2, which has a density of about 80%. After incubating for 2 h, the virus solution was removed, and the time point was counted as the start of infection 0 h post-infection (p.i.). The cultures were maintained for up to 96 h and were used between 0 and 96 h in culture.



Antioxidant Drug Treatment

Berberine hydrochloride and EGCG were separately dissolved in DMSO to prepare a 1-mg/ml preservation solution. RyuF-2 cells were used for experiments when their cell density was close to 80%. To adjust the concentration of BBH storage solution to 15, 20, and 25 μg/ml, 2% M199 medium was used. EGCG storage solution was diluted to 10, 20, and 30 μg/ml in the same way. The pretreatment was performed on RyuF-2 cells with different concentrations of drugs for 30 min. The drug treatment group kept the drug concentration unchanged and continued to incubate. In the virus infection group, the supernatant was removed and replaced with a virus solution, keeping the drug concentration unchanged. After incubating for 2 h, the virus solution was removed and 2% M199 medium was added with the same drug concentration. The cultures were maintained for up to 72 h and were used between 0 and 72 h in culture.



Measurement of Intracellular Reactive Oxygen Species

The intracellular ROS levels were estimated using a DCFDA/H2DCFDA cellular ROS assay kit according to a classic method (Heo et al., 2018). Briefly, the RyuF-2 cells were seeded into 96-well microtiter plates at 2.5 × 104 cells/well and were allowed to attach for 24 h at 27°C, and 100 μl of 1 × PBS buffer was added. The cells were then washed with 1 × PBS buffer. The 1 × PBS buffer was removed, and the cells were stained by adding 50 μl of the diluted DCFDA solution. Then, the cells were incubated for 45 min at 37°C in the dark. The fluorescence intensity was measured using a fluorescence microtiter ELISA plate reader at excitation and emission wavelengths of 485 and 535 nm, respectively. For cells infected with CyHV-2, cells were collected at 6, 12, 24, 36, 48, 60, 72, and 96 h after infection, and the intracellular ROS levels were quantified using the DCFDA/H2DCFDA cell ROS detection kit. For CyHV-2-infected cells in the presence of 15, 20, and 25 μg/ml BBR or 10, 20, and 30 μg/ml EGCG, the cells were harvested at 24 and 48 h p.i., and the intracellular ROS levels were quantitated using a DCFDA/H2DCFDA cellular ROS assay kit.



Nucleic Acid Extraction and Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction Analysis

The supernatant of infected cells was obtained at different time points after infection for total DNA extraction. Viral DNA was extracted from the supernatant according to the instructions of the Viral Genomic DNA Extraction Kit (Qiagen). The total RNA of the RyuF-2 sample was extracted with 1 ml TRIzol reagent and purified using phenol/chloroform and ethanol precipitation. The NanoDrop Technologies instrument is used to quantify RNA. Each group of samples used 5 μg of RNA as the sample to generate cDNA for real-time quantitative qPCR, which was achieved by the corresponding reverse transcription reaction of PrimeScript RT Master Mix reagent. TB Green Premix Ex Taq II (2x) was used to amplify 1 μl of the resulting cDNA. According to the gene sequence obtained by the analysis of the transcriptome results in the laboratory, Primer Premier 5.1 (Table 1) was used to design a specific primer set for each open reading frame (ORF). The reaction contained 12.5 μl TB Green Premix Ex Taq II (2x) (Takara, Japan), 0.4 μM forward/reverse primers, and 200 ng cDNA. The thermal cycle program included the following: 95°C for 30 s, then 95°C for 5 s and 59°C for 30 min for 39 cycles. The qPCR reaction was repeated three times. In order to construct a standard curve, the DNA extracted from RyuF-2 cells was used for continuous decimal dilution. Primers from β-actin were successfully used in qPCR, using cDNA prepared from infected and uninfected cells as a template. A one-way analysis of variance (ANOVA) was used to calculate statistical significance. Origin 9.0 was used for data analysis and graphing. Values were considered as significant (*) if they had a p-value of 0.01 to 0.05, very significant (**) if they had a p-value of 0.001 to 0.01, and extremely significant (***) if they had a p-value of 0.0001 to 0.001.


TABLE 1. Verification primers for oxidative stress-related genes.

[image: Table 1]


Western Blot

Cell samples were collected to extract total protein by boiling with 2X SDS-PAGE protein loading buffer. Thermo Scientific Pierce BCA protein detection kit was used to quantify protein concentration. The protein (20 g) was separated on 10–12% SDS-PAGE and then transferred to PVDF membrane. The membrane was blocked in 1% TBS-T buffer containing 5% skim milk for 1 h at room temperature and then incubated overnight with homemade anti-ORF121 polyclonal antibody (Yu et al., 2019) (1:200 dilution). After washing the membrane with TBS-T three times, horseradish peroxidase-conjugated secondary antibody (diluted 1:1,000) was added and incubated for 2 h at room temperature and then washed with TBS-T three times for 15 min. A chemiluminescence imaging system (Bio-Rad, China) was used to detect the signal with the ECL + western blot kit.




RESULTS


Cyprinid Herpesvirus 2 Induced the Expression of Genes in Keap1-Nrf2 Pathway and Modulated Cellular Reactive Oxygen Species Accumulation During Infection

In a recent study to probe host response to viral infection, we identified the differential expression genes in crucian carp cells underlying CyHV-2 infection by transcriptomics analysis (Fei et al., 2020). Primary data analysis of genes involved in the Keap1-Nrf2 pathway indicated that the TPM (transcripts per kilobase million) values of Nrf2, CAT, and SOD2 genes in CyHV-2-infected cells at 48 h post-infection were dramatically higher than those in the negative control (NC), and the values of Keap 1 and GSS were also shown to be slightly higher than those of the control (Figure 1). In order to verify the effect of CyHV-2 infection on the expression of related genes in the Keap1-Nrf2 pathway, we used quantitative real-time RT-PCR analysis to compare the transcriptional expression levels of Keap1, Nrf2, CAT, GSS, and SOD2 in normal cells and CyHV-2-infected cells (Figure 2). At 24, 48, and 72 h after infection with CyHV-2, RyuF-2 cells were collected for total RNA extraction. All qRT-PCR assays were performed in triplicate, with β-actin used as an endogenous control. As shown in Figure 2, CyHV-2 significantly up-regulates all tested genes to higher levels compared to the corresponding low steady-state levels in the control cells. Specifically, the highest induction rate was recorded for Nrf2 and GSS genes at 48 h p.i. (Figures 2B,E). In general, 48 h p.i. seemed to be a time point for all the genes to be upregulated to a peak level.
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FIGURE 1. Key molecules of Nrf2 signaling pathway are induced by cyprinid herpesvirus 2 (CyHV-2) in RNA-seq analysis. TPM is transcripts per kilobase million, the transcripts per kilobase of exon model per million mapped reads. TPM is a method of gene expression standardization, which visualizes differential expression analysis. The transcriptome related to CyHV-2 infection was analyzed in the laboratory using the Mega Cloud platform. The differences in the expression of antioxidant-related genes were analyzed and compared between the groups. The result is shown in (A), the difference of TPM values in the Nrf2 signaling pathway identified in transcriptome analysis. According to the known reaction mode of Nrf2-ARE antioxidant element combined with the analysis result, (B) is inferred. (B) Flow chart of proposed Nrf2 signaling pathway induced by CyHV-2.
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FIGURE 2. CyHV-2 induces expression of key genes of Nrf2 signaling pathway in RyuF-2 cells. Quantitative real-time RT-PCR analysis was performed to compare the transcriptional expression levels of Keap1 (A), Nrf2 (B), SOD2 (C), CAT (D), GSS (E) and viral ORF121 (F) in infected cells. The mRNA level was normalized against housekeeping gene β-actin. Mock infected cells served as negative control. Similar results were obtained from three independent experiments. Data were represented as Means SD. *P < 0.05, **P < 0.01.


The Keap1-Nrf2 pathway regulates both mitochondrial and cytosolic ROS production (Kovac et al., 2015); thus, the above data predicted that CyHV-2 infection might interfere with ROS synthesis and activate host oxidative stress response. To clarify whether CyHV-2 infection disturbed the host cellular redox balance, we monitored the ROS level following CyHV-2 infection using DCFDA/H2DCFDA cellular ROS assay. Following CyHV-2 infection at a MOI = 1, the ROS level in RyuF-2 cells was dramatically induced to a higher level with maximum ROS accumulation at 24 h p.i. and then gradually reversed to a constant and lower level (Figure 3A). Successful replication of CyHV-2 in RyuF-2 cells was reflected by the titration of progeny virus from the virus supernatant after infection by quantitating the genome copy number using a real-time polymerase chain reaction (PCR) analysis. As shown in Figure 3B, the produced CyHV-2 in supernatant significantly rose to a higher level of more than 107 genome copy number/ml since 24 h p.i. and then gradually increased until late infection of 96 h p.i. The experiments indicated that higher ROS accumulation was only induced at early phase of CyHV-2 infection, and the high level of ROS was reversed during late infection.
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FIGURE 3. Modulation of reactive oxygen species (ROS) accumulation during CyHV-2 infection in RyuF-2 cells. CyHV-2 with MOI = 1 was used to infect RyuF-2. Cell samples and supernatant after infection were obtained at 6, 12, 24, 36, 48, 60, 72, and 92 h after infection. The DCFDA/H2DCFDA cellular ROS assay kit is used to detect changes in the accumulation of intracellular ROS after virus infection. The control group cells were used as the normalization standard to reduce the differences between groups. The results are shown in (A). After infection, the supernatant was used to obtain total DNA for detection of virus amplification. The early gene ORF121 was used as a representative gene for detection of CyHV-2 replication, as shown in (B). The RT-PCR results were processed using the absolute quantification standard program, and the data were expressed as the mean SD.




The Effects of Antioxidants on the Keap1-Nrf2 Pathway During Cyprinid Herpesvirus 2 Infection

Epigallocatechin-3-gallate, the most abundant polyphenolic substance in green tea, typically plays a critical role in free radical scavenging owing to its antioxidant nature and subsequently exerts a large number of medical activities in cancer control, viral diseases, bacterial diseases, neurodegenerative diseases, etc. (Xu et al., 2017). Thus, we were interested to test the effect of EGCG on the CyHV-2-mediated upregulation of Keap1-Nrf2 pathway. For this purpose, RyuF-2 cells were infected with CyHV-2 at a MOI = 1 in the presence of 10 μg/ml EGCG. At 24, 48, and 72 h post-infection, the infected cells were harvested for total RNA extraction and subjected to gene expression assay by quantitative real-time RT-PCR analysis. MOCK-infected cells treated with 10 μg/ml EGCG served as negative control, and CyHV-2-infected cells without EGCG treatment served as positive control. As shown in Figure 4, the treatment of MOCK-infected cells with EGCG could result in an increased expression of Keap1, Nrf2, GSS, and CAT gene; in comparison to CyHV-2-infected cell controls, the treatment of CyHV-2-infected cells with EGCG could result in a significant increase of Nrf2 at 48 h p.i., Keap 1 at 72 h p.i., GSS at all three time points, and CAT at 72 h p.i. Thus, EGCG could enhance the expression of key genes in the Keap1-Nrf2 pathway except for SOD gene, which was independent of CyHV-2 infection.
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FIGURE 4. Epigallocate-chin-3-gallate (EGCG) enhanced the CyHV-2-induced expression of genes of Nrf2 signaling pathway in RyuF-2 cells. Quantitative real-time RT-PCR analysis was performed to compare the transcriptional expression levels of Keap1 (A), Nrf2 (B), GSS (C), CAT (D), SOD2 (E) and viral ORF121 (F) in infected cells. The mRNA level was normalized against housekeeping gene β-actin. MOCK-infected cells treated with 10 μg/ml EGCG and CyhV-2-infected cells without EGCG treatment served as controls. Similar results were obtained from three independent experiments. Data were represented as means SD.


Affecting various signaling pathways, berberine has been shown to decrease the activity of xanthine oxidase, COX2, and superoxide dismutase and subsequently reduce ROS levels (Kaboli et al., 2014). As an alternative antioxidant, BBR was subjected for analysis on its effect on the CyHV-2-mediated upregulation of the Keap1-Nrf2 pathway. For this purpose, RyuF-2 cells were infected with CyHV-2 at a MOI = 1 in the presence of 20 μg/ml BBH. At 24, 48, and 72 h post-infection, the infected cells were harvested for total RNA extraction and subjected to gene expression assay by quantitative real-time RT-PCR analysis. MOCK-infected cells treated with 20 μg/ml BBH served as negative control, and CyHV-2 infected cells without BBH treatment served as positive control. As shown in Figure 5, in contrast to MOCK-infected cells treated with BBH, CyHV-2 infection resulted in an increased expression of all tested genes; compared with CyHV-2-infected control cells, the treatment of CyHV-2-infected cells with BBH could result in a significant increase of Nrf2, Keap 1, and GSS at 48 h p.i. The gene expression level was not affected at 48 h p.i. for CAT and at 72 h p.i. for SOD. The results even suggested that these two genes might be downregulated at other time points (Figures 5D,E). Overall, the above experiments suggested that antioxidants, such as EGCG and BBH, could efficiently activate the Keap1-Nrf2 pathway that was induced to a higher level by CyHV-2 challenge in RyuF-2 cells.
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FIGURE 5. Berberine hydrochloride (BBH) enhanced the CyHV-2-induced expression of genes of Nrf2 signaling pathway in RyuF-2 cells. Quantitative real-time RT-PCR analysis was performed to compare the transcriptional expression levels of Keap1 (A), Nrf2 (B), GSS (C), CAT (D), SOD2 (E) and viral ORF121 (F) in infected cells. The mRNA level was normalized against housekeeping gene β-actin. MOCK-infected cells treated with 20 μg/ml BBH and CyhV-2-infected cells without BBH treatment served as controls. Similar results were obtained from three independent experiments. Data were represented as means SD.




The Effects of Antioxidants on Cyprinid Herpesvirus 2-Modulated Reactive Oxygen Species and Viral Replication in RyuF-2 Cells

The above experiments indicated that CyHV-2 modulated ROS level in infected cells and could induce dramatic ROS accumulation during early infection. We are interested to know what will happen if the ROS accumulation is inhibited by antioxidants such as BBR and EGCG during CyHV-2 infection. RyuF-2 cells were treated with various doses of BBH (0, 15, 20, and 25 μg/ml BBH) or EGCG (0, 10, 20, and 30 μg/ml EGCG) and subjected to CyHV-2 infection at a MOI = 1. At 24 and 48 h post-infection, the cells were harvested for DCFDA/H2DCFDA cellular ROS assay, in which the ROS level was reflected by the fluorescence strength detected from the cellular extract. The NC group referred to normal cells without antioxidant treatment and viral infection. Cells infected with CyHV-2 and treated with 0 μg/ml antioxidant served as positive control (CyHV-2 group). As shown in Figure 6, both BBH and EGCG effectively counteracted the accumulation of ROS induced by CyHV-2 infection at 24 and 48 h post-infection. In contrast to the dramatic increase of ROS level at indicated time points post-infection, treatment with BBH (Figure 6A) or EGCG (Figure 6B) resulted in low ROS accumulation in CyHV-2-infected cells, which was close to the level of the NC group.
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FIGURE 6. BBH and EGCG antagonized the ROS induction mediated by CyHV-2 infection in RyuF-2 cells. RyuF-2 cells were treated with 15, 20, and 25 μg/ml BBH (A) or 10, 20, and 30 μg/ml EGCG (B) and infected with CyHV-2 at a MOI = 1. At 24 and 48 h p.i., cells were harvested for ROS detection as reflected by the strength of fluorescence signal. MOCK-infected cells served as the negative control and CyhV-2-infected cells without BBH or EGCG treatment served as positive control. Similar results were obtained from three independent experiments. Data were represented as means SD.


The above experiments indicated that ROS accumulation was efficiently inhibited by BBH or EGCG during CyHV-2 infection. Then, it will be interesting to know the effect of these antioxidants on CyHV-2 replication. For this purpose, we determined the progeny virus in the supernatants of infected cells by quantifying the viral genome copy number through real-time PCR analysis. The antiviral activity of antioxidants in vitro was evaluated according to the reduced level of progeny virus produced from CyHV-2-infected RyuF-2 cells in the presence of different concentrations of EGCG or BBH. The supernatants of infected RyuF-2 cells, in the presence of BBH at 0, 15, 20, and 25 μg/ml or EGCG at 0, 10, 20, and 30 μg/ml, were collected at 8, 24, and 48 h post-infection for total viral genome extraction and quantification. As shown in Figure 7, both BBH and EGCG dose-dependently suppressed the production of progeny virus from infected cells, and the overall efficiency of these two antioxidants was similar at 48 h post-infection. At 8 h post-infection, the treatment of EGCG (Figure 7B) displayed a lower level of CyHV-2 (Figure 7A) in supernatants than that of BBH, suggesting a more robust effect of EGCG in antagonizing viral replication at this time point.
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FIGURE 7. BBH and EGCG inhibited the production of progeny virus in RyuF-2 cells infected with CyHV-2. RyuF-2 cells were treated with 15, 20, and 25 μg/ml BBH (A) or 10, 20, and 30 μg/ml EGCG (B) and infected with CyHV-2 at a MOI = 1. At 8, 24, and 48 h p.i., supernatants of infected cells were harvested for viral genome copy quantification by real-time polymerase chain reaction (PCR) analysis. CyhV-2-infected cells without BBH or EGCG treatment served as positive control. Similar results were obtained from three independent experiments. Data were represented as means SD.


To confirm the antiviral effects of BBH and EGCG, we continued to investigate the transcriptional and translational expression levels of ORF121, an immediately early gene encoded by CyHV-2 (Tang et al., 2020). The infected RyuF-2 cells in the presence of 20 μg/ml BBH or 10 μg/ml EGCG were harvested at 24, 48, and 72 h post-infection, and total protein samples were extracted from the infected cells for ORF121 detection by western blot analysis; total RNA samples were extracted from the infected cells for ORF121 mRNA detection by real-time RT-PCR analysis. As shown in Figure 8A, the RyuF-2 cells infected with CyHV-2 resulted in robust transcriptional expression of ORF121, which lasted until 72 h post-infection; treatment with either BBH or EGCG significantly suppressed the transcriptional expression of ORF121 throughout the infection course. As shown in Figures 8B,C, in contrast to the strong signal of ORF121 protein from CyHV-2-infected RyuF-2 cells in the immunoblot analysis, the treatment of BBH or EGCG at indicated concentrations demonstrated a dramatic decrease of protein signal, which indicated that either BBH or EGCG was effective in inhibiting viral protein synthesis.
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FIGURE 8. Inhibition of viral gene transcription and viral protein synthesis by either BBH or EGCG. RyuF-2 cells were treated with 15, 20, and 25 μg/ml BBH or 10, 20, and 30 μg/ml EGCG and infected with CyHV-2 at a MOI = 1. At 24, 48, and 72 h p.i., infected cells treated with 20 μg/ml BBH or 10 μg/ml EGCG were harvested for viral gene expression analysis with the ORF121 as target by real-time RT-PCR analysis (A). At 72 h p.i., infected cells treated with 15, 20, and 25 μg/ml BBH (B) or 10, 20, and 30 μg/ml EGCG (C) were harvested for protein expression analysis by western blot, which targeted ORF121 with a home-made anti-ORF121 polyclonal antibody. Real-time RT-PCR results were obtained from three independent experiments, and data were presented as means SD. *P < 0.05; **P < 0.01. MOCK-infected cells served as the negative control and CyhV-2-infected cells without BBH or EGCG treatment served as the positive control. Housekeeping protein β-actin served as the internal control in the western blot analysis.


Thus, the above experiments suggested that BBH and EGCG could significantly block CyHV-2-induced ROS accumulation, inhibit viral gene transcription and protein synthesis, and reduce the production of progeny virus.




DISCUSSION

A virus needs to keep oxidative stress at a level optimal for viral reproduction, which is usually higher than normal; viral infection thus generally induces oxidative stress in infected cells, which must be in tight control in order to minimize the potentially detrimental effects of ROS on the overall health of the infected host cell (Lee, 2018). Although infection-initiated oxidative stress plays a key role in the activation of innate immunity to fight off pathogenic microbes, a number of viruses were shown to induce oxidative stress on purpose to facilitate their replication inside the cell, which at least included influenza virus, respiratory syncytial virus (RSV), human metapneumovirus (hMPV), dengue virus (DENV), rotavirus, herpes simplex virus, Zika virus, and HIV (McCord et al., 2020). CyHV-2 infection in crucian carp remains a challenge for the aquaculture section worldwide, and the lack of vaccine or medicine in the field urgently required the development of a novel antiviral strategy (Su et al., 2021). Nrf2 and its principal negative regulator Keap1 play a central role in the maintenance of intracellular redox homeostasis and regulation of inflammation. The purpose of this study is to evaluate the effects of antioxidants (BBH and EGCG) on CyHV-2 infection in crucian carp cells, which is based on the knowledge that CyHV-2 regulates the Keap1-Nrf2 pathway (Figures 1, 2) and modulates ROS accumulation in infected cells (Figure 3).

The Nrf2-dependent antioxidative pathway is regarded as an adaptive cellular response to oxidative and electrophilic stress and a responsive host defense system if caused by a viral infection. In a study to apply Nrf2 agonists as anti-rotaviral drugs, initial induction of Nrf2 concurred with a virus-induced early burst of oxidative stress, and rotavirus infection was determined to be sensitive to antioxidant treatments (Patra et al., 2020). NrF2 belongs to the CNC family and is mainly involved in the elimination of cell endogenous ROS. In a normal cell environment, Nrf2 and Keap1 combine through the Neh2 structure of Nrf2 to promote ubiquitination of Nrf2 and degrade it through the proteasome pathway. It has been found that Nrf2 can regulate hundreds of different genes involved in the maintenance of cell homeostasis, including heme oxygenase-1, NADPH quinone reductase, superoxide dismutase, and other antioxidant enzymes related to ROS elimination (Figure 1B). Our data indicated that BBH and EGCG could efficiently activate the Nrf2-dependent antioxidative pathway in normal RyuF-2 cells (Figures 4, 5), as well as CyHV-2-infected cells (Figures 4, 5); the induction of ROS accumulation during early viral infection (Figure 3) could be abolished through treatment of BBH or EGCG (Figure 6). Thus, CyHV-2-mediated induction could be modulated by antioxidants, which was consistent with reports from other viruses (McCord et al., 2020). As expected, either BBH or EGCG efficiently blocks viral gene transcription (Figure 8A), viral protein synthesis (Figure 8B), and progeny virus production (Figure 7). Thus, our study is the first to successfully apply antioxidants to counter fish herpes virus infection in vitro.

It is generally believed that virus has evolved to gain the ability to manipulate the Nrf2 pathway and control the ROS level to its favor. However, it is still not understood how the early ROS accumulation was produced for CyHV-2, neither is the mechanism involved in maintaining low ROS level during late infection known. Based on our data, the treatment of antioxidants seemed to upregulate the cytoprotective and detoxifying genes of the Keap1-Nrf2 pathway (Figures 4, 5), which is also targeted and regulated by CyHV-2 (Figures 1, 2). Antioxidants like EGCG and BBH should be beneficial not only for disruption of the ROS-dependent steps of the viral life cycle but also for the direct amelioration of the stressed conditions of the infected host cells. Our data thus supported the idea that Nrf2 modulators might be able to serve as a promising supplement for viral diseases by therapeutic modulation of virus-induced oxidative stress (Lee, 2018). Although the transcriptional regulation of the host Keap1-Nrf2 pathway by CyHV-2 merits further investigation, complex regulatory mechanisms were believed to occur in oxidative stress-related pathogenesis, such as the reduction of mitochondrial damage, regulation of calcium ions in the cell, programmed cell death, and autophagy (Liu et al., 2021).



CONCLUSION

Cyprinid herpesvirus 2 activated the Keap1-Nrf2 pathway and modulated ROS accumulation in host cells, especially during early infection. Antioxidants such as BBH and EGCG further enhanced the expression of genes involved in the Keap1-Nrf2 pathway and abolished the ROS-induction effect of CyHV-2 in infected cells. In the presence of antioxidants, viral gene expression and protein synthesis were dramatically inhibited resulting in decreased replication efficacy of CyHV-2. The current study should shed light on developing antioxidants as environmentally friendly reagents toward fighting the disease caused by CyHV-2 infection in aquaculture.
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Host’s innate immunity is the front-line defense against viral infections, but some viruses have evolved multiple strategies for evasion of antiviral innate immunity. The porcine enteric coronaviruses (PECs) consist of porcine epidemic diarrhea virus (PEDV), porcine deltacoronavirus (PDCoV), transmissible gastroenteritis coronavirus (TGEV), and swine acute diarrhea syndrome-coronavirus (SADS-CoV), which cause lethal diarrhea in neonatal pigs and threaten the swine industry worldwide. PECs interact with host cells to inhibit and evade innate antiviral immune responses like other coronaviruses. Moreover, the immune escape of porcine enteric coronaviruses is the key pathogenic mechanism causing infection. Here, we review the most recent advances in the interactions between viral and host’s factors, focusing on the mechanisms by which viral components antagonize interferon (IFN)-mediated innate antiviral immune responses, trying to shed light on new targets and strategies effective for controlling and eliminating porcine enteric coronaviruses.
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INTRODUCTION

As the largest positive-sense RNA viruses that exist widely in nature, coronaviruses have genetic diversity and host diversity. Specific coronavirus populations have been found in humans, mice, bats, pigs, chickens, cows, cats, dogs, and many other animals, some of which are zoonotic and pose serious threats to human health and livestock safety. Due to the mild clinical manifestations after infection, coronaviruses have long been ignored by people. However, the outbreak of Severe Acute Respiratory Syndromes (SARS) in 2003 caused a total of 8,000 cases of infection worldwide, including 774 deaths, with a mortality rate of about 10% (Drosten et al., 2003). Even worse, the worldwide spread of the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) since 2019 caused hundreds of millions of infections and millions of deaths. Its high infectivity and transmission speed and the lack of specific medicines and vaccines caused a worldwide panic. In the past few decades, with the continuous development of the breeding mode, various coronavirus, including porcine epidemic diarrhea virus (PEDV) and infectious chicken bronchial virus, have been world-widely prevalent and pose great challenges to the health and safety of the breeding industry. Some animals have been proved to carry coronaviruses that can spread from one species to another. A most recent research has revealed a surprising result showing that porcine deltacoronavirus (PDCoV) strains exist in plasma samples of three Haitian children with acute undifferentiated febrile illness (Lednicky et al., 2021). Therefore, systematic analysis of animal coronavirus, especially porcine enteric coronavirus (PEC), appeared to be extremely necessary.

Interferons (IFNs) are key components of the host’s antiviral innate immunity. IFNs are consisted of type I IFNs, type II IFNs, and type III IFNs. Type I IFN is a non-glycosylated protein composed of 165–300 amino acids. Almost all cells can produce type I IFNs when pattern recognition receptors (PRRs) recognize the microbial pathogen-associated molecular patterns (PAMPs). IFN-I binds to type IFN-I receptor (IFNAR) to induce a powerful antiviral defense program involving hundreds of interferon-stimulated genes (ISGs) by activating the JAK–STAT pathway. Furthermore, ISGs are capable of interfering with every step of viral replication (Schoggins and Rice, 2011). Like IFN-I, type III IFNs bind to the type III IFN receptor (IFNLR) and share the same pathway to induce a similar antiviral transcriptional program (Kotenko et al., 2019). It is now well-recognized that the IFN-λ-based antiviral system plays a major role in the antiviral protection of epithelial barriers. Due to the different expression of receptors, IFN-I signaling leads to a more rapid induction and decline of ISG expression. In contrast, IFN-III signaling induces the expression of ISGs in a more sustained way (Lazear et al., 2019). IFNs establish the cellular state of viral resistance and activate the adaptive immune responses to viruses. However, some viruses have evolved quite complicated mechanisms to escape immune recognition and antagonize the effects of IFNs and ISGs. The mechanisms by which different components of these viruses antagonize immune responses are also different. In the present review, the characteristics of PEC biology are elucidated, the mechanisms by which viruses antagonize immune responses are illustrated, and finally, the potential targets and strategies effective for controlling and eliminating porcine enteric coronaviruses are discussed.



OVERVIEW OF PORCINE ENTERIC CORONAVIRUSES

In 2019, the International Committee on Taxonomy of Viruses divided the Coronaviridae into Letovirinae and Orthocoronavirinae, containing five genuses: Alphacoronavirus, Betacoronavirus, Gammacoronavirus, Deltacoronavirus, and Alphaletovires. To date, there are six known swine coronaviruses, including four alphacoronavirus, one betacoronavirus, and one deltacoronavirus. Transmissible gastroenteritis coronavirus (TGEV), porcine respiratory coronavirus (PRCV), PEDV, and swine acute diarrhea syndrome-coronavirus (SADS-CoV) belong to the alphacoronavirus. Porcine hemagglutinating encephalomyelitis virus (PHEV) belongs to the betacoronavirus, and PDCoV belongs to the deltacoronavirus. Furthermore, the evolutionary genetic analysis suggested that PEDV and SADS-CoV were thought to originate from the bat CoVs and PDCoV from a sparrow CoV (Zhou et al., 2018; Wang et al., 2019), which suggested coronaviruses could spread from species to species. PEDV, PDCoV, and TGEV SADS-CoV can cause gastrointestinal infections and similar characteristics (Table 1). These porcine enteric coronaviruses mainly affect the digestive tract of piglets, and the clinical symptoms include weight loss, lethargy, vomiting, anorexia, watery diarrhea, and even death. The pathological features were necrosis and shedding of intestinal cells and intestinal villi injury (Jung et al., 2014; Pan et al., 2017; Suzuki et al., 2018; Xia et al., 2018). PEDV was first reported in the United Kingdom in the 1970s but was not found in the United States until 2013 (Wood, 1977; Stevenson et al., 2013). In the short time that followed, PEDV spread worldwide, with high morbidity and mortality rates, and caused huge economic losses to the global pig industry (Jung et al., 2015). The incubation period of the virus is generally 5–8 days. In addition, PEDV can infect pigs of all ages, but the severity and mortality of infected pigs are inversely proportional to pigs. The morbidity and mortality of suckling piglets within 7 days were up to 100% (Li et al., 2020). So far, PEDV has only been found to infect pigs and has no impact on public health.



TABLE 1. Characteristics of porcine enteric coronaviruses.
[image: Table1]

Since 2012, PDCoV has been detected in several countries, including China, the United States, Japan, and Canada (Woo et al., 2012; Wang et al., 2014b; Ajayi et al., 2018). PDCoV can cause diarrhea of piglets in different degrees and PDCoV disease, and the incidence and mortality of PDCOV disease in suckling piglets are about 50%–100%. The ability to spread across species is the most obvious feature of coronavirus. Researchers believed that PDCoV could only infect chickens and calves but not humans for a long time. Furthermore, the virus does not cause serious health problems in these animals (Jung et al., 2017; Liang et al., 2019; Boley et al., 2020). However, a research team has identified porcine deltacoronavirus strains in plasma samples of three Haitian children with acute undifferentiated febrile illness (Lednicky et al., 2021). This discovery makes us aware that these porcine coronaviruses may cause threats to public health.

Transmissible gastroenteritis coronavirus was first reported in the United States in 1946 and then broke out worldwide (Doyle and Hutchings, 1946; Kim et al., 2000). TGEV infection mainly causes infectious gastroenteritis, which leads to vomiting, watery diarrhea, and even death in piglets (Garwes, 1988). TGEV infection is fatal to piglets born less than 1 week, since the mortality rate can reach high up to 100%. Although the mortality rate of infected pigs over 2 weeks old is low, their growth and development are slow, which can cause economic losses to the pig breeding industry (Saif, 1999; Penzes et al., 2001). Significantly, TGEV is a highly contagious disease with a short incubation period (usually 1–3 days) and can quickly affect the entire pig population (Liu and Wang, 2021). Pigs are the only host of TGEV, and no human infection has been reported to date. SADS-CoV was first reported in the southeast of China in 2016, which is the sixth porcine coronavirus identified so far. The SADS-CoV infection leads to acute diarrhea, acute vomiting, and even acute death in piglets, and the mortality rate of virus infection in piglets within 5 days of age is more than 90% (Zhou et al., 2018). Tests on 35 people who had close contact with infected pigs found no evidence of human infection, suggesting the virus may not be capable of transmitting to humans.



THE GENOME STRUCTURE AND FUNCTION OF PORCINE ENTERIC CORONAVIRUSES

The PEDV genome is about 28 kb in length and consists of 3′, 5′ untranslated regions (UTR) and seven open reading frames (ORFs). The ORF sequence is ORF1a, ORF1b, spike protein (S), ORF3, envelope protein (E), membrane protein (M), and nucleoprotein (N; Kocherhans et al., 2001). ORF1 occupies two-thirds of the length of the genome at the end of the 5′ UTR and encodes two proteins (pp1a and pp1ab), which can be hydrolyzed by papain-like protease and serine type 3C-like protease to non-structural proteins (NSP) 1α, NSP1β, and NSP3-16. And then, these NSPs participate in virus replication, transcription, translation, and viral protein processing (Kadoi et al., 2002; Huang et al., 2013). The S protein of PEDV consists of S1 (1-789aa) and S2 (790-1383aa) subunits. The S1 helps PEDV bind to host receptors, and S2 induces membrane fusion and PEDV invasion (Liu et al., 2015). In addition, PEDV S protein also induces neutralizing antibodies in the host body (Song and Park, 2012). PEDV ORF3 sits between the S and E genes and encodes ORF3 protein, which plays an essential role in virulence (Park et al., 2011). The E gene of PEDV is only 231 nt in length and encodes E protein, which is essential for virus assembly and budding (Brian and Baric, 2005). The M gene of PEDV is 681 nt in length and can encode M protein (226aa), which is a transmembrane protein on the viral envelope (Narayanan et al., 2000). It has been reported that M protein is involved in virion assembly, budding, and host innate immune induction (Utiger et al., 1995). The PEDV N protein is a highly conserved protein that consists of 441aa and is involved in the survival of the virus (Wang et al., 2020c).

The TGEV genome is about 28.5 kb in length, consisting of 3′, 5′ UTR, and seven open reading frames. The gene sequence arrangement is 5′-UTR-ORF1a-ORF1b-S-ORF3a-ORF3b-E-M-N-NS7-3′-UTR (Figure 1). TGEV ORF1a and ORF1b encode pp1a and pp1b, respectively, which can be hydrolyzed by papain-like protease and 3C-like protease to NSP1-16 (Van Reeth et al., 2002; Wang et al., 2018). Moreover, ORF3a/b and NS7 encode accessory proteins which are also involved in virus infection and virulence (Park et al., 2008). The TGEV S gene is about 4,344 bp and encodes S protein (1447aa), which has multiple functions, including inducing neutralizing antibodies, influencing host cell affinity, and determining virus activity (Gack et al., 2007). E protein of TGEV is a kind of membrane-associated small structural protein. A study has reported that 64-AYKNF-68 residues are the core sequences for binding E monoclonal antibodies (Yachdav et al., 2014). The M protein of TGEV consists of 263aa, is a kind of glycosylated protein that plays an important role in virus assembly. TGEV M protein is involved in inducing interferons (Sawicki et al., 2005). The N protein of TGEV is a conserved phosphorylated protein that binds to the genome to form an RNA complex. Because of its conserved nature, N is often used as an antigen for PEDV detection.

[image: Figure 1]

FIGURE 1. Schematic diagram of porcine enteric coronaviruses (PECs). (A) Genome structure of PDEV; (B) Genome structure of transmissible gastroenteritis coronavirus (TGEV); (C) Genome structure of swine acute diarrhea syndrome-coronavirus (SADS-CoV); (D) Genome structure of porcine deltacoronavirus (PDCoV). S, spike; E, envelope; M, membrane; N, nucleoprotein; and Ns, accessory genes.


The SADS-CoV genome is approximately 27.2 kb in length and consists of 3′, 5′-UTR, and nine open reading frames, which are ORF1a, ORF1b, S, NS3a, E, M, N, NS7a, and NS7b in sequence (Pan et al., 2017; Xu et al., 2019a). SADS-CoV ORF1a encodes pp1a, which can be hydrolyzed to NSP 1–11. Moreover, ORF1b encodes pp1b, which can be hydrolyzed to NSP 12–16. NS3a, NS7a, and NS7b encode accessory proteins that affect viruses’ virulence (Xu et al., 2019a). The membrane protein interacts with the nucleoprotein of SADS-CoV during viral assembly and enhances viral transcription and assembly efficiency. The spike of SADS-CoV (1130aa) determines viral host range and tissue tropism. Notably, SADS-CoV S is highly homologous (95%) to bat α-coronavirus HKU2, which suggests that it may have the potential to spread across species (Yu et al., 2020).

The length of the PDCoV genome is approximately 25.4 kb, which is the smallest known coronavirus. PDCoV genome consists of 3′, 5′ UTR, and eight open reading frames, which are ORF1a, ORF1b, S, E, M, NS6, N, NS7a, and NS7 in order (Woo et al., 2010; Chen et al., 2015; Fang et al., 2017; Figure 1). PDCoV ORF1a and ORF1ab encode 1a polyprotein (3627aa) and 1ab polyprotein (6268aa), which can be hydrolyzed to NSP 2–16. It is widely accepted that PDCoV did not encode non-structural protein 1 (nsp1). These NSPs are associated with virus transcription, replication, and host immune response (Zhang, 2016). In addition, there are two ORFs between the M gene and N gene and within the N gene, which encode NS6, NS7a, and NS7. When PDCoV infects host cells, they are located in the endoplasmic reticulum (ER) and mitochondria, respectively (Fang et al., 2016; Choi and Lee, 2019). The structural analysis of PDCoV S protein showed that it was composed of S1 and S2 subunits. The N-terminal domain of PDCoV S1 recognizes carbohydrates as potential receptors, and the C-terminal domain of PDCoV S1 binds to receptors on the surface of mammalian cells (Shang et al., 2018). PDCoV N protein is located in the cytoplasm and nucleus of the host cell and participates in viral RNA synthesis by interacting with ribosomal subunits or nucleoproteins (Lee and Lee, 2015). In addition, PDCoV N protein is also involved in influencing the immune response of host cells (Likai et al., 2019).



INNATE RECOGNITION OF PORCINE ENTERIC CORONAVIRUS

Innate immunity is the first line of the host to defense against virus infection. The host cells recognize the invading pathogens through the interactions between PAMPs and host PRRs and induce the production of pro-inflammatory cytokines and interferons to elicit antiviral responses (Akira et al., 2006). When coronaviruses invade cells, PRRs, such as retinoic acid-inducible gene I (RIG-I)-like receptors (RLR) and Toll-like receptors (TLRs), are essential for the innate recognition of viral RNAs and are involved in the restriction of viral replication and dissemination. RLR, a family of cytoplasmic RNA helicases, including RIG-I, melanoma differentiation-associated gene 5 (MDA5), and Laboratory of Genetics and Physiology 2 (LGP2; Liu and Cao, 2016). Activation of RIG-I and MDA5 by double-stranded RNA (dsRNA) from coronaviruses leads to recruitment of the caspase recruitment domain (CARD)-containing adaptor protein mitochondrial antiviral signaling (MAVS) protein to activate TANK-binding kinase 1 (TBK1)/inhibitor-kb kinase ε (IKKε) kinases (Seth et al., 2005). Activated TBK1 and IKKε induce type I and type III IFNs production through phosphorylating interferon regulatory factors (IRFs; Meylan et al., 2006).

Other RNA sensors, TLR3, TLR7, and TLR8, located in the endosomal membrane, also recognize viral nucleotides, among which TLR3 recognizes dsRNA, TLR7 and TLR8 recognize ssRNA. The expression of TLR7 was significantly upregulated in PEDV-infected IPEC-J2 cells (Wang et al., 2020a). Cao et al. (2015) reported that PEDV infection induces nuclear factor-κB (NF-κB) activation through the TLR2, TLR3, and TLR9 pathways in porcine intestinal epithelial cells. PDCoV infection also significantly upregulates the mRNA transcription level of TLR3 and IFN-α in vivo (Xu et al., 2019b). In addition, TLR7 recognizes SARS-CoV, MERS-CoV, and MHV and induces IFN-a production in plasmacytoid dendritic cells (Cervantes-Barragan et al., 2007; Scheuplein et al., 2015). The receptors that sit on the surface of certain cells, especially TLR4, recognize MHV, SARS-CoV, SARS-CoV-2, and respiratory syncytial virus (Kurt-Jones et al., 2000; Khanolkar et al., 2009; Choudhury and Mukherjee, 2020). It has been reported that TLR4 also participates in PEDV infection-related pathogenesis (Huan et al., 2017). Once TLRs recognize the PAMPs of the virus, the factors NF-κB signaling will be activated to stimulate the production of pro-inflammatory cytokines and type I IFNs.



ESCAPE FROM INNATE IMMUNITY BY PORCINE ENTERIC CORONAVIRUSES STRUCTURAL PROTEINS

The structural proteins of porcine enteric coronaviruses consist of spike protein, envelope protein, membrane protein, and nucleocapsid protein. These proteins are essential components of viral structure and play important roles in fighting against the host’s immune responses (Figure 2). It is generally believed that the S protein of coronaviruses mainly plays a key role in the invasion of host cells and the induction of neutralizing antibodies (Song and Park, 2012; Li, 2015; Guan et al., 2020). However, a study has found that compared with other structural proteins and NSPs of PEDV, S protein has the strongest ability to induce apoptosis. Similarly, the S protein of TGEV can also strongly induce Vero-E6 cells apoptosis (Chen et al., 2018). Studies have suggested that some viruses actively induce apoptosis to promote the release of virus progeny and spread to neighboring cells for further invasion (Favreau et al., 2012; Lan et al., 2013). Thus, S protein probably helps these porcine enteric coronaviruses evade the host immune response by regulating apoptosis, although the exact mechanism is unclear. Moreover, another recent research has found that PEDV S protein directly interacts with epidermal growth factor receptor (EGFR) and activates EGFR downstream signal transduction, inhibiting IFN and exacerbating viral infection (Yang et al., 2018). Still, more evidence is needed to explore whether porcine enteric coronaviruses S protein is directly involved in viral immune escape or S protein mediates NSPs to realize virus immune escape.
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FIGURE 2. Potential mechanisms of porcine enteric coronavirus (PEC) structural proteins antagonize innate antiviral immune response. Different structural proteins of different porcine enteric coronaviruses used different strategies to antagonize the host’s immune responses. During PEC infection, interferons (IFNs) and pro-inflammatory are activated to fight against invading virus. It is noteworthy that STAT, retinoic acid-inducible gene I (RIG-I), and nuclear factor-κB (NF-κB) signalings are involved in this structural proteins-induced immune evasion. [image: inline1] stands for negative regulation, [image: inline1] stands for positive regulation.


The nucleocapsid protein is the most abundant protein of the known porcine enteric coronavirus components. It performs various functions, including viral genome transcription, translation, viral replication, and virus assembly (McBride et al., 2014). The PEDV N protein suppresses NF-κB nuclear translocation and further antagonizes Type II interferon production (Shan et al., 2018). Furthermore, the PEDV N protein targets TBK1 by direct interaction to inhibit IRF3 activation, further antagonizing type I interferon production. PDCoV N protein inhibits the activation of porcine IFN-β promoter by competing with dsRNA for porcine RIG-I binding (Chen et al., 2019). Moreover, the N-terminal region (1-246aa) of PDCoV N protein is the key part of interacting with porcine RIG-I (Likai et al., 2019). In addition, the N protein of PDCoV and SADS-CoV mediates K63-linked ubiquitination of porcine RIG-I, thereby, inhibit the host IFN-β production (Likai et al., 2019; Liu et al., 2021). The expression of the TGEV N gene promotes the accumulation of p53 and p21 and suppresses the expression of cyclin B1, cdc2, and cdk2. Meanwhile, TGEV N protein induces Bax mitochondria translocation and results in the activation of caspase-3, leading to apoptosis (Eleouet et al., 2000; Ding et al., 2014). In contrast, another study found that TGEV N protein, located in mitochondria, may contribute to mitophagy and suppress oxidative stress and apoptosis (Zhu et al., 2016). These different results may be due to their use of different cell lines for infection. These studies also suggested that the N proteins of different porcine enteric coronaviruses used different strategies to antagonize the host’s immune responses.

The member protein of porcine coronaviruses is a kind of transmembrane glycoprotein, which plays an important role in virion assembly, budding, and host immune regulation (Nguyen and Hogue, 1997; Riffault et al., 1997). Though the PEDV M protein affects cell cycle and interleukin 8 expressions, it does not induce ER stress and activation of NF-κB (Xu et al., 2015). Moreover, the PEDV M protein can form a complex with heat shock protein 70, affecting the host’s innate immune response and virus replication (Park et al., 2021). A recent study has identified 218 host cell proteins directly interacting with PDEV M protein. Moreover, these proteins were mainly associated with multiple biological processes such as immune response, apoptosis, and cell cycle (Wang et al., 2020b). In addition, some researches have reported that M proteins of TGEV and PDCoV help virus replication, which may be related to its regulation of IFN expression (Riffault et al., 1997; Gu et al., 2019; Li et al., 2019). So far, there are few studies on M proteins of porcine enteric coronavirus. M protein mediating porcine enteric coronavirus antagonism against host innate immune responses remains to be further studied.

The envelope protein is the smallest structural protein in porcine enteric coronavirus, involved in virus-host interactions. When the viruses invade the host cell, the E proteins are mainly located in the ER and play an essential role in virion assembly and budding (Xu et al., 2013a; Mora-Diaz et al., 2019). Based on its specific location in the cell, a study has found that PEDV E protein-induced ER stress and NF-κB activation upregulate the expression of IL-8 and Bcl-2. On the other hand, PEDV E protein directly interacts with IRF3 to inhibit its nuclear translocation, which further antagonizes interferon-β production (Zheng et al., 2021). The results of protein structure analysis suggest that porcine enteric coronavirus E protein may be involved in inducing humoral and cellular immunity during viral infection (Escors et al., 2001).



RESEARCH PROGRESS ON ACCESSORY PROTEINS OF PORCINE ENTERIC CORONAVIRUSES ANTAGONIZING ANTIVIRAL INNATE IMMUNE RESPONSES

The porcine coronavirus accessory proteins are unique kinds of protein with special functions. Different numbers of accessory proteins are scattered in different porcine coronavirus genomes. Although they are unnecessary for virus proliferation, they play key roles in regulating innate immunity and viral pathogenicity (Fang et al., 2018; Wu et al., 2020b). PEDV has only one accessory protein, the ORF3. A study showed that ORF3 could suppress IFN-β and IRF3 promoter activities, but a detailed analysis of the certain mechanism is lacking (Zhang et al., 2016). Several studies have reported that PDEV ORF3 can interact with the host’s immune cells. PDEV ORF3 antagonizes the host’s antiviral innate immunity mainly by regulating NF-κB signaling pathway activity. PEDV ORF3 inhibits phosphorylation of IκBα and nuclear factor p65 and interfering p65 nuclear translocation, which in turn reduces the production of pro-inflammatory cytokines such as IL-6 and IL-8 (Wu et al., 2020b). Interestingly, ORF3 directly interacts with the IκB kinase β and upregulates the IκB kinase β-meditated NF-κB promoter activity. However, PEDV ORF3 suppresses the IκB kinase β-meditated IFN-β production (Kaewborisuth et al., 2020). Moreover, PEDV ORF3 induces ER stress via the PERK-eIF2α signaling pathway by upregulating the expression of GRP78, and then inducing autophagy, which benefits viral replication and affects the production of various inflammatory cytokines (Guo et al., 2017; Zou et al., 2019). In addition, conflicting studies have shown that proteins can inhibit or promote apoptosis, which is involved in viral replication and immune escape (Favreau et al., 2012; Si et al., 2020). Cells infected with Ns7-deletion mutant TGEV (TGEV-Δ7) showed an increased cytopathic effect by activation of caspase signaling. Further research found that the C-terminus of accessory protein 7 bound to protein phosphatase 1 catalytic subunit and regulated dephosphorylation of eukaryotic translation initiation factor 2 to counteract the host’s cell defenses (Cruz et al., 2011). Moreover, innate immunity genes such as IL-15, C–C motif chemokine 2/4/5, C–X–C motif chemokine 9/11, tumor necrosis factor, and IFN-β were upregulated during TGEV-Δ7 infection. In vitro and in vivo results suggested that the absence of TGEV accessory protein 7 increased innate immunity responses and acute tissue damage, which proved its antagonistic function from the opposite angle (Cruz et al., 2013). PDCoV accessory protein NS6 cannot prevent RIG-I, MDA5, and their downstream molecules from activating the IFN-β promoter. However, PDCoV NS6 can directly interact with the carboxyl terminus domain of RIG-I and the helicase and carboxyl terminus domains of MDA5 to inhibit dsRNA binding RIG-I/MDA5 and thus antagonize IFN-β production (Fang et al., 2018). PDCoV NS7a can also function as an IFN antagonist. Unlike NS6a, the NS7a inhibits RIG-I, MDA5, and their downstream molecules to activate the IFN-β promoter. Furthermore, NS7a can compete with TRAF3 and IRF3 for binding to IKK, thereby, reducing RLR-mediated IFN-β production. Moreover, the kinase and the scaffold dimerization domains of IKKε are key regions that can directly bond to NS7a (Fang et al., 2020). From those researches, the mechanisms by which different accessory proteins of porcine enteric coronaviruses suppress host antiviral innate immunity are different.



MECHANISM OF NON-STRUCTURAL PROTEINS OF PORCINE ENTERIC CORONAVIRUSES ANTAGONIZING INNATE IMMUNE RESPONSE

Non-structural proteins are the earliest expression proteins essential for the virus replication process. They usually act as viruses evade, circumvent, or subvert the host innate immune system roles. During the process of porcine enteric coronavirus infection, NSP1, NSP3, NSP5, NSP15, and NSP16 have been observed to play additional roles in host immune-modulatory functions. Of 16 PEDV NSPs, NSP1, NSP3, NSP7, NSP14, NSP15, and NSP16 were found to inhibit the IFN-β and IRF3 promoter activities (Zhang et al., 2016). In addition, these porcine coronaviruses NSPs are also involved in downregulating the NF-κB activity (Zhang et al., 2017). In 2018, NSP1, NSP3, NSP5, NSP8, NSP14, NSP15, and NSP16 of PEDV were found to suppress type III IFN activities (Zhang et al., 2018). Here, we review the detailed mechanism of these non-structural proteins that antagonize interferon production.

Non-structural protein 1 is only characterized in alphacoronaviruses (α-CoVs) and betacoronaviruses (β-CoVs; Woo et al., 2010). Under the catalysis of the proteasome, the NSP1 of PEDV interrupted the enhanceosome assembly of IRF3 and CREB-binding protein (CBP) by degrading CBP to antagonize IFN-I production (Zhang et al., 2016). The CBP is the key molecular for the activated IRF3 to induce the transcription of IFN-I genes. After IRF3 phosphorylation and dimerization into the nucleus, IRF3 interacts with CBP to form the IRF3-CBP complex. And then, the complex binds to the positive regulatory domain (PRD) I–IV regions of the IFN-β promoter to assemble the enhanceosome with NF-κB and other factors to turn on the transcription of IFN-I genes (Honda and Taniguchi, 2006; Dragan et al., 2007; Panne et al., 2007). Another target gene for NSP1 to inhibit innate immunity is IRF1. IRF1 is the key adaptor protein for type III IFNs production. PEDV NSP1 blocked the nuclear translocation of IRF1 and reduced the number of peroxisomes to suppress IRF1-induced type III IFNs (Zhang et al., 2018). PEDV inhibited both NF-κB and pro-inflammatory cytokines production in porcine epithelial cells. Zhang et al. (2017) found that NSP1 was the most effective NF-κB antagonist among all proteins of PEDV. Moreover, NSP1 suppressed the phosphorylation and degradation of IκBα and blocked the p65 activation (Zhang et al., 2017). It is worth pointing out that the conserved residues of NSP1 were crucial to suppress IRF1-mediated IFN-λ and NF-κB mediated IFN-I and pro-inflammatory cytokines (Zhang et al., 2017, 2018). In addition, Shen et al. (2020) found that seven representative α-CoVs: SADS-CoV, PEDV, HCoV-229E, human NL63 CoV (HCoV-NL63), FIPV, TGEV, and PRCV NSP1s could significantly inhibit the phosphorylation of STAT1-S727 and interfere with the effect of IFN-I. The multiple functions of NSP1 to inhibit innate immune responses through different mechanisms suggest that it is one of the key molecules of porcine coronaviruses to escape innate immunity. Drugs targeting NSP1 conserved sites are likely to prevent and control these viruses.

NSP3 is the largest protein encoded by the porcine coronavirus genome and contains two domains of papain-like protease (PLP1 and PLP2). PLP2 has deubiquitinase (DUB) activity that recognizes and processes K-48 and K-63 linked polyubiquitin chains. Ubiquitin modification is a key mechanism to regulate the activity and stability of the antiviral innate immune. In recent years, several viral DUBs have been found to antagonize IFN-I production by deubiquitination of key host factors, such as the lead protease (Lbpro) of the foot-and-mouth disease virus (FMDV) and the NSP2 of Porcine Reproductive and Respiratory syndrome virus (PRRSV; Sun et al., 2010; Wang et al., 2011). Moreover, the DUB activity is conserved in all members of the arterivirus family. Both arteri- and nairovirus DUBs inhibit RIG-I mediated innate immune signaling (van Kasteren et al., 2012). The PLP2 of HCoV-NL63 and PLPs of SARS-CoV also antagonize IFN induction through disruption of STING dimer and deubiquitination of RIG-I (Chen et al., 2007; Clementz et al., 2010; Sun et al., 2012a). Accordingly, PEDV PLP2 strongly inhibits RIG-I- and STING-activated IFN expression by deubiquitination and co-immunoprecipitating with RIG-I and STING (Xing et al., 2013).

CoVs NSP5 and NSP3 genes encode 3C-like protease (3CLpro) and papain-like proteinase, respectively. These two proteinases can degrade the polyprotein into various non-structural proteins, which further facilitate virus replication. It has been found that many viruses’ 3C protease (3Cpro) antagonizes innate immune signaling pathways dependent on its protease activity. For example, encephalomyocarditis virus (EMCV) 3C protease cleaved TANK and disrupted the TANK-TBK1-IKKε-IRF3 complex, inhibiting IRF3 phosphorylation and IFN-I production (Huang et al., 2017). Coxsackievirus B 3C protease cleaves MAVS and TRIF to attenuate IFN-I and apoptotic signaling (Mukherjee et al., 2011). Enterovirus 71 3C protein induces TRIF cleavage to inhibit TLR-mediated antiviral responses (Lei et al., 2011). Similar to the Hepatitis A virus and FMDV 3Cpro, PEDV and PDCoV 3C-like proteases cleave NEMO to impair induction of IFN-β (Wang et al., 2012, 2014a, 2016). The cleave site of NEMO has been identified at Gln231 both in PEDV and PDCoV, suggesting NEMO may be a common target for coronaviruses (Wang et al., 2016; Zhu et al., 2017a). However, it cannot exclude the possibility that other non-active site residues of their NSP5 are also involved. Soon afterward, other target molecules of PDCoV NSP5 inhibit IFN-I signaling was revealed. Like NS5 protein of dengue virus (DENV), Zika virus (ZIKV) and the hepatitis C virus (HCV), PDCoV NSP5 target the JAK–STAT pathway to antagonize IFN-I signaling (Lin et al., 2006; Ashour et al., 2009; Grant et al., 2016). In PDCoV-infected cells, NSP5 cleaved STAT2 at glutamine 685 (Q685) and Q758As to impair ISGs induction (Zhu et al., 2017b). As NSP5 is involved in the cleavage of the viral polyprotein, the inhibitors target its 3C-like protease domain that can suppress porcine enteric coronavirus infection, such as quercetin, GC376 (Zhou et al., 2019; Ye et al., 2020).

NSP15 is identified as a component of the coronavirus replication complex, which has endoribonuclease (EndoU) activity. The role of EndoU was revealed, which showed that EndoU mediates the evasion of viral double-stranded RNA recognition by host sensors in macrophages. In previous studies, SARS-CoV NSP15 was identified as an inhibitor of MAVS-mediated apoptotic responses (Lei et al., 2009). MHV and HCoV-229E NSP15 efficiently prevent simultaneous activation of host cells dsRNA sensors, such as MDA5, OAS, and PKR (Kindler et al., 2017). A study has reported that the EndoU activity of PEDV NSP15 is not required for virus replication. Still, PEDV NSP15 is important for suppressing the type I and type III IFN response in epithelial cells and macrophages. NSP15 facilitates virus replication, shedding, and pathogenesis in vivo (Deng et al., 2019). With the study forward, the mechanism of PEDV NSP15 inhibits the host’s IFN response was found. PEDV NSP15 can directly degrade the mRNA of TBK1 and IRF3 dependent on its EndoU activity to suppress the production of IFN and ISGs, antagonizing the host innate response to facilitate its replication (Wu et al., 2020a). PDCoV NSP15 is also an IFN antagonist. However, PDCoV NSP15 disrupts the phosphorylation and nuclear translocation of the NF-κB p65 subunit but does not antagonize the activation of transcription factor IRF3. Moreover, PDCoV NSP15 inhibits IFN-β production independent of EndoU activity (Liu et al., 2019).

NSP16 is one of the RNA modification enzymes involved in forming cap structures in PEDV (Chen et al., 2011). Compared with NSP14, which is another methyltransferase in PEDV, NSP16 is a more efficient regulator in the antagonist of innate immunity. Mechanistically, NSP16 downregulates the activities of RIG-I and MDA5 mediated IFN-β and ISRE dependent on the KDKE tetrad. Moreover, NSP10 enhanced the inhibitory effect of NSP16 on IFN-β (Shi et al., 2019). However, whether NSP16 of PDCoV and SADS-CoV antagonizes interferon production is still unknown.

These studies suggest that the NSPs of porcine enteric coronaviruses antagonize the host’s innate immune responses by regulating IFN signaling pathways (Figure 3). Therefore, further study of the biological functions of NSPs will help us elucidate the pathogenesis of coronaviruses and possibly provide new targets for developing antiviral vaccines and drugs.
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FIGURE 3. Non-structural protein (NSP) of porcine enteric coronavirus (PEC) antagonizes innate immune response. Retinoic acid-inducible gene I (RIG-I), melanoma differentiation-associated gene 5 (MDA5), and Toll-like receptors (TLRs) recognize the invading virus and induce pro-inflammatory cytokines, type I/III interferons (IFNs) by nuclear factor-κB (NF-κB) and (RIG-I)-like receptors (RLRs) signaling pathway, respectively. Extracellular Type I and III IFNs recognized by IFN-I receptor (IFNAR) and type III IFN receptor (IFNLR) to phosphorylate JAK1 and TYK2. And then, STAT1/2 is recruited and phosphorylated to form three STAT complexes. STAT1 and STAT2 form heterodimers and recruit IRF9 or IRF1. These complexes enter the nucleus and induce type I and III ISGs, inflammatory cytokines production. NSPs of PEC antagonize various steps of this antiviral response. [image: inline1] stands for negative regulation; [image: inline1] stands for type I IFN; and [image: inline1] stands for type III IFN.




CONCLUSION AND PERSPECTIVES

The host’s innate immune response protects itself from most pathogenic microorganisms, but some viruses have evolved strategies to antagonize innate immune responses. Coronaviruses are the largest positive-sense RNA viruses that exist widely in nature and are highly genetically variable. This review summarizes how porcine enteric coronaviruses evade the host’s innate immune responses. First, since IFN is the most important regulator of the antiviral innate immunity, these viruses typically inhibit IFN production by various means, including inhibition of RIG-I/TLR signaling and inhibiting dsRNA bind to RIG-I/MDA5 or directly downregulates IFN promoter activity. Second, porcine enteric coronaviruses also attenuate inflammatory response by targeting the NF-κB signaling pathway. In addition, some porcine enteric coronaviruses can regulate apoptosis and evade ISGs to promote virus replication.

Also, some cellular physiological processes, such as autophagy, endoplasmic reticulum stress, programmed cell death, are probably involved in the evasion of the innate immune response of these viruses (Lin et al., 2020; Sun et al., 2021; Wei et al., 2021). Some viruses use autophagy to evade the host immune response and hide in the autophagosome to accumulate RNA and proteins (Sun et al., 2012b; Liu et al., 2016). A recent study has reported that PEDV infection induced autophagy, which promotes virus replication. Moreover, NSP6 and ORF3 of the virus are two of the important inducers of autophagy. Further study showed that PI3K/Akt/mTOR pathway is the key signal of PEDV NSP6-induced autophagy (Lin et al., 2020). During porcine coronavirus infection, some of the viral proteins are located in the endoplasmic reticulum of host cells. E protein, N protein, and ORF3 of PEDV can all induce ER stress via PERK and IRE1 signaling and then upregulate inflammatory factors (Xu et al., 2013a,b; Sun et al., 2021). In addition, PEDV-induced ER stress facilitates autophagy (Zou et al., 2019). Furthermore, TGEV infection in porcine intestinal epithelial cells can induce IL-1β release and pyroptosis, dependent on the expression and assembly of the NOD-like receptor protein 3. The above evidence highlights the importance of investigating virus-host interactions to elucidate viral immune evasion. Some viruses would like to alter the intracellular environment to ensure their survival. Exploring these programs will help us further understand how porcine enteric coronaviruses evade innate immune responses and also provide us with new ideas for developing antiviral vaccines and drugs.
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Background: COVID-19 has caused more than 2.6 billion infections and several million deaths since its outbreak 2 years ago. We know very little about the long-term cellular immune responses and the kinetics of neutralizing antibodies (NAbs) to SARS-CoV-2 because it has emerged only recently in the human population.

Methods: We collected blood samples from individuals who were from the first wave of the COVID-19 epidemic in Wuhan between December 30, 2019, and February 24, 2020. We analyzed NAbs to SARS-CoV-2 using pseudoviruses and IgG antibodies to SARS-CoV-2 spike (S) and nucleocapsid (N) protein using enzyme-linked immunosorbent assay in patients’ sera and determined SARS-CoV-2-specific T-cell responses of patients with ELISpot assays.

Results: We found that 91.9% (57/62) and 88.9% (40/45) of COVID-19 patients had NAbs against SARS-CoV-2 in a year (10–11 months) and one and a half years (17–18 months), respectively, after the onset of illness, indicating that NAbs against SARS-CoV-2 waned slowly and possibly persisted over a long period time. Over 80% of patients had IgG antibodies to SARS-CoV-2 S and N protein one and a half years after illness onset. Most patients also had robust memory T-cell responses against SARS-CoV-2 one and a half years after the illness. Among the patients, 95.6% (43/45) had an IFN-γ-secreting T-cell response and 93.8% (15/16) had an IL-2-secreting T-cell response. The T-cell responses to SARS-CoV-2 were positively correlated with antibodies (including neutralizing antibodies and IgG antibodies to S and N protein) in COVID-19 patients. Eighty percent (4/5) of neutralizing antibody-negative patients also had SARS-CoV-2-specific T-cell response. After long-term infection, protective immunity was independent of disease severity, sex, and age.

Conclusions: We concluded that SARS-CoV-2 infection elicited a robust and persistent neutralizing antibody and memory T-cell response in COVID-19 patients, indicating that these sustained immune responses, among most SARS-CoV-2-infected people, may play a crucial role in protection against reinfection.

Keywords: neutralizing antibody, T-cell response, antigen-specific, SARS-CoV-2, COVID-19


INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by a newly discovered beta coronavirus, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has become a global pandemic with no end in sight. As of December 12, 2021, 267.9 million cases of COVID-19 had been confirmed worldwide and 5.2 million cases had died (World Health Organization [WHO], 2021). The protective immune responses triggered by viral infection consist of two main components, humoral and cell-mediated immune responses. Neutralizing antibodies (NAbs) can neutralize the viral pathogen and are considered crucial for protection against viral infections. Specific T-cell immune responses are usually directed against virus-infected cells, accelerate viral clearance, and restrict viral spread in vivo (Feng et al., 2021). Studies have indicated a protective role of NAbs and antigen-specific memory T-cell responses in COVID-19 patients (Addetia et al., 2020; Huang et al., 2020). SARS-CoV-2 convalescent patients usually generate robust immune responses in the early stages of convalescence (Choe et al., 2020; Robbiani et al., 2020; Rydyznski Moderbacher et al., 2020; Wang Y. et al., 2020; Cassaniti et al., 2021). Previous studies reported that SARS-CoV-2-specific T-cell responses occurred in virtually all patients (Grifoni et al., 2020; Feng et al., 2021; Sandberg et al., 2021). However, the long-term role of NAbs and cellular immunity against SARS-CoV-2 is unknown due to the recent outbreak of COVID-19, which may contribute to protection against reinfection.

In this study, blood samples were obtained from COVID-19 patients with mild and severe illness from 1 to 18 months after disease onset to evaluate neutralizing antibodies, antigen-specific antibodies, and T-cell responses to SARS-CoV-2.



MATERIALS AND METHODS


Blood Samples

The study was conducted with the approval of the Ethics Committee of Wuhan University (2020YF0051). Informed consent was obtained from all participants. A total of 170 participants were recruited in this study. Inclusion criteria were as follows: (1) no history of COVID-19 vaccination; and (2) no individuals living with human immunodeficiency virus (HIV). All COVID-19 cases were diagnosed according to the guidelines for the diagnosis and treatment of new coronavirus pneumonia issued by the Chinese government, and were confirmed to be infected with SARS-CoV-2 by RT-PCR test of nasopharyngeal swabs. A total of 150 hospitalized patients who were the first wave of COVID-19 in Wuhan between December 30, 2019, and February 24, 2020 were recruited (Figure 1). The 1- to 2.5-month sera were obtained from inpatients, and the 10- to 11-month sera and the 17- to 18-month sera were obtained from volunteers who had been hospitalized and recovered from COVID-19. We divided the observation period into 1–2.5 months (n = 43), 10–11 months (n = 62), and 17–18 months (n = 45). The samples collected at different time points came from different patients. A total of 20 healthy control subjects who were neither infected with SARS-CoV-2 nor vaccinated against COVID-19 were recruited. All sera were aliquoted and stored at −80°C.
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FIGURE 1. Enrollment of COVID-19 patients and healthy persons. A total of 150 COVID-19 patients including inpatients and convalescent patients were enrolled in this study and patients’ sera were obtained from 1 to 18 months after the onset of illness in three periods (1–2.5, 10–11, and 17–18 months). A total of 20 healthy persons were recruited as the negative control.




Generation of the Human Angiotensin-Converting Enzyme 2 (ACE2) Overexpression Cell Lines (Vero-E6ACE2 Cells)

The lentiviral expression vectors were used to transfect Vero-E6 cells to stably express human ACE2. The retroviral plasmid for human ACE2 expression (pCDH-CMV-hACE-EF1-RFP) was purchased from Tsingke Biological Technology (Nanjing, China). HEK293T cells were transfected with the retroviral vector pCDH-CMV-hACE-EF1-RFP and the packaging plasmids pMD2.G and psPAX2 at a ratio of 2:1:1 with Lipofectamine 3000 (Invitrogen, Carlsbad, CA, United States). After 48 h of incubation, the supernatant was harvested and the lentiviruses in the supernatant were purified with polyethylene glycol (PEG) 8000 (Solarbio, Beijing, China). Confluence monolayers (80–90%) of Vero-E6 cells were infected with purified lentiviruses with polybrene (2 μg/ml). Stable Vero-E6ACE2 cells were selected by puromycin resistance.



Production of SARS-CoV2 S Pseudovirus

To construct an HIV-1 pseudovirus carrying the spike (S) protein of SARS-CoV-2, the full length of the S gene with a C-terminal 19-amino-acid deletion from the Wuhan-Hu-1 strain (GenBank: MN908947) was codon-optimized and synthesized (Sino Biology Inc., Shanghai, China). The S gene was cloned into the eukaryotic expression plasmid pCMV to generate the plasmid pCMV-3Flag-SARS-CoV-2-S19del. The HIV-1 NL4-3 ΔEnv Vpr luciferase reporter vector (pNL4.3-R-E-luc) was kindly provided by Professor Cheguo Cai (Wuhan University, Wuhan, China). HEK293T cells were co-transfected with pNL4.3-R-E-luc and pCMV-3Flag-SARS-CoV-2-S19del using Lipofectamine 3000 to package the pseudovirus. The Supernatant containing pseudovirus was collected at 72 h post-transfection. To construct the vesicular stomatitis virus (VSV) pseudovirus as control, plasmid pMD2.G was co-transfected with plasmid pNL4.3-R-E-luc.

Pseudovirus titers were determined on Vero-E6ACE2 cells by measuring relative luminescence units (RLU). Briefly, Vero-E6ACE2 cells (2 × 104 cells/well) were seeded into 96-well culture plates and infected with 50 μl of pseudovirus with polybrene (2 μg/ml). After incubation for 24 h, the supernatant containing pseudovirus was removed and replaced with fresh Dulbecco’s modified Eagle’s medium containing 2% fetal bovine serum (Gibco, Rockville, MD, United States). After 72 h post-infection, RLU was detected using the Bio-Lite Luciferase Assay kit (Vazyme, Nanjing, China). The luminescence was read using a Tecan Spark multifunction microplate reader (Tecan, Austria).



Confirm the Expression of SARS-CoV-2 Pseudovirus by Western Blot

To confirm the expression of SARS-CoV-2 pseudovirus, HEK293T cells were cotransfected with pNL4.3-R-E-luc and pCMV-3Flag-SARS-CoV2-S19del using Lipofectamine 3000, and the virus-containing supernatant and cell lysates were collected separately. To construct the VSV pseudovirus as control, plasmid pMD2.G was cotransfected with pNL4.3-R-E-luc. Twelve milliliters of SARS-CoV-2 or VSV pseudoviruses was concentrated with PEG 8000 and resuspended with 20 μl of 5 × sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer. Cell lysates were denatured in a 5 × SDS-PAGE loading buffer. Proteins were electrophoresed on a 10% SDS-PAGE and transferred onto a polyvinylidene difluoride membrane for 2.5 h at 200 mA at 4°C. Immunoblots were probed with primary antibodies (SARS-CoV-2 convalescent patient serum, anti-Flag, and anti-β-actin antibodies, Proteintech, Wuhan, China) and secondary antibodies conjugated with horseradish peroxidase. Protein bands were detected using Western Lightning Plus ECL (PerkinElmer, Boston, MA, United States).



Neutralization Assay Based on the Pseudovirus

Vero-E6ACE2 cells (2 × 104 cells/well) were seeded in 96-well plates. For the pseudovirus neutralization assay, heat-inactivated serum samples were diluted in twofold increments with Dulbecco’s modified Eagle’s medium containing 2% fetal bovine serum. SARS-CoV2-S pseudoviruses (50 μl, approximately 5 × 104 RLU) were co-incubated with 50 μl of diluted sera of COVID-19 patients for 1 h at 37°C and then the sera-pseudoviruses mixture was added to 96-well Vero-E6ACE2 cells. Sera of healthy donors were used as negative serum controls. VSV pseudovirus was a negative virus control to prove the specificity of the neutralization assay-based pseudovirus. Fresh medium was added to each well 24 h post-infection and RLU was measured 72 h post-infection. The percentage of neutralization was calculated as (RLUvirus − RLUvirus + serum)/(RLUvirus − RLUmock) × 100. The 50% neutralization (ND50) was expressed as the reciprocal dilution of serum, which resulted in a 50% reduction in RLU compared to the positive virus control. In this study, neutralizing antibody titers were calculated as ND50. The ND50 titer of ≥1:8 indicated positivity. All serum samples were tested at least in duplicate.



Enzyme-Linked Immunosorbent Assay

We detected the SARS-CoV-2 IgG antibody to S and nucleocapsid (N) in 1- to 2.5-month sera, 10- to 11-month sera, and 17- to 18-month sera using ELISA. The IgG levels in sera were tested using the commercially available SARS-CoV-2 human S antibody Titer Assay Kit and SARS-CoV-2 human N antibody Titer Assay Kit (Nanjing Miaodi Biotechnology Co., Ltd., Nanjing, China) (Liu et al., 2021). A total of 100 μl of diluted serum sample (1:50 for S and 1:100 for N) was added to each well coated with purified SARS-CoV-2 S or N protein. Following 30 min of incubation at 37°C, each well was washed and was incubated with horseradish peroxidase-labeled anti-human IgG. Tetramethylbenzidine and H2O2 substrate were used to develop color. After color development stopped, the optical density (OD) values were measured at 450 nm (OD450) with a microplate reader. Positive control and negative control were performed as the same procedure. Based on the manufacturer’s instructions, samples with OD450 greater than the cutoff value were considered positive.



SARS-CoV-2 Peptides for the T-Cell Enzyme-Linked Immunospot Assay (ELISpot)

For the T-cell ELISpot assay, the SARS-CoV-2 S peptide pools (Sino Biological, Beijing, China) containing S1 and S2 peptide pools were used, which mainly consisted of 15-mer sequences with 11-amino-acid overlap. The S1 peptide pool consists of 169 peptides (amino acids 1–686) and the S2 peptide pool consists of 144 peptides (amino acids 687–1,273), with a purity of >95% as determined by SEC-HPLC analysis.



ELISpot Assay

To investigate SARS-CoV-2-specific T-cell responses in convalescent patients, we used the human IFN-γ and IL-2 ELISpot Kits (Dakewe Biotech, Shenzhen, China). Fresh peripheral blood mononuclear cells (PBMCs) were isolated from the blood of convalescent COVID-19 patients 17–18 months after disease onset. PBMCs from healthy individuals who had not been vaccinated against COVID-19 served as controls. As a standard, 5 × 105 PBMCs per well were stimulated with the S1 and S2 mixture peptides at a concentration of 1 μg/ml of each peptide for 24 h. An equimolar amount of dimethyl sulfoxide (DMSO) and phytohemagglutinin (PHA, Dakewe, 2.5 μg/ml) were used as negative and positive controls, respectively. Spots were counted using an ELISpot reader (Mabtech, Stockholm, Sweden). The threshold for a positive reaction was set at three times above the mean value of the spots of the negative controls.



Statistical Analysis

Categorical variables were described as percentages, and compared using the Chi-squared test. Continuous variables were described using geometric mean antibody titers (GMT), median, and interquartile range (IQR). The Mann–Whitney U test was used to compare differences between groups. Spearman rank correlation test was used to evaluate the correlation between the levels of different antibodies and the correlation between antibody levels and T-cell responses. The generalized linear model (GLM) was applied to evaluate the association between immune response (including antibodies and T-cell responses) and potential factors (i.e., disease severity, sex, and age). All analyses were performed using SPSS 22.0 software (SPSS Inc., Chicago, IL, United States). Graphs were generated using GraphPad Prism 8.3.0. p < 0.05 was considered statistically significant. *p < 0.05, **p < 0.01, ***p < 0.001.




RESULTS


Characteristics of the Patients

In this study, we recruited 150 COVID-19 patients and 20 healthy donors (Figure 1). Among the 150 COVID-19 patients who participated in this study, 43 sera were obtained in 1–2.5 months, 62 sera were obtained in 10–11 months, and 45 sera were obtained in 17–18 months after the onset of illness. Patients were grouped according to the severity of the disease. Patients with fever, fatigue, runny nose, cough, myalgia, and mild pneumonia on imaging examination were included in the mild group; patients with dyspnea, hypoxemia, acute respiratory distress syndrome, septic shocks, and multifunctional organ failure requiring intensive care were included in the severe group. General information about patients enrolled in neutralizing antibody tests is listed in Table 1, including sex, age, and the severity of COVID-19. The median age of the patients was 55 years (IQR, 47–63 years) and 68 (45.6%) were female. Among them, 81 (54.4%) were younger than 60 and 36 (39.7%) were over 60 years old. Eighty-four (56.4%) patients had mild clinical manifestations and 65 (43.6%) were in severe condition.


TABLE 1. General information about cases enrolled in the neutralizing antibody test.
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Neutralization Assay With SARS-CoV-2 and Vesicular Stomatitis Virus Pseudoviruses

Western blot showed that anti-Flag antibody detected a 190-kDa band in the cell lysates of SARS-CoV-2 S plasmid pCMV-3Flag-SARS-CoV-2-S19del transfected cells, but not in the plasmid pMD2.G transfected cells (Figure 2A), indicating that SARS-CoV-2 S protein was expressed in the S plasmid transfected cells. SARS-CoV-2 pseudoviruses were purified from cell culture supernatant using PEG 8000. Western blot showed that a COVID-19 patient serum reacted with a 190-kDa band in the purified SARS-CoV-2 pseudovirus, but not in the VSV pseudovirus (Figure 2B), indicating that SARS-CoV-2 pseudovirus S protein was correctly expressed in the cell culture supernatant.


[image: image]

FIGURE 2. Validation of the SARS-CoV-2 pseudovirus neutralizing assay. (A) Detection of SARS-CoV-2 spike protein expression in plasmid pCMV-3Flag-SARS-CoV-2-S19del transfected cell lysates by Western blot using anti-Flag antibody. Plasmid pMD2.G was used as the negative control. (B) Detection of SARS-CoV-2 spike protein expression in PEG 8000 concentrated pseudoviruses from cell culture supernatant with a serum of COVID-19 convalescent patient. VSV pseudovirus was used as the negative control. (C,D) Inhibition of SARS-CoV-2 pseudovirus or VSV pseudovirus using COVID-19 patients’ and healthy persons’ sera.


Determination of neutralization antibody titers in sera depended on measuring the inhibition rate of RLU from pseudovirus in cells, which corresponded to the inhibition of virus entry into Vero-E6ACE2 cells. Dose-dependent inhibition of SARS-CoV-2 pseudovirus was observed in seropositive serum samples; in contrast, the sera of healthy donors showed no significant changes in the RLU at any dilution (Figure 2C). As expected, sera of both COVID-19 patients and healthy donors had no inhibition against VSV pseudovirus (Figure 2D). These results demonstrated that COVID-19 positive sera specifically neutralized the SARS-CoV-2 pseudovirus and the SARS-CoV-2 pseudovirus can substitute live SARS-CoV-2 to test neutralizing antibodies.



Neutralizing Antibody Kinetic Change

We measured neutralizing antibodies in serum samples from confirmed COVID-19 cases at early and late time points after onset of illness. We found that 97.7% (42/43) of COVID-19 patients developed neutralizing antibodies with a median of 1:237 (IQR, 1:149–1:508) in 1- to 2.5-month sera, of which 69.0% (29/42) had a titer ≥1:128, and 21.4% (9/42) had a titer ≥1:512 (Figures 3A,B). Our data showed that most convalescent patients had detectable NAbs 10–11 months after illness onset and the seropositive rate remained at 91.9% (57/62) with the median of 1:99 (IQR, 1:47–1:212). However, 37.3% (19/51) of convalescent patients showed low levels of serum neutralizing antibodies between 1:8 and 1:64. Only a small proportion (5.9%) of patients had a serum neutralizing antibody titer ≥1:512. To explore how long neutralizing antibodies exist in convalescent patients, we tested neutralizing antibodies in the sera of these patients 17–18 months after illness onset. Surprisingly, we found that 88.9% (40/45) of patients had detectable NAbs 17–18 months after illness onset with a median of 1:80.0 (IQR, 1:40–1:164.5). Among them, 28.9% (13/45) showed low levels of serum neutralizing antibodies with NAbs between 1:8 and 1:64. No patient had a serum neutralizing antibody titer ≥1:512. The neutralizing antibody titers decreased from the early time point to the late time point after illness onset (1–2.5 months vs. 10–11 months, p < 0.001; 1–2.5 months vs. 17–18 months, p < 0.001). Besides, we observed a slight decline of the NAbs between the 10- to 11-month and the 17- to 18-month groups though the difference was not significant (p = 0.195) (Figures 3A,B).
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FIGURE 3. Changes in antibody levels against SARS-CoV-2 after illness onset. (A) Neutralizing antibody titers (ND50) of COVID-19 patients’ serum sample. (B) Distribution of the neutralizing antibody titer in serum samples from COVID-19 patients. (C) SARS-CoV-2 spike (S) IgG antibody levels. (D) SARS-CoV-2 nucleocapsid (N) IgG antibody levels. (E) Correlation of anti-S IgG levels and anti-N IgG levels (N = 150). (F) Correlation of ND50 and anti-S IgG levels (N = 150). (G) Correlation of ND50 and anti-N IgG levels (N = 150). Statistical significance of antibody levels was determined using the Mann–Whitney U-test. A two-sided Spearman rank correlation test was used to evaluate the correlation of the levels of different antibodies. Healthy persons were indicated as 0 month after illness onset. Each dot represents an individual patient. Bars represent the median and interquartile range (IQR). The dotted line represents the threshold for positive in this assay. All serum samples were tested at least in duplicate. N, number; NA, not available; ns, not significant; **p < 0.01, ***p < 0.001.


Serum samples at different time points after illness onset showed differences in the distribution of NAbs (Figure 3B). The proportion of sera with a titer <1:64 increased from 1–2.5 months to 10–11 months (14.0–35.5%, p = 0.014) and remained stable from 10–11 to 17–18 months (35.4–40.0%, p = 0.006). The proportion with a titer >1:128 decreased from 1–2.5 to 10–11 months (76.7–38.7%, p < 0.001) and remained stable from 10–11 to 17–18 months (38.7–33.3%, p = 0.568). These data indicated that the neutralizing antibody declined from 1–2.5 to 10–11 months after illness onset, and remained relatively stable after that, even up to 17–18 months.



Changes of SARS-CoV-2 Anti-S and Anti-N IgG

The IgG antibody positive rates to SARS-CoV-2 S protein were 95.2% (40/42), 85.5% (53/62), and 80.0% (36/45) with a medium OD (IQR) of 1.14 (0.72–1.75), 0.55 (0.29–0.86), and 0.53 (0.25–0.78) at the 1- to 2.5-month sera, 10- to 11-month sera, and 17- to 18-month sera, respectively. The IgG antibody positive rates to SARS-CoV-2 N protein were 97.6% (41/42), 82.3% (51/62), and 86.7% (39/45) with a medium OD (IQR) of 1.21 (0.47–2.07), 0.46 (0.28–1.15), and 0.66 (0.31–1.08) at the 1- to 2.5-month sera, 10- to 11-month sera, and 17- to 18-month sera, respectively. A progressive decline in IgG antibody to S protein (anti-S IgG) and IgG antibody to N protein (anti-N IgG) was observed from the 1st to the 18th month after illness onset (Figures 3C,D). We found that the anti-S IgG levels were strongly correlated with the anti-N IgG levels (Spearman rank correlation coefficients = 0.461, p < 0.001) (Figure 3E). The anti-S IgG and anti-N IgG levels were positively correlated with neutralizing antibody titers against SARS-CoV-2 in convalescent sera, respectively (Figures 3F,G).



Comparison of Antibody Levels in Different Groups of Patients

We used multivariate GLM to estimate the association between neutralizing antibodies and potential factors (i.e., age, gender, and disease severity). It has been widely reported that the severity of the disease is a factor affecting the neutralizing antibody response (Choe et al., 2020; Lei et al., 2021; Yamayoshi et al., 2021). We explored whether the disease severity affected neutralizing antibody titer after a prolonged infection. Multivariate GLM analysis showed that the NAbs in the severe group were significantly higher than that in the mild group in the 1- to 2.5-month sera (β = −0.933, p = 0.004) (Figure 4A). We found that 35.7% (10/28) of severe patients developed high levels (>1:512) of neutralizing antibodies; in contrast, no mild patient maintained high titers in the 1- to 2.5-month sera (Figure 4B). Unexpectedly, 10–11 and 17–18 months after illness onset, the difference of the NAbs between the severe group and the mild group was not significantly different (severe group 105.9 vs. mild group 73.7 in 10–11 months, p = 0.946; severe group 95.4 vs. mild group 66.0 in 17–18 months, p = 0.636) (Figure 4A). There was no difference in the distribution of NAbs between the severe group and mild group of patients 10–11 or 17–18 months after COVID-19 onset (Figure 4B). Consistent with the trend of neutralizing antibodies, we found that anti-S IgG in the severe group was significantly higher than that in the mild group in the 1- to 2.5-month sera. The difference of anti-S IgG and anti-N IgG between the severe and mild group was not significant between the 10- to 11-month and 17- to 18-month sera (Figures 5A,D).
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FIGURE 4. Comparison of neutralizing antibodies in different groups of patients. (A) ND50 of COVID-19 patients at different times after illness onset according to the severity of the disease. (B) Distribution of ND50 in sera of COVID-19 patients according to the severity of the disease. (C,D) The ND50 of COVID-19 patients according to sex (C) and age (D). Bars represent the median and interquartile range (IQR). The dotted line represents the threshold for positive in this assay. All serum samples were tested at least in duplicate. Multivariate generalized linear models were used to compare the difference between ND50 and potential factors (i.e., disease severity, sex and age). **p < 0.01. ns, not significant; S, severe; M, mild; N, number.
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FIGURE 5. Comparison of anti-S IgG and anti-N IgG levels in different groups of patients. (A–C) Anti-S IgG levels of COVID-19 patients at different times after illness onset according to the severity of the disease (A), sex (B), and age (C). (D–F) Anti-N IgG levels of COVID-19 patients at different times after illness onset according to the severity of the disease (D), sex (E), and age (F). Bars represent the medium. Dotted lines represent the threshold for positive in these assays. Multivariate generalized linear models were used to compare the difference between antibody levels and potential factors (i.e., disease severity, sex, and age). *p < 0.05; **p < 0.01; ns, not significant; N, number.


Multivariate GLM analysis showed that the NAb titers were not related to gender and age (Supplementary Table 1 and Figures 4C,D) and that anti-S IgG and anti-N IgG levels were not related to gender and age either (Supplementary Table 2 and Figures 5B,C,E,F).



SARS-CoV-2-Specific T-Cell Memory Persisted at Least 17–18 Months After Illness Onset

To determine whether SARS-CoV-2-specific T-cell immunity was generated and sustained in COVID-19 convalescent patients, we utilized ELISpot assay to measure the number of IFN-γ- and IL-2-secreting T cells, respectively (Figure 6A). PBMCs were obtained from 45 convalescent patients sampled 17–18 months after illness onset together with 12 unexposed and unvaccinated healthy individuals and then stimulated with SARS-CoV-2 spike S1 and S2 mixture peptides. Representative ELISpots from COVID-19 convalescent patients against SARS-CoV-2 antigens were presented, with PHA as positive and DMSO as negative control (Figure 6B). IFN-γ- as well as IL-2-secreting cell numbers were significantly higher in convalescent patients than in healthy persons. We found that 95.6% (43/45) of COVID-19 patients developed robust SARS-CoV-2-specific IFN-γ-secreting T-cell responses [median: 161 spot-forming cells (SFCs)/5 × 105 PBMCs, IQR: 74, 351 SFCs/5 × 105 PBMCs] and 93.8% (15/16) developed SARS-CoV-2-specific IL-2-secreting T-cell responses (median: 234 SFCs/5 × 105 PBMCs, IQR: 167, 380 SFCs/5 × 105 PBMCs) (Figures 6C,D). Patients with higher SARS-CoV-2-specific IFN-γ secreting T-cell numbers also had higher IL-2 secreting T-cell numbers (Spearman correlation coefficient = 0.515, p = 0.041) (Figure 6E). In addition, using multivariate GLM analysis, we found that there was no significant difference in the IFN-γ-secreting T-cell immune response against SARS-CoV-2 between the severe and mild groups (Supplementary Table 4 and Figure 6F), between the male and female groups (Supplementary Table 4 and Figure 6G), and between the younger (<60 years old) and older groups (≥60 years old) (Supplementary Table 4 and Figure 6H). These results demonstrated that SARS-CoV-2-specific T-cell responses persisted at least 17–18 months after illness onset.
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FIGURE 6. SARS-CoV-2-specific T-cell responses 17–18 months after COVID-19 onset. (A) Schematic of memory T-cell ELISpot assay. (B) Representative ELISpots from COVID-19 convalescent patients 17–18 months after illness onset with SARS-CoV-2 spike S1 and S2 mixture peptides as the specific stimulus, DMSO as the negative control, and PHA as the positive control. The numbers in the lower right corner represented the spots counting. (C,D) The total number of SARS-CoV-2-specific IFN-γ- secreting T cells and IL-2 secreting T cells per 5 × 105 PBMCs. Each dot represents an individual patient. Bars represent the median and interquartile range (IQR). Statistical significance was determined using the Mann–Whitney U-test, and represented as ***p < 0.001. (E) Correlation of SARS-CoV-2-specific IFN-γ-secreting T cells and IL-2-secreting T cells 17–18 months after illness onset (N = 16). A two-sided Spearman rank correlation test was used to evaluate the correlation of the two cytokines. (F–H) IFN-γ-secreting T cells of COVID-19 patients according to disease severity (F), sex (G), and age (H). Multivariate generalized linear models were used to compare the difference between IFN-γ spots and potential factors (i.e., disease severity, sex, and age). The dotted horizontal line represents the threshold for positive in this assay. ***p < 0.001. PBMCs, peripheral blood mononuclear cells; DMSO, dimethyl sulfoxide; PHA, phytohemagglutinin.




The SARS-CoV-2-Specific T-Cell Response Correlated With Neutralizing Antibody Level 17–18 Months After Infection

We found that IFN-γ-secreting T-cell numbers against SARS-CoV-2 strongly correlated with the titers of neutralizing antibody, and the Spearman rank correlation coefficient was 0.430 (p = 0.003) (Figure 7A). A similar correlation was observed between the IL-2-secreting T-cell numbers against SARS-CoV-2 and the titers of neutralizing antibody (r = 0.509, p = 0.044) (Figure 7B). We also found that SARS-CoV-2-specific IFN-γ-secreting T-cell responses were positively correlated with the anti-S and anti-N IgG levels, respectively (Figures 7C,E). Limited by the small sample size, we did not find that IL-2-secreting T-cell response was associated with the anti-S or anti-N IgG levels, respectively (Figures 7D,F). It is worth noting that five convalescent patients had no detectable neutralizing antibody response after 17- to 18-month infection, but four of them had a positive IFN-γ-secreting T-cell response.
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FIGURE 7. The SARS-CoV-2-specific T-cell response correlated with antibody levels 17–18 months after infection. IFN-γ- and IL-2-secreting T-cell responses and antibody (ND50, anti-S IgG, and anti-N IgG) levels were performed in COVID-19 convalescent patients 17–18 months after illness onset. (A) Correlation of ND50 and SARS-CoV-2-specific IFN-γ-secreting T cells (N = 45). (B) Correlation of ND50 and SARS-CoV-2-specific IL-2-secreting T cells (N = 16). (C) Correlation of anti-S IgG levels and SARS-CoV-2-specific IFN-γ-secreting T cells (N = 45). (D) Correlation of anti-S IgG levels and SARS-CoV-2-specific IL-2-secreting T cells (N = 16). (E) Correlation of anti-N IgG levels and SARS-CoV-2-specific IFN-γ-secreting T cells (N = 45). (F) Correlation of anti-N IgG levels and SARS-CoV-2-specific IL-2-secreting T cells (N = 16). A two-sided Spearman rank correlation test was used to evaluate the correlation between SARS-CoV-2-specific T-cell responses and antibody levels.





DISCUSSION

The devastating COVID-19 outbreak is the biggest global health challenge in decades. Neutralizing antibodies and antigen-specific memory T cells had been implicated as critical for the control and elimination of viral infections. Previous studies have shown that neutralizing antibodies were significantly correlated with protection against SARS-CoV-2 infection in animal models (Deng et al., 2020; Hassan et al., 2020; Kim Y. I. et al., 2021; Selvaraj et al., 2021) and humans (Addetia et al., 2020; Huang et al., 2020; Legros et al., 2021). The presence of SARS-CoV-2-specific T-cell immunity was highly associated with protection from clinical disease after re-exposure in mice (Zhuang et al., 2021). Understanding the kinetics of neutralizing antibodies and cellular immunity to SARS-CoV-2 is critical for the prevention of reinfection.

Previous studies have reported that SARS-CoV-2 induced neutralization antibodies in the early time point of COVID-19 and neutralization antibodies declined with a prolonged recovery time from the disease (Choe et al., 2020; Ni et al., 2020; Wajnberg et al., 2020; Wang Y. et al., 2020; Zhou et al., 2020; Crawford et al., 2021). Several studies reported that antibodies against SARS-CoV-2 were detectable in most COVID-19 patients in a study period of up to 12 months (Choe et al., 2020; Dan et al., 2021; Feng et al., 2021; Peng et al., 2021; Wang H. et al., 2021; Zhang et al., 2021). The limitation of these studies is the short study period due to the recent emergence of SARS-CoV-2. We have no knowledge about the duration of neutralization antibodies in COVID-19 patients’ blood. Therefore, we carried out possibly the longest study period for SARS-CoV-2 neutralization antibody by recruiting patients from the first wave of COVID-19 in Wuhan City. We used HIV-1-based pseudovirus to evaluate the neutralizing antibody for SARS-CoV-2. Previous studies have shown that neutralizing antibody titers against SARS-CoV-2 pseudovirus correlated quite well with the results obtained using the live SARS-CoV-2 (Schmidt et al., 2020; Wang Y. et al., 2020; Sholukh et al., 2021; Wang H. et al., 2021; Yu et al., 2021). Due to not needing a biosafety laboratory and specificity of the SARS-CoV-2 pseudovirus, it has been widely used to detect neutralizing antibodies against SARS-CoV-2 since the COVID-19 outbreak (Robbiani et al., 2020; Tan et al., 2020; Wang Y. et al., 2020; Lei et al., 2021; Wang H. et al., 2021; Wang et al., 2021a,b; Yu et al., 2021).

We found that nearly all COVID-19 patients (97.7%) developed NAbs in the early time point within 2.5 months after illness onset and a majority of patients (88.9%) maintained NAbs for at least one and a half years. The neutralizing antibody titer waned slowly as the patient’s recovery time was extended. However, NAbs declined more rapidly within a year and significantly slowed afterward. It is possible that neutralizing antibodies induced by SARS-CoV-2 may persist for several years, which is supported by high positive rates of neutralizing antibodies against SARS-CoV-1 and MERS-CoV nearly 3 years after infection (Liu et al., 2006; Cao et al., 2007; Payne et al., 2016; Kim Y. S. et al., 2021). We found that anti-S IgG and anti-N IgG levels were strongly correlated with neutralizing antibody titers, indicating that IgG levels tested using ELISA could predict neutralizing antibody levels to some extent.

Several studies demonstrated that neutralizing antibody response was dependent on the severity of disease (Bošnjak et al., 2020; Choe et al., 2020). Consistent with previous studies at the early time of SARS-CoV-2 infection (Bošnjak et al., 2020; Choe et al., 2020; Long et al., 2020; Wang P. et al., 2020), we found that patients with severe infection tend to have a higher neutralizing antibody response than patients with mild infection. There is evidence that a high neutralizing antibody with severe SARS-CoV-2 infection was correlated with a higher viral load (To et al., 2020; Wang Y. et al., 2020). Surprisingly, the difference of the neutralizing antibody titers between the severe group and the mild group was not significant in 1 year to one and a half years after disease onset. It seems possible that neutralizing antibodies wane more dramatically in more severe patients than in mild patients, and this difference equalized after a long period of infection (Crawford et al., 2021). The same pattern was found in SARS-CoV-1. Cao et al. found that there were no significant differences in the specific antibodies against SARS-CoV-1 according to disease severity 30 months and even 36 months after infection (Cao et al., 2007).

The natural infection of COVID-19 elicits a massive T-cell immune response within a year (Grifoni et al., 2020; Ni et al., 2020; Zhou et al., 2020; Zhang et al., 2021). We found that a large majority of COVID-19 patients (more than 90%) developed SARS-CoV-2 S peptide-specific T-cell response in one and a half years post-infection, although T-cell responses vary greatly from person to person. From SARS, we learned that virus-specific memory T-cell response was detectable from 6 to 17 years after primary infection, suggesting a long-lasting immune memory (Tang et al., 2011; Ng et al., 2016; Le Bert et al., 2020). Our study provides evidence that COVID-19 infection could provide a lasting T-cell memory response.

Consistent with a previous study, a positive correlation was observed between SARS-CoV-2-specific T-cell responses and neutralizing antibody titers (Cassaniti et al., 2021), which suggested a correlation between cellular immunity and humoral responses. SARS-CoV-2 S specific T-cell responses were also found in 80% (4/5) of neutralizing antibody-negative COVID-19 patients, albeit at lower levels than in seropositive individuals. According to our data, the virus-specific T-cell response might be useful in cases of asymptomatic infection in the absence of a detectable antibody response against SARS-CoV-2.

Our data provide evidence that durable memory T-cell response was not significantly different between mild and severe patients one and a half years after SARS-CoV-2 infection. This suggested that the majority of mild and severe patients are likely to develop a long-lasting humoral and cellular immunity toward SARS-CoV-2, regardless of disease severity.

We found no significant differences in neutralizing antibody levels and T-cell responses between male and female individuals over time. Some studies reported that neutralizing antibody levels were higher in men than in women during the acute stage (Robbiani et al., 2020), which might be correlated with more severe symptoms and higher case fatality seen in men (Takahashi et al., 2020). Adjusting for disease severity and sex, we found that there was no significant difference in immunity level between those in the ≥60-year group and younger group. Neutralizing antibodies and virus-specific T-cell response could be detected in COVID-19 patients over 80 years old 17–18 months after disease onset. Thus, age was not considered to be a compromiser to antibody immune responses and SARS-CoV-2-specific T-cell responses (Lau et al., 2021). The effects of gender and age on the modulation of protective immunity needed to be explored in further studies.

Our study might be limited by the sample size and did not include asymptomatic patients. Due to limited information about the patients’ comorbidities in this study, we did not investigate the impact of diverse comorbidities on neutralizing antibody levels and T-cell response.

We concluded that SARS-CoV-2 infection induced robust and persistent neutralizing antibody response and SARS-CoV-2-specific T-cell responses at least one and a half years post-symptom onset in both mild and severe COVID-19 patients. Our findings may have crucial implications for COVID-19 epidemic control and long-term herd immunity.
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Purpose: An increasing number of laryngotracheal complications in mechanically ventilated COVID-19 patients has been reported in the last few months. Many etiopathogenetic hypotheses were proposed but no clear explanation of these complications was identified. In this paper we evaluated the possibility that the tracheal mucosa could be a high viral replication site that could weaken the epithelium itself.

Methods: Subjects for the COVID-19 group and the control group were selected retrospectively according to specific criteria. Patients’ basic and clinical data were recorded and analyzed. Tracheal samples of both groups were collected during surgical tracheostomies and then analyzed from a histological and genetic-transcriptional point of view.

Results: Four COVID-19 patients were enrolled in this study and compared with four non-COVID-19 patients. No laryngotracheal complications were identified in both groups. The SARS-CoV-2 was detected in one out of four COVID-19 samples. A subepithelial inflammatory lymphomonocyte infiltrate was observed in all patients but two cases of the COVID-19 group showed vasculitis of small subepithelial vessels associated with foci of coagulative necrosis. Two gene sets (HALLMARK_INFLAMMATORY_RESPONSE and HALLMARK_ESTROGEN_RESPONSE_LATE) were significantly deregulated in COVID-19 patients compared to the control group.

Conclusion: The altered inflammatory response of the COVID-19 patients could be another possible explanation of the increasing number of laryngotracheal complications.

Keywords: COVID-19, SARS-CoV-2, virus replication, tracheal lesions, prolonged mechanical ventilation


INTRODUCTION

The coronavirus disease 2019 (COVID-19) outbreak has led to a significant and unprecedent increase in laryngotracheal complications and their potential life-threatening sequelae in patients subjected to invasive mechanical ventilation (Fiacchini et al., 2021; Piazza et al., 2021; Sandu, 2021). Many etiopathogenetic hypotheses were proposed such as the pronation maneuvers which could increase the cuff pressure on the tracheal walls (Crivello et al., 2022), the microvascular injury of laryngo-tracheal mucosa caused by the prothrombotic and antifibrinolytic state of these patients, the use of high dose systemic steroids or more simply due to unreported mistakes or accidents by physically and emotionally exhausted health care professionals. However, to date, no clear explanation was identified but a list of recommendations were proposed to prevent and manage this type of complication (Meister et al., 2021).

Another possible cause of laryngotracheal lesions could be the high viral replication within the laryngotracheal mucosa which could weaken the epithelium itself. In fact, SARS-CoV-2 particles were observed in tracheal epithelial cells and within the extracellular mucus in the tracheal lumen of trachea samples taken during autopsies (Bradley et al., 2020).

In this work, we investigated this last etiopathogenetic hypothesis by performing a histological and genetic-transcriptional analysis of tracheal samples taken during surgical tracheostomies in critically ill COVID-19 patients subjected to mechanical invasive ventilation and comparing them with tracheal samples taken from non-COVID-19 patients.



MATERIALS AND METHODS

Subjects for the COVID-19 group and the control group (non-COVID-19 patients) were selected retrospectively according to the following criteria:

•age from 18 to 75 years;

•admitted to the Intensive Care Units (ICU) of our tertiary referral hospital between November 1 and December 31, 2020 (Italian second wave) and requiring invasive mechanical ventilation for Acute Respiratory Distress Syndrome (ARDS) caused by SARS-CoV-2 (COVID-19 group) or for other pathologies (control group);

•SARS-CoV-2 detected in nasopharyngeal/oropharyngeal swabs (COVID-19 group) or not detected (control group); and

•subjected to open surgical tracheostomy where a small anterior portion of one or two tracheal rings is removed (Cheung and Napolitano, 2014; Brass et al., 2016) and submitted in 4% buffered formalin to the Surgical Pathology Department of our hospital. The decision to perform a percutaneous or an open surgical tracheostomy in COVID-19 patients was taken by the “tracheo-team” (two otolaryngologists and two anesthesiologists) according to internal guidelines derived from the most recent literature (Bassi et al., 2020; Takhar et al., 2020).

Patients’ basic and clinical data such as age, sex, COVID-19 status, comorbidities, duration of invasive mechanical ventilation with oro-tracheal tubes before open surgical tracheostomy, surgical complications and pharmacological treatments were recorded and analyzed. Data on comorbidities were collected using the Adult Comorbidity Evaluation 27 index (ACE-27; Piccirillo et al., 2004). This study was approved by the Local Ethics Committee on June 24, 2021. Written informed consent to collect deidentified data was obtained from all patients. This study followed the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) reporting guideline.


Histological Analysis

One paraffin-embedded inclusion was obtained from each biopsy and three-micrometer thick sections were cut from each sample and stained with Hematoxylin–Eosin (Diapath Spa, Bergamo, Italy).



Immunohistochemistry

Three-micrometer thick sections were cut from each sample, dewaxed, pretreated by cell conditioner at 95°C for 32 min with ULTRA CC1 ready-to-use solution (Ventana Medical Systems, Inc., Oro Valley, AZ, United States), and thereafter incubated with anti-SARS Nucleocapsid Protein Rabbit Polyclonal antibody (Novus Biologicals; dilution 1:500 and at 36°C for 32 min). The antibody–antigen binding has been detected using the OptiView DAB IHC Detection kit (Ventana Medical Systems, Inc., Oro Valley, AZ, United States). Then slides were counterstained with Hematoxylin II and Bluing Reagent (Ventana Medical Systems, Inc., Oro Valley, AZ, United States) for 8 min.

Three-micrometer thick sections were cut from each sample were stained with ready-to-use CONFIRM anti-CD3 (2GV6) Rabbit Monoclonal Primary Antibody, CONFIRM anti-CD20 (L26) Mouse Monoclonal Primary Antibody, CONFIRM anti-CD4 (SP35) Mouse Monoclonal Primary Antibody, CONFIRM anti-CD8 (SP57) Rabbit Monoclonal Primary Antibody, CONFIRM anti-CD68 (KP-1) Mouse Monoclonal Primary Antibody (Roche Diagnostics Ventana Medical Systems, Inc., Oro Valley, AZ, United States), and CONFIRM anti-CD34 (QBEnd/10) Mouse Monoclonal Primary Antibody. The antibody–antigen binding has been detected using the ultraView Universal DAB Detection Kit (Ventana Medical Systems, Inc., Oro Valley, AZ, United States). Staining was done on an automated IHC/ISH slide staining system (BenchMark ULTRA—Ventana Medical Systems, Inc., Oro Valley, AZ, United States).



Gene Expression Analysis and Detection of SARS-CoV-2

Four unstained 10 μm-thick formalin-fixed paraffin-embedded sections were used for RNA isolation using the RNeasy FFPE kit (Qiagen, Hilden, Germany). RNA quality was tested by spectrophotometry (Xpose, Trinean, Gentbrugge, Belgium). About 150 ng of RNA were used for the RT-PCR assay to detect the SARS-CoV-2 using the Easy SARS-CoV-2 WE kit (Diatech Pharmacogenetics, Jesi, Italy). The assay is designed to target the viral nucleocapsid (N) and RNA-dependent RNA Polymerase (RdRp) genes. Viral assays were run in duplicates. A sample was deemed positive when at least one of the targets was amplified, as suggested by the manufacturer. For the gene expression assay, about 150 ng of RNA were hybridized at 65°C for 21 h with capture and reporter probes of the Human Host Response panel (nanoString Technologies, Seattle, WA, United States). All procedures were performed following the manufacturer’s suggestions.



Statistical Analysis

Raw expression counts were normalized using the Advanced Analysis module of the nSover v.4.0 (nanoString Technologies, Seattle, WA, United States). Low count genes (raw numbers below 20 counts) were filtered out, and normalized gene expression levels were log2 transformed. Differentially expressed genes (DEG) between COVID-19 cases and controls were computed by a linear model using control samples as baseline and following the procedures of the Advanced Analysis module of the nSolver software. Values of p were adjusted with the Benjamini-Hochberg method, and false discovery rates (FDR) below 0.05 were considered significant. The ranked gene list was used for the gene set enrichment analysis (GSEA) following the procedures of the clusterProfiler Bioconductor package v.3.13. In detail, the Hallmark collection was used as reference database (Liberzon et al., 2015), and a minimum gene set size cut-off of 10 genes was set. The immune cell abundances were computed using the method described by Middleton et al. (2020) and compared by the Mann–Whitney U test. A value of p of 0.05 was set as significance cut-off. The analyses and plots were done in R environment v.4.1.0 (https://www.r-project.org/, last accessed May 31, 2021), unless otherwise specified.




RESULTS


General Data Analysis

From November 1 to December 31, 2020, 62 patients were admitted to the COVID-19 dedicated ICU of our hospital. Twenty patients were referred for tracheostomy and the “tracheo-team” decided to perform an open surgical tracheostomy in four of them. All four patients were enrolled in this study and all of them got a positive PCR test result for Sars-CoV-2 performed the day before the surgical procedure. Four control patients matched for age and sex were selected according to our criteria in the aforementioned time frame. Patients’ basic and clinical data are reported in Table 1.



TABLE 1. Patients’ basic and clinical data.
[image: Table1]



Histological Findings

A predominantly subepithelial inflammatory lymphomonocyte infiltrate was observed in all COVID-19 and non-COVID-19 patients, associated with epithelial erosion. Two cases in the COVID-19 group (case #2 and #4) showed evident lymphocytic vasculitis of small subepithelial vessels associated with foci of coagulative necrosis (Figure 1), while granulomas and granulation tissue were not observed in any patient. Squamous metaplasia was identified in patients with a longer duration of intubation (patient #1 and #2). Acute tracheitis was not identified in any tracheal sample. Inflammatory cells, as lymphocyte and macrophages, were detected by immunohistochemical staining in each COVID-patient sample. CD20, CD3, CD4, and CD8 lymphocyte and CD68 macrophages cells were counted in 10 different randomly chosen areas in each processed slide with 40× magnification. Counting was performed blindly by two independent observers.

[image: Figure 1]

FIGURE 1. Pathological tracheal alterations in a COVID-19 case. (A) epithelial erosion is highlighted by black arrows. (B) subepithelial inflammatory lymphomonocyte infiltrate (black arrow). (C) hematoxylin and eosin staining shows lymphocytic vasculitis of small subepithelial vessel (black arrow), which is confirmed by CD3 staining. (D) Scale bars refer to 100 micrometers.




Detection of the SARS-CoV-2

The SARS-CoV-2 was detected in one out of four COVID-19 samples (case #4) by the RT-PCR assay whereas all tracheal samples were negative at immunohistochemical detection with anti-SARS Nucleocapsid Protein.



COVID-19 Samples Have a Remarkable Gene Expression Alteration

After filtering out low count genes, 664 transcripts were considered for further analyses. Compared to the control group, COVID-19 samples showed marked gene expression changes with a trend toward gene down-regulation. In fact, a statistically significant difference was identified in 332 out of 664 genes (Figure 2) but, when adjusting for multiple comparisons, no genes had a false discovery rate (FDR) less than 0.05 due to the low statistical power.

[image: Figure 2]

FIGURE 2. Volcano plot. Results of differential expression analysis were plotted as fold changes (x-axis) and -log10 of value of ps (y-axis). Dotted lines represent a value of p of 0.01 (horizontal line) and a 2-fold absolute value (vertical lines).


The GSEA showed that two gene sets were significantly deregulated in COVID-19 patients. In details, the HALLMARK_INFLAMMATORY_RESPONSE was activated (FDR = 0.0001, normalized enrichment score (NES) =1.91) and the HALLMARK_ESTROGEN_RESPONSE_LATE was suppressed (FDR = 0.05, NES = −1.82; Figure 3).

[image: Figure 3]

FIGURE 3. GSEA results. Enrichment plot of the two significantly altered gene sets in COVID-19 cases: activation of inflammatory response (left) and suppression of late estrogen response (right).


As regards immune cell abundances, COVID-19 tracheal samples showed higher scores of innate immune cells including macrophages (p = 0.03), M2 macrophages (p = 0.007), osteoclast-like (p = 0.01) and polymorphonuclear neutrophils (p = 0.03; Figure 4). These results were confirmed by the immunohistochemistry (IHC) analysis; in fact, CD68 macrophages were significantly more abundant in the COVID-19 samples than in samples of the control group (p = 0.03; Figure 5).

[image: Figure 4]

FIGURE 4. Immune cell abundance estimated by transcriptional data. The abundances are expressed as log2 expression. Macrophage, M2 macrophage, osteoclast-like and polymorphonuclear neutrophils scores were significantly higher in COVID-19 tracheal samples. *p < 0.05; **p < 0.01. PMN, polymorphonuclear neutrophils; IFN, interferon.


[image: Figure 5]

FIGURE 5. Immunohistochemistry (IHC) analysis of CD68 macrophages (left side). The over-representation of CD68 macrophages was confirmed by IHC analysis (right side). Scale bar refers to 100 μm.





DISCUSSION

Many papers related to acute and late laryngotracheal complications in COVID-19 patients subjected to invasive mechanical ventilation have been published in the last few months (Alturk et al., 2021; Balakrishnan et al., 2021; Fiacchini et al., 2021; Mahmood et al., 2021; Sandu, 2021; Scholfield et al., 2021). In order to explain the increase in the incidence of this particular type of complication, several etiopathogenetic hypotheses have been proposed. However, none of these appear to be more acceptable than others and the cause is likely to be found in a combination of multiple triggers. Among them, the possibility that the laryngotracheal mucosa could be a site of high viral replication intrigued us and led us to investigate in this sense. This hypothesis was corroborated by the findings of Bradley et al. (2020). As a matter of fact, they identified viral particles in the tracheal epithelium of 12 autopsies. Moreover, other authors reported laryngotracheal oedema that might suggest virus-mediated inflammation (McGrath et al., 2020; Oliver et al., 2020; Osbeck Sandblom et al., 2021). For these reasons, the aim of this study was to identify the virus particles in the tracheal epithelium of live COVID-19 patients and to evaluate any histological and genetic differences compared to a control group.

Histologic evidence in COVID-19 tracheal biopsies were similar to those observed in other series, with lymphomonocytic subepithelial inflammation and vasculitis, with small foci of coagulative necrosis (Lucchi et al., 2020). However, in our small series, immunohistochemical detection of SARS-CoV-2 was negative, differently from other reports (Martines et al., 2020). This is probably due to the prolonged oro-tracheal intubation and the use of electrified instruments to perform the tracheostomy that both caused de-epithelialization of the tracheal samples. However, in one case the SARS-CoV-2 genome was detected at very low load. The possibility that positivity of PCR assays represents viral spreading via blood/lymphatic vessels rather than specific virus tropism, should also be considered.

COVID-19 samples showed an intense inflammatory response and a strong gene deregulation. In addition, these cases presented a greater infiltration of innate immune cells (mostly macrophages or cells with phagocytic activity), which are coherent with an early phase of immune response. It has been widely discussed that both in patients who eventually died of Severe Adult Respiratory Syndrome (SARS) and in animal models, extensive lung damage is associated with high initial viral loads, increased inflammatory monocytes/macrophages accumulation in the lungs and elevated serum proinflammatory cytokines (Nicholls et al., 2003; Perlman and Dandekar, 2005). While much is known about the terminal phase of SARS, little is known about the early immune events during the acute phase of infection.

Monocytes and macrophages may be directly infected by SARS-CoV-2 through ACE2-dependent process or indirectly infected via ACE2-independent pathways and phagocytosis of virus-containing apoptotic bodies. SARS-CoV-2 can effectively suppress the anti-viral IFN response in monocytes and macrophages. Upon infection, monocytes migrate to tissues where they become infected resident macrophages, allowing viruses to spread through all organs and tissues. The SARS-CoV-2-infected monocytes and macrophages can produce large amounts of numerous types of pro-inflammatory cytokines and chemokines, which contribute to the local tissue inflammation and dangerous systemic inflammatory response as named cytokine storm (Jafarzadeh et al., 2020).

Interestingly, studies comparing the host response to SARS-CoV-2 and influenza viruses in the upper respiratory tract, observed very low levels of virus but a robust transcriptional response with differential expression of transcripts implicated in two populations of immune cell signatures (Blanco-Melo et al., 2020). The first population included common markers for monocytes and lymphocytes, and the induction of these genes was comparable between SARS-CoV-2 and influenza virus. Consistent with this, they found significant induction of monocyte-associated chemokines such as CCL2 and CCL8. In addition, their data suggest that neutrophils could also contribute to the disease observed in COVID-19 patients, as demonstrated by CXCL2 and CXCL8 induction, differently from influenza virus infection. This is consistent with data showing elevated circulating neutrophil levels among COVID-19 patients (Chen et al., 2020; Qin et al., 2020), which may have prognostic value for identifying individuals at risk for developing severe disease. These data, obtained from the analysis of in vitro and ex vivo samples, support what we observed in our series, highlighting the multiplicity of disease pathways of SARS-CoV-2.

Herein, we observed also the suppression of estrogen response pathway. It was already reported that sex hormones, including estrogens, may regulate both innate and adaptive immune response (Khan and Ansar Ahmed, 2015). Consequently, estrogen suppression has been involved in autoimmune conditions (Moulton, 2018; Kim et al., 2019). It is interesting to note that, in support of this observation, the groups analyzed show a gender imbalance, with a preponderance of female sex in the COVID-19 group compared to the control group.

This work has several limitations. The first is the small sample size. As a matter of fact, the “tracheo-team” decided to perform an open surgical tracheostomy in only four patients (20%) due to the fact that the percutaneous technique has several advantages, especially in terms of aerosolization. The second is relative to its retrospective and single center nature. Third, we were not able to identify the viral genome in three tracheal samples due to the aforementioned reasons. For all these issues we were not able to draw any definitive conclusions. Anyway, we can take some ideas from these data, especially related to the gene expression alterations. Even without the identifications of SARS-CoV-2 genome and prominent histological differences between the two groups, the gene expression is clearly altered in the COVID-19 group meaning that a different inflammatory response is taking place in these patients. However, it must be considered that the control group was not matched for the main pathology that had caused the ICU hospitalization. In particular, no patient in the control group suffered from ARDS, so all of them may not have an ongoing inflammatory process in the respiratory tract. Certainly, other studies with larger and adequate sample size are needed to confirm these data, but this could be another piece in the composition of this difficult puzzle of laryngotracheal complications in COVID-19 patients.

In conclusion, we cannot confirm that the trachea is a site of high viral replication. However, the tissue samples of the COVID-19 group showed a significant alteration of gene expression in two gene sets (activation of the HALLMARK_INFLAMMATORY_RESPONSE and suppression of the HALLMARK_ESTROGEN_RESPONSE_LATE) compared to the control group, meaning that the inflammatory response of the COVID-19 patients is completely different. Further studies are warranted to investigate these aspects.
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Porcine epidemic diarrhea virus (PEDV) infection causes severe diarrhea, dehydration, and high mortality in sick pigs, causing huge economic losses to the pig industry. However, the relationship between cell communication network factor 1 (CCN1) and PEDV infection has not been reported. In this study, we showed that the expression of CCN1 was enhanced by PEDV infection, and we observed that PEDV promotes the CREB and AP-1 activation to promote CCN1 expression. The PKA and p38 inhibitors significantly suppress CCN1 expression, indicating that PEDV-induced CCN1 expression may be through PKA and p38 pathway. Further tests confirmed that CREB and AP-1 are regulated by PKA and p38, respectively. Overexpression of CCN1 decreased the replication of PEDV, whereas knockdown of CCN1 increased the replication of PEDV. We proved that the overexpression of CCN1 increased the phosphorylation level of p53, promoted the expresion of Bax and the cleavage of caspase 9 and caspase 3, and inhibited the production of Bcl-2. CCN1 knockdown decreased the phosphorylation level of p53, inhibited the production of Bax and the cleavage of caspase 9 and caspase 3, and promoted the expression of Bcl-2. The treatment of PFT-α (p53 inhibitor) significantly suppressed the expression of cleaved caspase 9 and caspase 3, leading to the decrease of apoptosis. Together, these studies showed that PEDV promotes the activation of CREB and AP-1 to increase the expression of CCN1. Overexpression of CCN1 promotes apoptosis by elevating p53 protein phosphorylation and inhibits PEDV replication, and knockdown of CCN1 inhibits apoptosis by decreasing p53 protein phosphorylation and promotes PEDV replication. Our study could provide some reference for the molecular mechanisms of PEDV-induced CCN1 induction and supply a new therapeutic target for PEDV.
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INTRODUCTION

Porcine epidemic diarrhea (PED) leads to severe diarrhea and dehydration, intestinal villi atrophy, and high mortality of neonatal piglets, causing enormous economic losses for the pig industry. Porcine epidemic diarrhea virus (PEDV), the etiological agent of PED, is an enveloped, single-stranded positive-sense RNA virus with a genome of approximately 28 kb, belonging to the genus Alphacoronavirus family Coronaviridae. The PEDV genome has seven open reading frames (ORFs), which encode two non-structural polyproteins (pp1a and pp1b) (Si et al., 2020; Ye et al., 2020), four structural proteins (S, E, M, and N) (Cochrane et al., 2020), and one virulence accessory protein (ORF3) (Lee, 2016). At present, the pathogenesis of PEDV is not clear. Therefore, it is particularly critical to study the interaction between PEDV and cellular proteins to search for the prevention and treatment mechanisms of PEDV.

Apoptosis is a death program performed by cells that can maintain cell homeostasis by clearing damaged and infected cells. It is mainly regulated by the caspase family protein (Ivanisenko et al., 2020). Apoptosis is activated through three different pathways including the extrinsic pathway, the intrinsic pathway, and the endoplasmic reticulum (ER) pathway (Pan et al., 2018). As a cell defense mechanism, apoptosis can be activated through a series of stimuli, including virus infection. For example, PEDV promotes the release of the mitochondrial pro-apoptosis protein AIF to promote cell apoptosis (Kim and Lee, 2014). The p53-PUMA pathway was activated by PEDV, which induced Vero cell apoptosis (Yang et al., 2021). However, the role of the cell proteins in PEDV-induced apoptosis is still unclear.

Cell communication network factor 1 (CCN1) is a cysteine-rich matrix cell protein, which belongs to one of the CCN family members and consists of four conserved domains: insulin-like growth factor–binding protein homologies domain, von Willebrand growth factor C repeat domain, thrombospondin type I repeat domain, and carboxyl-terminal domain–containing cysteine motif (Zhu et al., 2020). As a multifunctional protein, CCN1 regulates diverse cellular processes such as cell adhesion, migration, proliferation, and apoptosis (Chen and Du, 2007; Lau, 2016). CCN1 induces the apoptosis and senescence of cells through the accumulation of reactive oxygen species (ROS) and CCN1 promotes the cleavage of caspase 9 and caspase 3 through p53-dependent Bax activation in fibroblasts (Todorovic et al., 2005; Lau, 2011), but the role between CCN1 and PEDV-induced apoptosis remains unclear. In addition to regulating the function of apoptosis, CCN1 can also be induced by viruses and regulate virus replication. Previous studies have shown that CCN1 induced by oncolytic virus infection can stimulate type I interferon reaction in glioblastoma cells, thus reducing virus replication (Thorne et al., 2014). Instead, the Zika virus by regulating CCN1 promotes ZIKV replication (Sun et al., 2020). However, it is not clear whether the infection of PEDV can regulate the expression of CCN1 and whether CCN1 affects the replication of PEDV.

In this study, we demonstrated that PEDV promotes transcription factors cAMP response element binding (CREB) and Activator protein 1 (AP-1) phosphorylation into the nucleus through protein kinase A (PKA) and p38 pathways. Activated CREB and Activator protein 1 (AP-1) increase the transcriptional expression of CCN1 by combining with the CCN1 promoter. Overexpression of CCN1 can inhibit the replication of PEDV replication and promote cell apoptosis, whereas knockdown of CCN1 promotes the replication of PEDV and inhibits apoptosis. We demonstrated that the levels of phospho-p53(ser15) and phospho-p53(ser20) protein were elevated during CCN1 overexpression, whereas the levels of phospho-p53(ser15) and phospho-p53(ser20) protein were inhibited during CCN1 knockdown. Moreover, the treatment of Pifithrin-α (PFT-α) inhibited CCN1-induced apoptosis, indicating CCN1-induced apoptosis is dependent on the p53 pathway. In conclusion, our study showed that CREB and AP-1 play dominant roles in PEDV-induced CCN1 expression and disclosed the mechanism by which CCN1 regulates cell apoptosis and PEDV replication.



MATERIALS AND METHODS


Cells Cultures, Virus, Virus Titration, and Infection

African green monkey kidney epithelial cells (Marc-145) and Vero cells, PEDV-permissive cell line, were maintained in Dulbecco’s Modified Eagle Medium (Hyclone, Logan, UT, United States) supplemented with 10% fetal bovine serum (PAN-Biotech, Aidenbach, Germany) and culture at 37°C with 5% CO2. PEDV variant strain CH/SXYL/2016 was originally isolated from intestinal tract contents suffering from PEDV piglets (Sun et al., 2018). The PEDV strain was amplified and titrated in Marc-145 cells. Briefly, 96-well plates were covered with monolayer Marc-145 and then infected with serially dilute PEDV (10–1 to 10–10). The virus titer was determined by the Reed-Muench method and transformed into a 50% tissue culture infection dose (TCID50). Marc-145 cells were infected with PEDV strain at an multiplicity of infection (MOI) of 1.



Inhibitors and Antibodies

p38 inhibitor SB203580 (10 μM), c-Jun N-terminal kinase (JNK) inhibitor SP600125 (10 μM), extracellular signal-regulated kinase (ERK) inhibitor PD98059 (5 μM), PKA inhibitor H-89 (5 μM), c-Jun inhibitor SR11302 (5 μM), CREB inhibitor EML-425 (5 μM), and p53 inhibitor PFT-α (10 μM) are all purchased from MedChemExpress (Shanghai, China). All inhibitors were configured with dimethyl sulfoxide (DMSO; Solarbio, Beijing, China). Antibodies against Bax, Bcl-2, caspase 3, caspase 8, caspase 9, FasL, Fas, p53, his, phospho-p53(ser15), phospho-p53(ser46), and phospho-p53(ser20) were purchased from Cell Signaling Technology (Danvers, MA, United States). Monoclonal antibodies against CCN1, c-Jun, phospho-c-Jun, c-Fos, phospho-c-Fos, CREB, and phospho-CREB were obtained from ABclonal (Wuhan, China). Antibodies against PEDV (CH/SXYL/2016) N protein were stored in our laboratory (Xu et al., 2019).



Construction of the Cell Communication Network Factor 1 Promoter Expression Vectors and Promoter Deletion Mutants

Extraction of genomic DNA from Marc-145 cells using a DNA extraction kit (Tiangen, Beijing, China). The fragment of the CCN1 gene promoter from −1,994 to 203 bp was cloned and inserted into the luciferase reporter vector pGL4.10-basic to generate the CCN1 promoter reporter plasmid (–1994∼203-Luc). A series of CCN1 promoter truncated mutants were constructed and cloned into a pGL4.10-basic vector at the KpnI and NheI sites. The CCN1 promoters AP-1, SP1, and CREB element deletion mutants were constructed using the primers listed in Table 1 and –985∼203-Luc as a template by overlapping PCR. Then, the constructed mutant sequence was verified and cloned into pGL.4.10-basic vector to generate ΔAP-1-Luc, ΔSP1-Luc, and ΔCREB-Luc. The CCN1 promoter primer and truncated mutants of the CCN1 promoter primer were listed in Table 1.


TABLE 1. Primers for truncated sequence of CCN1 promotera.
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Overexpression Plasmid Construction and Transfections

Total RNAs were extracted from Marc-145 cells using TRIzol reagent and reverse-transcribed to cDNA using the FastKing RT Kit with gDNase (Tiangen, Beijing, China). The sequence of the CCN1 gene was amplified through using cDNA as a template. The length of the CCN1 gene was confirmed with DNA sequencing and cloned into the pcDNA3.1-his vector to produce pcDNA3.1-CCN1-his. The Marc-145 cells were seeded on a six-well plate. The next day, the pcDNA3.1-CCN1-his were transfected into Marc-145 cells using lipo8000 (Beyotime Biotechnology, Shanghai, China) according to the manufacturer’s instructions. The efficiency of overexpression of CCN1 protein was confirmed by Western blot. The sequences of the CCN1 primer are listed in Table 1.



Small Interfering RNAs Knockdown and Transfections

Small interfering RNAs (siRNAs) targeting CCN1 protein and a negative control (siNC) were designed and synthesized by biomics (Biomics, Jiangsu, China). Marc-145 cells were grown in a six-well plate, and the siRNA or siNC was transfected using lipo8000 (Beyotime Biotechnology, Shanghai, China) when density was about 70∼80%. At 48 h post-transfection, cells were infected with PEDV and then collected at different time points by Western blot to evaluate the efficiency of knockdown. The sequences of siCCN1 and siNC are listed in Table 2.


TABLE 2. Sequences of siRNAs used in this study.
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One-Step Growth Curve Assay

Marc-145 cells were seeded into six-well plates, and, when the cell density reached 90%, PEDV at MOI of 1 was used to infect cells. The cell supernatant was collected, indicating time to detect TCID50.



Quantitative Real-Time PCR

Total mRNA was isolated from Marc-145 cells using TRIzol reagent (Invitrogen, Carlsbad, CA, United States), and 2 μg of total RNA were reverse-transcribed to cDNA using the FastKing RT Kit with gDNase (Tiangen, Beijing, China) according to the manufacturer’s protocol. Quantitative real-time PCR (qRT-PCR) was carried out to detect the expression levels of the specific genes. The relative quantities of mRNA were calculated using the 2–ΔΔCt method. The gene-specific primers for qRT-PCR are listed in Table 3.


TABLE 3. List of primers for qRT-PCR.

[image: Table 3]


Western Blotting

The treated Marc-145 cells were washed with PBS twice and then treated with RIPA lysate containing protease inhibitor and phenylmethylsulfonyl fluoride. Protein concentrations were determined using the bicinchoninic acid (BCA) protein quantitative kit (Pierce, Rockford, IL, United States). Equivalent amounts of protein samples were separated by sulfate–polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluoride membranes (Millipore Corp, Atlanta, GA, United States). The membranes were blocked for 1 h in 5% non-fat dry milk or bovine serum albumin at room temperature and incubated overnight at 4°C with the indicated primary antibody. After sufficient washing with PBST, membranes were incubated with appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies at room temperature for 1 h and then subjected to washing. Protein bands were visualized using an ECL reagent (DiNing, Beijing, China).



Dual-Luciferase Reporter Assays

The Marc-145 cells were seeded in a 12-well dish. The following day, cells were transfected with the constructed plasmids (pRL-TK, pGL-4.10-basic, pGL-4.10-CCN1 promoter, and pGL-4.10-CCN1 mutant promoter) using Lipofectamine 8000 (Beyotime Biotechnology, Shanghai, China) according to the manufacturer’s protocol. At 24 h post-transfection, cells were treated with or without PEDV at MOI of 1 for 48 h. The cells were harvested and lysed and then analyzed by a dual-luciferase reporter assay kit (Promega, Beijing, China) according to the manufacturer’s instructions.



Flow Cytometry

Marc-145 cells were growing at a density of 105∼106 cells per well in a six-well plate. The next day, cells were transfected with CCN1 overexpression plasmid or CCN1 interference RNA. At 48 h post-transfection, cells were infected and incubated with PEDV for 24 h. After 24 h, cells were harvested and stained using annexin V/fluorescein isothiocyanate (FITC) apoptosis detection kit (BioVision, Inc., Milpitas, CA, United States) and analyzed by flow cytometry (Becton Dickinson, New York, NY, United States).



Cell Viability Assay

Marc-145 cells were seeded into 96-well plate and added different concentration of signal pathway inhibitor when density was about 90%. Cells were incubated at 37°C for 48 h, and then, 20 μl of 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) labeling reagent was added to each well and addition incubated for 4 h. After adding 150 μl of solubilizing solution, the absorbance at 550 nm using an enzyme-linked immunosorbent assay reader was measured.



Statistical Analysis

All experiments were performed with at least three independent experiments, group data were presented as means ± SD and were assessed using one-way ANOVA. For each assay, Student’s t-tests were used to assess differences in GraphPad Prism software. Significance difference was denoted in the figures as follows: *p ≤ 0.05, **P ≤ 0.01, and ***p ≤ 0.001.




RESULTS


The Replication of Porcine Epidemic Diarrhea Virus in Marc-145 Cells

To determine the propagation kinetics of PEDV in Marc-145 cells, the mRNA levels and TCID50 of PEDV infection at different times were investigated. As shown in Supplementary Figure 1A, 24 h after PEDV infection, the N gene increased 300 times compared with the control group. Moreover, the multiplication peak of PEDV appeared at 48 h after infection, and then gradually decreased at 72 h after infection. In addition, the growth-kinetics curve showed that with the increase of infection time, the replication of PEDV was gradually enhanced (Supplementary Figure 1B), which was consistent with the results of mRNA. Together, these results indicate that PEDV can infect Marc-145 cells with high efficiency and multiply rapidly.



Porcine Epidemic Diarrhea Virus Infection Promotes Cell Communication Network Factor 1 Expression in Marc-145

Previous studies have determined that CCN1 expression was enhanced when infected with Zika and PRRSV (Park and Chun, 2020; Sun et al., 2020). However, there are few study reports concerning PEDV regulating CCN1 expression in Marc-145 cells. To determine whether the expression of CCN1 was influenced by PEDV, Marc-145 was infected with PEDV and harvested at different times after infection. Then, qRT-PCR and Western blot were used to analyze the expression levels of CCN1 mRNA and protein. The results showed that CCN1 mRNA was elevated gradually at 36 and 48 h after infection (Figure 1A); CCN1 protein expression was also increased significantly at 36 and 48 h after PEDV infection (Figures 1B,C). Then, the dose dependency of the expression of CCN1 on PEDV was verified. Marc-145 was infected with PEDV at MOIs of 0.1, 1, or 3. The data indicate that the elevation of CCN1 mRNA (Figure 1D) and protein (Figures 1E,F) by PEDV was in a dose-dependent manner. In addition, we confirm the results in other PEDV-susceptible cell lines. We performed similar experiments using Vero cells. The mRNA and protein levels were detected similar results in PEDV-infected Vero cells (Supplementary Figure 2). These results suggested that PEDV upregulated the expression of CCN1 at the transcriptional levels and protein levels.


[image: image]

FIGURE 1. Porcine epidemic diarrhea virus infection induces CCN1 expression in Marc-145 cells. (A,B) Marc-145 cells were incubated with PEDV at MOI of 1, and then, the cell was harvested at indicated time point post-infection. Quantitative real-time PCR was used to detect CCN1 expression (A) and Western blotting was used to analyze CCN1 protein levels (B). (C) Densitometric analysis of CCN1 relative to β-actin using ImageJ. (D,E) Marc-145 was infected with PEDV at MOIs of 0.1, 1, and 3 for 48 h, and the cells were collected to analyze CCN1 mRNA levels using real-time PCR (D) and CCN1 protein levels by Western blotting (E). (F) Densitometric analysis of CCN1 relative to β-actin using ImageJ. The data were performed from three independent experiments. The differences were evaluated using Student’s t-test, and significance differences were denoted by *p < 0.05, **p < 0.01, and ***p < 0.001.




Exploring the Potential Transcription Factor Binding Sequence for the Activation of Cell Communication Network Factor 1 Promoter Activity

To further decipher the transcriptional regulation mechanism of PEDV-induced CCN1 production, the 5′ flanking 2,197-bp regions of the CCN1 gene were cloned. Using bioinformatics approach (Promoter 2.0 and ALGGEN prediction programs) analysis shows that several underlying transcriptional regulatory elements, including CArG (−1,937∼−1,946), OCT (−1,634∼−1,644), and SP1 (−1,211∼−1,221; −273∼−283), AP-1 (−811∼−823), and CREB (−40∼−51), were identified in the CCN1 promoter. To assess the CCN1 promoter activity and find the regions of the CCN1 promoter that respond to PEDV stimulation, a series of CCN1 promoter 5′ flanking region truncation sequences were constructed, cloned, and inserted into a pGL4.10-basic reporter vector (Figure 2A). Marc-145 cells were transfected with 1 μg of a variety of constructed plasmid and 0.2 μg of pRL-TK plasmid for 24 h, and then, the cell was infected with or without the PEDV. Luciferase assay showed that all truncated sequences had higher luciferase activities with or without PEDV stimulation compared to the pGL-4.10 basic, except the construct −24/203-luc (Figure 2B). This result indicated that all the constructs have promoter activity, among the –985/203-luc mutants exhibited about 1.5-fold upregulation after PEDV infection. However, the –24/203-luc mutants had no significant difference after PEDV stimulation. Therefore, the –985/203 region of the CCN1 promoter may contain transcription factor binding sites in response to PEDV infection.
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FIGURE 2. Cell communication network factor 1 promoter sequences were cloned, analyzed, and mapped latent PEDV-responsive regulatory elements. (A) Schematic representation of the CCN1 promoter and CCN1 promoter truncated mutants were inserted into pGL4.10-basic vectors, and the constructed vectors were denoted as -1994/203-Luc, -1678/203-Luc, -985/203-Luc, and -24/203-Luc. (B) Marc-145 cells were respectively transfected with a variety of constructed plasmid for 24 h and incubated with PEDV. At 48 h post-infection, cells were collected and detected the luciferase activity. The data were performed from three independent experiments. (PEDV−, mock infection group; PEDV+, PEDV infection group). The differences were evaluated using Student’s t-test, and significance differences were denoted by **p < 0.01.




AP-1 and CREB Is Essential for Porcine Epidemic Diarrhea Virus to Activate the Cell Communication Network Factor 1 Promoter

Three transcription factor binding sites were found in the −985 to 203 regions of the CCN1 promoter: AP-1 binding site (−811∼−823), Sp1 binding site (−1,211∼−1221), and CREB binding site (−40∼−51). To identify specific transcription factors in the CCN1 promoter, which respond to PEDV infection, three deletion mutants of transcription factor binding sites were constructed (Figure 3A). Then, luciferase analysis was used to detect the activity of the mutated CCN1 promoter. The result showed that the deletion of AP-1 and CREB binding sites dramatically impaired the activity of the CCN1 promoter (Figure 3B). Moreover, the effect of the CREB binding site is relatively more significant. To further prove that AP-1 and CREB binding sites mediate transcription induction of the CCN1 promoter, SR11302 (AP-1 inhibitor) or EML-425 (CREB inhibitor) was used to block the activity of AP-1 or CREB. The cytotoxicity of different concentration inhibitors was detected by a cell viability assay (Supplementary Figures 3A,B). The obtained results are consistent with the analysis of Luciferase report. EML-425 notably inhibited PEDV-induced CCN1 mRNA (Figure 3C) and protein (Figures 3D,E) expression in a dose-dependent manner. However, the difference of CCN1 mRNA expression was exhibited when the concentration of SR11032 was 5 and 10 μM (Figure 3F), and CCN1 protein levels were suppressed significantly with 10 μM SR11302 treatment (Figures 3G,H).
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FIGURE 3. The CREB binding site and AP-1 binding site are indispensable for CCN1 production. (A) Schematic diagram represents the –985/203-luc CCN1 promoter deletion mutant vectors. (B) The –985/203-luc CCN1 promoter and variety of deletion mutant were transfected into Marc-145 cells for 24 h. The cells were infected with PEDV for 48 h determining the luciferase activity. (C,D) Marc-145 cells were treatment using EML-425 (CREB inhibitor) with different concentrations at 1 h and then using PEDV incubated for 48 h. Real-time PCR was used to analyze CCN1 levels (C), and Western blotting was used to analyze the protein expression of CCN1 (D). (E) Densitometric analysis of CCN1 relative to β-actin using ImageJ. (F,G) Marc-145 cells were treatment using SR11302 (AP-1 inhibitor) at 1 h and then using PEDV incubated for 48 h. Real-time PCR was used to analyze CCN1 levels (F), and Western blotting was used to analyze the protein expression of CCN1 (G). (H) Densitometric analysis of CCN1 relative to β-actin using ImageJ. (I) Marc-145 cells were incubated with PEDV, and cells were collected at 12, 24, and 36 h. Western blotting was used to examine the level of CREB and phospho-CREB. (J) Densitometric analysis of phospho-CREB relative to CREB using ImageJ. (K) Marc-145 cells were infected with PEDV, cells were harvested at 48 h, and the mRNA level of c-Jun and c-Fos were analyzed using real-time PCR. (L) Marc-145 cells were infected with PEDV, and cells were harvested at 12, 24, and 36 h. Western blotting was used to examine the level of c-Jun and phospho-c-Jun. (M) Densitometric analysis of phospho-c-Jun relative to β-actin using ImageJ. (N) Marc-145 cells were infected with PEDV, and cells were harvested at 12, 24, and 36 h. Western blotting was used to examine the level of c-Fos and phospho-c-Fos. (O) Densitometric analysis of phospho-c-Fos relative to β-actin using ImageJ. The data were performed from three independent experiments. The differences were evaluated using Student’s t-test, and significance differences were denoted by *p < 0.05, **p < 0.01, ***p < 0.001.


To determine whether AP-1 and CREB pathways were activated by PEDV, the phosphorylation levels of AP-1 and CREB were detected. Western blot analysis suggested that the level of CREB phosphorylation was elevated with the increase of infection time (Figures 3I,J). AP-1 is a dimeric complex, which consists of c-Jun and c-Fos. By detecting the transcription expression of c-Jun and c-Fos, it was determined that the mRNA levels of c-Jun and c-Fos increased significantly after PEDV infection (Figure 3K), and then, we detect the level of c-Jun and c-Fos protein. As shown in Figures 3L,M, PEDV infection promoted the expression of c-Jun phosphorylation, and there was a slight increase compared with a mock group at 24 and 36 h post-infection. The level of c-Fos phosphorylation is elevated significantly after PEDV infection (Figures 3N,O). Together, all data demonstrated that PEDV infection promotes the expression of CCN1 through AP-1 and CREB binding elements.



PKA and p38 Signaling Pathways Are Involved in Porcine Epidemic Diarrhea Virus-Induced Cell Communication Network Factor 1 Expression

To dissert the upstream signal molecules that PEDV regulates the expression of CCN1, Marc-145 using inhibitors of the signaling pathways, including PKA, p38, JNK, ERK1/2, were incubated for 1 h and then infected with PEDV. At 48 h post-infection, CCN1 expression was analyzed by RT-PCR. As shown in Figure 4A, PEDV-induced CCN1 expression was decreased significantly by the addition of SB203580 (p38 inhibitor) and H-89 (PKA inhibitor), whereas the SP600125 (JNK inhibitor) and PD98059 (ERK1/2 inhibitor) did not affect PEDV-induced CCN1 expression. To further confirm the above results, different concentrations of inhibitors were added to Marc-145 before infecting with PEDV for 48 h. The H-89 (PKA inhibitor) and SB203580 (p38 inhibitor) significantly inhibited the production of CCN1 mRNA induced by PEDV (Figures 4B,C). These data suggest that the activation of CCN1 is mediated by PKA and p38 pathways. The concentration of different pathways inhibitors did not affect cell viability (Supplementary Figure 3C).
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FIGURE 4. The PKA and P38 pathways are involved in PEDV-mediated the expression of CCN1. (A) Marc-145 cells were pretreated using H-89, SB203580, PD98059, and SP600125 for 1 h then infected with PEDV for 48 h, real-time PCR analyzed the mRNA expression of CCN1. (B) Marc-145 cells were pretreated using H-89 at doses of 1, 2.5, and 5 for 1 h and then infected with PEDV 48 h; real-time PCR analyzed the mRNA expression of CCN1. (C) Marc-145 cells were pretreated using SB203580 at doses of 2.5, 5, and 10 for 1 h and then infected with PEDV for 48 h; real-time PCR analyzed the mRNA expression of CCN1. (D) Marc-145 cells were pretreated using H-89 at doses of 0, 2.5, and 5 for 1 h and then infected with PEDV for 48 h; Western blotting assessed the expression level of CREB and phospho-CREB. (E) Densitometric analysis of phospho-CREB relative to CREB using ImageJ. (F) Marc-145 cells were pretreated using H-89 at doses of 0, 2.5, and 5 μM for 1 h and then infected with PEDV for 48 h; Western blotting assessed the expression level of CCN1. (G) Densitometric analysis of CCN1 relative to β-actin using ImageJ. (H) Marc-145 cells were pretreated using SB203580 at doses of 0, 5, and 10 μM for 1 h and then infected with PEDV for 48 h; Western blotting assessed the level of c-Jun and phospho-c-Jun. (I) Densitometric analysis of phospho-c-Jun relative to β-actin using ImageJ. (J) Marc-145 cells were pretreated using SB203580 at doses of 0, 5, and 10 μM for 1 h and then infected with PEDV for 48 h; Western blotting assessed the level of c-Fos and phospho-c-Fos. (K) Densitometric analysis of phospho-c-Fos relative to β-actin using ImageJ. (L) Marc-145 cells were pretreated using SB203580 at doses of 0, 5, and 10 μM for 1 h and then infected with PEDV for 48 h; Western blotting assessed the level of CCN1. (M) Densitometric analysis of CCN1 relative to β-actin using ImageJ. The data were performed from three independent experiments. The differences were evaluated using Student’s t-test, and significance differences were denoted by *p < 0.05, **p < 0.01, and ***p < 0.001.


Next, the correlation between PKA, p38, and CREB, AP-1 was investigated during PEDV infection. Marc-145 cells were treated with H-89 (PKA inhibitor) and SB203580 (p38 inhibitor) at different concentrations for 1 h before PEDV infection. At 48 h post-infection, cells were harvested to assess the level of CCN1, phospho-CREB, phospho-c-Jun, and phospho-c-Fos using Western blotting. The results showed that H-89 (PKA inhibitor) dramatically impaired PEDV-induced CREB phosphorylation levels in a dose-dependent manner (Figures 4D,E), and the expression of CCN1 protein was also suppressed with the increase of the concentration of H-89 (Figures 4F,G). The addition of SB203580 (p38 inhibitor) significantly inhibited the c-Jun and c-Fos phosphorylation levels (Figures 4H–K). Moreover, CCN1 protein production is also decreased significantly when using the treatment of SB203580 (Figures 4L,M). Together, these observations indicate that p38 and PKA signaling pathways are involved in PEDV-mediated induction of CCN1.



Effect of Cell Communication Network Factor 1 on Porcine Epidemic Diarrhea Virus Replication

The effect of CCN1 on the virus has rarely been reported. Because PEDV induces significant expression of CCN1 mRNA and protein in Marc-145, we hypothesized that CCN1 might play a crucial role in PEDV replication. To verify the above hypothesis, the pcDNA3.1-his and pcDNA3.1-CCN1-his were transfected, respectively, into Marc-145 and infected with PEDV. As presented in Figure 5A, CCN1 can be expressed effectively in Marc-145 cells. As expected, the results showed that compared with the empty vector group, the overexpression of CCN1 significantly downregulated the level of PEDV-N mRNA (Figure 5B). In particular, the expression of PEDV-N protein was significantly reduced at 24 h (Figures 5C,D). The virus titers were measured by collecting cell supernatants. The data show that it is consistent with the results of the mRNA and protein (Figure 5E). To further verify the relevance of CCN1 in PEDV proliferation, we generated three special siRNAs targeting CCN1. Western blot was performed to assess the interfere efficiency of CCN1 in Marc-145. As presented in Figure 5F, siCCN1-3 exhibited a more obvious knockdown efficiency than siCCN1-1 and siCCN1-2. The following experiments were carried out with siCCN1-3. The results showed that CCN1 interference facilitates the expression of PEDV-N mRNA and protein (Figures 5G–I) and increased virus titer (Figure 5J). Together, the overexpression of CCN1 inhibited the replication of PEDV, whereas interference of CCN1 facilitated the replication of PEDV.
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FIGURE 5. The CCN1 protein to the effect of PEDV replication. (A) Marc-145 cells were transfected with pcDNA3.1-CCN1-his or pcDNA3.1-his vector for 36 h. Western blot detected CCN1 expression efficiency. (B–D) Marc-145 cells were transfected with pcDNA3.1-CCN1-his or pcDNA3.1-his vector for 36 h. PEDV at MOI 1 was used to infect cell for 1 h. Then, cells and supernatant were harvested to evaluate the mRNA and protein expression level of PEDV-N by real-time PCR (B), Western blot (C), and densitometric analysis (D). (E) The supernatant was harvested to assess viral title by TCID50. (F) Marc-145 cells were transfected with three siRNA for 48 h, and CCN1 knockdown efficiency was assessed. (G–J) Marc-145 cells were transfected with siNC or siCCN1 for 48 h, and cells were incubated with PEDV at MOI 1 for 1 h. Then, using real-time PCR and Western blot, respectively, detected PEDV-N mRNA (G), protein expression (H), and densitometric analysis (I). TCID50 was used to examine viral title (J). The data were performed from three independent experiments. The data were performed from three independent experiments. The differences were evaluated using Student’s t-test, and significance differences were denoted by *p < 0.05, **p < 0.01, and ***p < 0.001.




The Effect of Cell Communication Network Factor 1 in Suppressing Porcine Epidemic Diarrhea Virus Does Not Depend on the Expression of Interferon

The above study found that CCN1 overexpression decreases PEDV replication. To study whether CCN1 exerts antiviral function on Marc-145 cells by producing inflammatory cytokines and type I interferon. The CCN1 overexpression plasmids were transfected into Marc-145 cells. The data showed that overexpression of CCN1 promotes PEDV-induced IL-6 (Figure 6D) and IL-8 (Figure 6E) mRNA levels, whereas did not affect the mRNA expression of ISG15 ubiquitin-like modifier (ISG15) (Figure 6A), interferon β (IFN-β) (Figure 6B), and tumor necrosis factor α (TNF-α) (Figure 6C). It is widely known that IFN-β has a direct antiviral function, but CCN1 has not changed the expression of IFN-β, suggesting that CCN1 suppresses the replication of PEDV maybe through other pathways. Together, the results indicated that the effect of CCN1 in suppressing PEDV does not depend on the expression of interferon.
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FIGURE 6. Cell communication network factor 1 has no effect on the expression of interferon. (A–E) Marc-145 cells were transfected with pcDNA3.1-CCN1-his or pcDNA3.1-his vector for 36 h and were infected with or without the PEDV strain. At 24 h, cells were collected to analyze the mRNA level of ISG15 (A), IFN-β (B), TNF-α (C), IL-6 (D), and IL-8 (E) by real-time PCR assay. The data were performed from three independent experiments. The differences were evaluated using Student’s t-test, and significance differences were denoted by **p < 0.01.




Cell Communication Network Factor 1 Regulates Porcine Epidemic Diarrhea Virus-Induced Apoptosis

It has previously been reported that CCN1 through (TNF)-related apoptosis-inducing ligand (TRAIL) induces EAC cell apoptosis (Dang and Chai, 2020). To study whether CCN1 is involved in PEDV-induced apoptosis, CCN1 overexpression plasmids and siCCN1 were transfected in Marc-145. At 24 h post-transfection, cells were infected with PEDV and the apoptosis of Marc-145 cells was evaluated by flow cytometry. Compared with the empty vector, the apoptotic rate in Marc-145 cells with CCN1 overexpression was notably increased. Moreover, the apoptotic proportion in Marc-145 cells with the CCN1 knockdown vector decreased compared with the negative control cells (Figure 7A). To confirm the above results, using Western blot analysis, the cleaved caspase 3 protein levels revealed that, compared with the empty vector group, the cleaved caspase 3 increased in the CCN1 overexpression group (Figures 7B,C). Instead, the knockdown of CCN1 attenuated caspase 3 cleavage (Figures 7D,E). The results indicate that CCN1 can regulate PEDV-induced apoptosis in Marc-145 cells.
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FIGURE 7. Cell communication network factor 1 regulates PEDV-induced apoptosis in Marc-145 cells. (A) Marc-145 cells were transfected with pcDNA3.1-his, pcDNA3.1-CCN1-his, siNC, and siCCN1, stained with annexin V and PI, and apoptosis was detected by flow cytometry. (B) Marc-145 cells were transfected with pcDNA3.1-CCN1-his or pcDNA3.1-his vector for 36 h and infected with the PEDV. Cells were harvested at the indicated time, and Western blot was used to assess the expression of the caspase 3 and cleaved caspase 3. (C) Densitometric analysis of cleaved caspase 3 relative to caspase 3 using ImageJ. (D) Marc-145 cells were transfected with siNC or siCCN1 for 48 h and infected with the PEDV. Cells were harvested at the indicated time, and Western blot was used to assess the expression of the caspase 3 and cleaved caspase 3. (E) Densitometric analysis of cleaved caspase 3 relative to caspase 3 using ImageJ. The data were performed from three independent experiments. The differences were evaluated using Student’s t-test, and significance differences were denoted by **p < 0.01, ***p < 0.001.




Cell Communication Network Factor 1 Regulated Porcine Epidemic Diarrhea Virus-Induced Apoptosis Through the Mitochondrial Pathway

To gain the specific mechanism of CCN1 involved in the apoptosis induced by PEDV. We measured the protein-related death receptor pathway (Fas/FasL/caspase 8) and the protein-related of the mitochondrial pathway (Bcl-2/Bax/caspase 9). The result showed that overexpression of CCN1 resulted in anti-apoptotic protein Bcl-2 decreased compared with the empty vector group, and pro-apoptotic protein Bax expresses levels increased (Figures 8A,B). Moreover, cleaved caspase 9 increased in the CCN1 overexpression groups (Figures 8A,C). However, the death receptor-related proteins Fas, FasL, and caspase 8 have no significant difference in pcDNA3.1-CCN1-his–transfected cells (Figures 8D,E). Then, CCN1 knockdown was used to investigate Bax, Bcl-2, and caspase 9. The data showed that knockdown of CCN1 decreased the activation of Bax and caspase 9 and increased the expression of Bcl-2 (Figures 8F–H). Further studying whether the CCN1 protein itself can induce cell apoptosis, the results show that, when CCN1 is overexpressed or knocked down, it has no effect on the lysis of caspase 3 and caspase 9, and only under the stimulation of the virus, CCN1 can play a role (Figures 8I–N). Together, these results showed that CCN1 regulates PEDV-induced apoptosis by regulating the level of Bcl-2 and Bax to activate caspase 9.
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FIGURE 8. The mitochondrial pathway was involved CCN1 induced apoptosis. (A–C) Marc-145 cells were transfected with pcDNA3.1-CCN1-his or pcDNA3.1-his vector for 36 h and infected with the PEDV. Cells were harvested at the indicated time, Western blot was used to assess the expression of the Bcl-2, Bax, caspase 9, and cleaved caspase 9 (A), densitometric analysis of Bax relative to Bcl-2, and cleaved caspase 9 relative to caspase 9 using ImageJ (B,C). Western blot was used to elevate the level of the Fas-L, Fas, caspase 8, and cleaved caspase 8 (D,E). (F–H) Marc-145 cells were transfected with siNC or siCCN1 for 48 h and infected with the PEDV. Cells were harvested at the indicated time, Western blot was used to assess the expression of the Bcl-2, Bax, caspase 9, and cleaved caspase 9 (F), densitometric analysis of Bax relative to Bcl-2, and cleaved caspase 9 relative to caspase 9 using ImageJ (G,H). (I–K) Marc-145 cells were transfected with pcDNA3.1-CCN1-his or pcDNA3.1-his vector for 36 h and infected with the PEDV. Cells were harvested at 24 h after PEDV infection, Western blot was used to assess the expression of the caspase 9, cleaved caspase 9, caspase 3, and cleaved caspase 3 (I), densitometric analysis of cleaved caspase 9 relative to caspase 9, and cleaved caspase 3 relative to caspase 3 using ImageJ (J,K). (L–N) Marc-145 cells were transfected with siNC or siCCN1 for 48 h and infected with the PEDV. Cells were harvested at 24 h after PEDV infection, and Western blot was used to assess the expression of the caspase 9, cleaved caspase 9, caspase 3, and cleaved caspase 3 (L), densitometric analysis of cleaved caspase 9 relative to caspase 9, and cleaved caspase 3 relative to caspase 3 using ImageJ. (M,N) The data were performed from three independent experiments. The differences were evaluated using Student’s t-test, and significance differences were denoted by *p < 0.05, **p < 0.01, and ***p < 0.001.




Cell Communication Network Factor 1 Regulated Mitochondrial-Mediated Apoptosis Through p53-Dependent Pathway to Inhibit Porcine Epidemic Diarrhea Virus Replication

Tumor suppressor p53 is known to be involved in the regulation of cell senescence and apoptosis (Wawryk-Gawda et al., 2014). Our previous study found that PEDV infection could induce cell apoptosis by activating the p53 signal pathway (Xu et al., 2019). To further determine whether CCN1 has an influence on the p53 pathway, Western blot was used to detect the p53 total protein levels and phosphorylated p53 protein levels. As shown in Figures 9A,D, there is no effect on the p53 total protein level of both CCN1 overexpression and CCN1 knockdown. However, the phosphorylated p53 levels had changed significantly. CCN1 overexpression catalyzed phosphorylation of p53 at serine 20 (phospho-p53 ser20) and serine 15 (phospho-p53 ser15) compared to the empty vector group (Figures 9A–C). Knockdown of CCN1 suppress phospho-p53(ser15) and phospho-p53(ser20) level (Figures 9D,E). These results suggested that there was a close relationship between CCN1 protein and p53 protein phosphorylation.
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FIGURE 9. The role of p53 in CCN1-mediated apoptosis. (A–C) Marc-145 cells were transfected with pcDNA3.1-CCN1-his or pcDNA3.1-his vector for 36 h and then with or without the PEDV strain to infect cells for 24 h; Western blot was used to detect the abundance of the p53, phospho-p53(ser15), phospho-p53(ser20), and phospho-p53(ser46). (D–F) Marc-145 cells were transfected with siNC or siCCN1 for 48 h and then with or without the PEDV strain to infect cells for 24 h; Western blot was used to detect the expression of the p53, phospho-p53(ser15), phospho-p53(ser20), and phospho-p53(ser46). (G–L) Marc-145 cells were transfected with pcDNA3.1-CCN1-his or pcDNA3.1-his vector for 36 h, using pretreated PFT-α 1 h before infecting with PEDV; Western blot analyzes caspase 9, cleaved caspase 9, caspase 3, cleaved caspase 3, Bax, Bcl-2, PEDV-N, p53, and phosphorylated p53 expression levels. (M,N) Marc-145 cells were transfected with pcDNA3.1-CCN1-his or pcDNA3.1-his vector for 36 h, using pretreated Z-VAD-FMK 1 h before infecting with PEDV; Western blot analyzes PEDV expression levels. The data were performed from three independent experiments. The differences were evaluated using Student’s t-test, and significance differences were denoted by *p < 0.05, **p < 0.01, and ***p < 0.001.


Next, we used the PFT-α (p53 inhibitor) to further study whether CCN1-mediated apoptosis is through the p53 pathway. The results showed that phosphorylate levels of p53 at ser15, ser20, and ser46 were significantly suppressed by PFT-α (Figures 9G–I). Compared with the cell without pretreatment using PFT-α inhibitors, pretreated PFT-α decreases activation of caspase 3 and caspase 9 (Figures 9K,L). Besides, the expression of Bax protein was notably inhibited, whereas the expression of Bcl-2 protein was restored (Figure 9J). Together, these data indicated that the CCN1-regulated apoptosis mainly depends on the p53 pathway. Moreover, we found that the inhibitory effect of CCN1 on PEDV-N protein expression was weakened by PFT-α. CCN1 can inhibit PEDV replication and can regulate apoptosis through p53 pathway, we hypothesis that the CCN1 suppresses PEDV replication through apoptosis. To prove the relationship, using caspase inhibitor Z-VAD-FMD to inhibit apoptosis, it was found that the inhibitory effect of CCN1 on the PEDV was weakened (Figures 9M,N). Therefore, the results showed that CCN1 inhibits PEDV through apoptosis.




DISCUSSION

Porcine epidemic diarrhea virus evolved a variety of strategies to promote its persistent infection in the host cell (Li et al., 2021; Su et al., 2021; Xu et al., 2021). To escape the invasion of the virus, the secretion of antiviral proteins in the host cell was enhanced (Li et al., 2019; Pandey et al., 2019; Wang et al., 2021). CCN1, as a pro-inflammation factor, is regulated by many factors, including cytokines, viruses, and bacteria (Todorovic et al., 2005; Chen and Du, 2007; Kurozumi et al., 2008). It is reported that many viral infections can enhance the expression of CCN1. For example, Zika virus promotes the expression of CCN1 by the CaMKIIα-CREB pathway (Sun et al., 2020). Coxsackieviruses (CVB) and herpes simplex virus-1 (HSV-1) infection increase CCN1 expression in HeLa cell and rat glioma cells (Kim et al., 2004; Kurozumi et al., 2008). In this study, we demonstrated PEDV infection can promote the secretion of CCN1. We speculate that the expression of CCN1 may be related to the proliferation stage of the virus. The virus proliferation curve showed that the logarithmic growth phase of the virus was 36–48 h after infection. The host cell initiates defense by perceiving a large number of replicated viruses and promotes the induction of protein CCN1.

Cell communication network factor 1 promoter sequences contain a variety of regulatory elements, including CArG, OCT, AP-1, CREB, and SP1 (Kim et al., 2003; Qin et al., 2014; Seefried et al., 2017). Phosphorylated CREB can directly bind to the CCN1 promoters to enhance CCN1 transcriptional expression (Dou et al., 2017). EGF stimulation enhances CREB phosphorylation and activates the expression of CCN1 promoter (Chin et al., 2016). Nuclear translocation of myocardial protein-related transcription factor -A (promotes the expression of CCN 1 by binding to CArG box of CCN 1 promoter (Caires et al., 2007). In addition, the deletion of the AP-1 binding site reduces the activity of the CCN1 promoter by 50% (You et al., 2010). In the study, we confirmed that AP-1 and CREB were essential for the induction of CCN1, and the deletion of CREB and AP-1 binding elements decreased the expression of CCN1. According to previous reports, CREB phosphorylation depends on mitogen- and stress-activated kinases1/2, Ca2+–calmodulin-dependent kinase II (CaMKII), and cAMP-dependent protein kinase (PKA) (De Cesare et al., 1999). CaMKII regulates the expression of CCN1 by regulating CREB phosphorylation has been reported (Sun et al., 2020). In PKA–/– cells, CCN1 promoter activity was not detected (Meyuhas et al., 2008). Thus, we explored whether PKA affects CCN1 expression through regulating CREB. We found that the addition of H-89 (PKA inhibitor) can inhibit about 80% of the mRNA expression of CCN1. The mitogen-activated protein kinase (MAPK) pathway–related protein to regulate CCN1 expression has also been studied. For example, CVB3 enhances CCN1 expression through JNK activation (Kim et al., 2004), Beas2B cells were treated by cigarette smoke extract (CSE)-induced JNK and p38 MAPK phosphorylation–induced CCN1 secretion (Moon et al., 2013), and PRRSV infection suppresses CCN1 transcription by blocking the ERK-AP-1 axis (Park and Chun, 2020). Here, our data show that the addition of SB203580 (p38 inhibitor) can suppress about 50% of the mRNA expression of CCN1 when the concentration of SB203580 was 10 μM, indicating that the PKA and p38 pathways are essential for PEDV-induced CCN1 expression.

Previous research shows that CCN1 plays a role in the replication of many viruses. For example, CCN1 could activate type I IFN antiviral defense response in glioblastoma cells, which is conducive to virus clearance (Thorne et al., 2014). However, Zika-induced CCN1 expression can promote virus replication in human astrocytoma cells (CCF-STTG1) cells (Sun et al., 2020). The current study found that the overexpression of CCN1 inhibited PEDV replication and the knockdown of CCN1 enhanced PEDV replication. The previous investigation reported that CCN1 could induce IL-8 (Wu et al., 2017) and CCL20 induction in keratinocytes (Li et al., 2017), and increased IL-6 expression level in 16HBE cells (Shi et al., 2018). Our results showed that the overexpression of CCN1 upregulated the mRNA expression level of IL-6 and IL-8 in Marc-145 cells during PEDV infection, whereas the mRNA level of IFN-β, ISG15, and TNF-α were not affected. In addition, the only overexpression CCN1 protein does not change the expression of the IL-6 and IL-8, indicating that PEDV infection is essential for the production of the IL-6 and IL-8 induced by CCN1. In vitro, IFN-β and ISG15 can directly resist viral infections (Zhao et al., 2020; Liu et al., 2021), whereas pro-inflammation cytokines IL-6 and IL-8 may not have antiviral effects on a single cell. However, pro-inflammation cytokines can play phagocytosis by recruiting macrophages and can also promote the secretion of inflammatory factors to resist the invasion of virus in vivo. From the above, we know that the antiviral effect induced by CCN1 may be through other means.

Apoptosis, as a physiological defense mechanism, can regulate viral propagation. However, the specific effect of apoptosis on the virus remains controversial. Some studies have shown that virus invades cells by holding the expression of apoptosis-related proteins to inhibit or delay the occurrence of apoptosis, which is beneficial to the reproduction of virus offspring (Umeshappa et al., 2010). Some studies have shown that, in viral infection, host proteins eliminate the infected cells by enhancing apoptosis and blocking the proliferation of the virus in the body (Barber, 2001). Recently, some evidence has demonstrated that extracellular matrix (ECM) is an associated protein involved in the production of cell apoptosis, rather than cell survival (Li et al., 2016). CCN1, as an ECM protein, reduces intrinsic apoptotic pathway and inhibits the expression of survivin promoting EAV cell apoptosis (Dang et al., 2018). The synergistic treatment of CCN1 and FasL induces cardiomyoblast apoptosis by disrupting caspase inhibitor XIAP (Su and Mo, 2014). The overexpression of CCN1 results in cell apoptosis by inducing ER stress in hepatic stellate cells (Borkham-Kamphorst et al., 2016). In the present study, we found that the overexpression of CCN1 enhanced caspase 3 activation, and the knockdown of CCN1 inhibited caspase 3 activation in Marc-145. Caspase 3 is an executive protein between intrinsic and extrinsic pathways apoptotic pathway (Jorgensen et al., 2017). The combination of apoptosis-related ligand FasL, TNF-α, and corresponding receptors initiates activation of extrinsic apoptosis pathways, whereas intrinsic apoptosis is mainly regulated by Bcl-2 family protein (Pan et al., 2018). For example, the IAV NP interacts with the anti-apoptosis protein clusterin (CLU), which inhibits the intrinsic pathway of apoptosis by binding to Bax protein (Tripathi et al., 2013). Our data clearly suggest that CCN1 is involved in the initiation of the intrinsic apoptosis pathway, CCN1 expression was associated with Bcl-2, Bax, and caspase 9 activation, rather than FasL, Fas, and caspase 8.

P53 protein plays an important role in apoptosis. Under normal circumstances, the p53 protein has low secretion and a short half-life. The p53 protein through phosphorylation levels increase to inhibit the ubiquitin degradation of cellular protein and promote the stability of p53 protein, thereby promoting the induction of its downstream factor involved in apoptosis (Moll and Petrenko, 2003). Phosphorylation of p53 protein exerts cell survival and apoptosis functions by regulating Bcl-2 family proteins (Wang et al., 2021). Previous studies have shown that PEDV infection induced the accumulation of reactive oxygen species (ROS) and enhanced the p53(ser20) phosphorylation and subsequently promoted cell apoptosis (Xu et al., 2019). In this study, we found that the CCN1 regulates apoptosis by promoting the phosphorylation level of phospho-p53(ser15) and phospho-p53(ser20). Moreover, the addition of PFT-α (p53 inhibitor) suppresses the Bax, Bcl-2, and cleaved caspase 9 and caspase 3 expression, confirming that the p53 pathway is essential for CCN1-induced apoptosis. In addition, our research found that PFT-α can restore the effect of CCN1 on PEDV, so apoptosis may be the way for CCN1 to inhibit virus replication.



CONCLUSION

Our study revealed the molecular mechanism of the expression of CCN 1 in Marc-145 cells induced by PEDV and further confirmed the mechanism of CCN 1 inducing apoptosis and inhibiting the replication of PEDV. PEDV activates the transcription factors CREB and AP-1 through the PKA and p38 pathways, respectively. The activated CREB and AP-1 combine with the CCN1 promoter element to promote CCN1 expression. Then, we demonstrated that CCN1 can affect the replication of PEDV and increase pro-inflammation of the IL-6 and IL-8, rather than IFN-β, ISG15, and TNF-α. Further studies clarified that CCN1 promotes p53(ser15) and p53(ser20) phosphorylation to regulate apoptosis and inhibit PEDV replication in Marc-145 (Figure 10). Given the detriment of PEDV in the pig industry in recent years, the study possibly provides new insights into the pathogenesis mechanism of PEDV and possibly helps the development of therapeutic targets against PEDV infection.
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FIGURE 10. The CREB and AP-1–dependent CCN1 promote PEDV-induced apoptosis through the p53 pathway inhibiting PEDV replication. PEDV infections promote transcription factor CREB and AP-1 phosphorylation, respectively, through PKA and p38 pathways. Phosphorylated CREB and AP-1 binding to CCN1 promoter increase CCN1 expression. CCN1 overexpression increases p53 protein phosphorylation activity. The overexpression of CCN1 promotes Bax expression and inhibits Bcl-2 expression, increases the cleaved of caspase 9 and caspase 3, promotes apoptosis, and inhibits PEDV replication. The addition of p53 inhibitor decreased the occurrence of apoptosis; thus, CCN1 promotes PEDV-induced apoptosis through the p53 pathway. →, activation; ⊥, inhibition.
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Singapore Grouper Iridovirus Induces Glucose Metabolism in Infected Cells by Activation of Mammalian Target of Rapamycin Signaling
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Singapore grouper iridovirus (SGIV), a member of the Iridoviridae family, is an important marine cultured fish pathogen worldwide. Our previous studies have demonstrated that lipid metabolism was essential for SGIV entry and replication, but the roles of glucose metabolism during SGIV infection still remains largely unknown. In this study, we found that the transcription levels of key enzymes involved in glycolysis were regulated in varying degrees during SGIV infection based on the transcriptomic analysis. Quantitative PCR and western blot analysis also indicated that the expression of both glucose transporters (GLUT1 and GLUT2) and the enzymes of glucose metabolism (hexokinase 2, HK2 and pyruvate dehydrogenase complex, PDHX) were upregulated during SGIV infection in vivo or in vitro, suggesting that glycolysis might be involved in SGIV infection. Exogenous glucose supplementation promoted the expression of viral genes and infectious virion production, while glutamine had no effect on SGIV infection, indicating that glucose was required for SGIV replication. Consistently, pharmacological inhibition of glycolysis dramatically reduced the protein synthesis of SGIV major capsid protein (MCP) and infectious virion production, and promotion of glycolysis significantly increased SGIV infection. Furthermore, knockdown of HK2, PDHX, or GLUT1 by siRNA decreased the transcription and protein synthesis of SGIV MCP and suppressed viral replication, indicating that those enzymes exerted essential roles in SGIV replication. In addition, inhibition of mTOR activity in SGIV-infected cells effectively reduced the expression of glycolysis key enzymes, including HK2, PDHX, GLUT1, and GLUT2, and finally inhibited SGIV replication, suggesting that mTOR was involved in SGIV-induced glycolysis. Thus, our results not only provided new insights into the mechanism of how SGIV infection affects host cell glycolysis, but also contributed to further understanding of the iridovirus pathogenesis.
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INTRODUCTION

Viruses are obligate intracellular parasites that rely on host cellular metabolic system for the energy and macromolecule synthesis required for their replication. In recent years, with the development of technology, studies have focused on examining how virus infection alters host metabolic system. Understanding how virus infection manipulates cellular metabolism is an emerging and critical field for effective vaccine development and virus treatment. Increasing evidence suggested that both DNA viruses and RNA viruses modulated the host cell metabolic profiles after virus infection, including human cytomegalovirus (HCMV), herpes simplex virus 1 (HSV-1), hepatitis C virus (HCV), influenza A virus, human immunodeficiency virus type 1 (HIV-1), Kaposi’s sarcoma-associated herpesvirus (KSHV), vaccinia virus (VACV), Epstein-Barr virus (EBV), infectious spleen and kidney necrosis virus (ISKNV), and so on (Munger et al., 2006, 2008; Diamond et al., 2010; Ritter et al., 2010; Hollenbaugh et al., 2011; Rabinowitz et al., 2011; Roe et al., 2011; Vastag et al., 2011; Delgado et al., 2012; Fontaine et al., 2014; Xiao et al., 2014; Goodwin et al., 2015; Mushtaq et al., 2016; Guo et al., 2019). These reports have revealed numerous dramatic cellular metabolism changes triggered by virus infection. Particularly, the activation of glycolysis has been reported in most of these reports, indicating that glucose is a critical carbon source during virus infection.

Glucose and glutamine are the two main carbon sources for the energetic and biosynthetic needs in cells. In normal cells, glucose is thought to be responsible for cellular ATP generation via glycolysis and the tricarboxylic acid (TCA) cycle. However, in cancer cells, glucose is separated away from the TCA cycle to be used biosynthetically and glutamine serves to anaplerotically replenish the TCA cycle (DeBerardinis et al., 2007, Deberardinis et al., 2008; Wise et al., 2008). For glucose metabolism, exogenous glucose uptake into cells is mediated by glucose transporters (GLUTs), and glucose metabolism was catalyzed by several key enzymes (Adeva-Andany et al., 2016). For example, hexokinases (HKs), which convert glucose to glucose 6-phosphate, is the first and rate-limiting enzyme in glycolytic pathway and the HK2 isoform is a key mediator of aerobic glycolysis (Wolf et al., 2011; Gershon et al., 2013). Pyruvate dehydrogenase complex (PDHX), which provide acetyl-CoA for the TCA cycle, is a multienzyme complex central to aerobic respiration, connecting glycolysis to mitochondrial oxidation of pyruvate (Forsberg et al., 2020).

Iridoviruses are large DNA viruses and result in heavy economic losses in aquaculture industry (Shinmoto et al., 2009). To date, the family Iridoviridae is divided into two subfamilies (Alphairidovirinae and Betairidovirinae) and categorized into five known genera: Iridovirus, Chloriridovirus, Lymphocystivirus, Megalocytivirus, and Ranavirus (Chinchar et al., 2017). It has been reported that glucose and glutamine metabolism might play a critical role in the replication of megalocytivirus by producing required energy and metabolites (Fu et al., 2017; Guo et al., 2019). Singapore grouper iridovirus (SGIV) was isolated from diseased grouper (Epinephelus tauvina) (Qin et al., 2001, 2003), and characterized as a novel member of the genus Ranavirus (Chinchar et al., 2017). The highly lethal and serious systemic disease induced by SGIV infection resulted in great economic losses in aquaculture industry (Gibson-Kueh et al., 2003). The previous studies showed that SGIV infection in host cells evoked non-apoptotic cell death, and mitogen-activated protein kinase (MAPK) signaling pathway involved in SGIV (Huang et al., 2011a,b). During SGIV infection, the level of phosphorylated mammalian target of rapamycin (mTOR) was increased with infection time, suggesting that SGIV inhibited autophagy through decreasing in mTOR activity to some extent (Li et al., 2020). Recently, cellular fatty acid synthesis was demonstrated to exert crucial roles during SGIV infection via regulating virus entry and host immune response (Zheng et al., 2022). Moreover, palmitic acid promoted SGIV replication by suppressing autophagic flux and negatively regulating TANK binding kinase 1 (TBK1)-interferon regulator factor (IRF) 3/7 pathway (Yu et al., 2020). However, the molecular mechanism by which SGIV regulated glucose metabolism still remained largely unknown.

In the present study, the roles of glucose metabolism during SGIV replication was investigated. The expression levels of crucial enzymes of glucose metabolism were examined, and the roles of glycolysis in SGIV infection were investigated using pharmacological inhibitors and siRNA technology. In addition, we also clarified the roles of mTOR in SGIV induced glycolysis. Our results will shed important lights on the mechanism of SGIV pathogenesis, providing new clues to understanding the fish-virus interaction.



MATERIALS AND METHODS


Fish, Cells, and Viruses

Juvenile orange-spotted grouper (weight 30–40 g) were purchased from a local marine fish farm in Hainan Province, China. Fish were maintained in a laboratory recirculating seawater system at 24–28°C and fed twice daily for 2 weeks. Grouper spleen (EAGS) cells were established in our lab (Huang et al., 2009). Grouper head kidney (ELHK) cell used in this study was a new grouper cell line that was established from grouper head kidney (Liu et al., 2021). EAGS and ELHK cells were maintained at 28°C in Leibovitz’s L-15 medium (Gibco, United States) supplemented with 10% fetal bovine serum (Gibco, United States). SGIV was stored in our laboratory (Qin et al., 2003). The virus was propagated in EAGS cells at 28°C and the viral titer was determined by a TCID50 assay.



Reagents

2-Deoxy-D-glucose (2DG) and Dichloroacetate (DCA) were purchased from Sigma-Aldrich. Rapamycin (Rapa, AY-22989) was purchased from Selleckchem. 2DG and DCA were dissolved in L-15 medium to a stock concentration of 500 mM and 400 mM, respectively. Rapamycin was dissolved in DMSO to a stock concentration of 10 mM. These reagents need to be diluted to a working concentration using L-15 medium (2DG and DCA) or DMSO (Rapamycin) just before use. The mouse monoclonal antibody against SGIV major capsid protein (MCP) was prepared and stored in our laboratory. The rabbit polyclonal antibodies against HK2, PDHX, GLUT1, and GLUT2 were purchased from Proteintech (United States). The rabbit monoclonal antibody against β-tubulin was purchased from Abcam.



Virus Infection and Transcriptomic Analysis

At 5d postinfection (p.i.), three parallel samples of SGIV-infected or mock-infected groupers were harvested. Transcriptomic profiling was performed on an Illumina Hiseq 2500 platform and the analysis process was conducted by Shanghai OE Biotech Co., Ltd. (Shanghai, China).



Challenge and Samples Collection

A total of 120 healthy Juvenile orange-spotted grouper were randomly divided into two groups, including SGIV- and Mock-infected group (60 fish per group, 20 fish per tank, 3 replicates). The SGIV-infected groups were injected intraperitoneally with 0.1 mL of SGIV (105.5 TCID50). The Mock-infected groups were injected with 0.1 mL of PBS. Three fish (one fish each duplicate) were randomly selected from SGIV- and Mock-infected group on the 1st, 2nd, 3rd, 5th, and 7th day post-infection. Then the liver, spleen and kidney tissues were obtained for samples preparation.



Cell Viability

Cell Counting Kit-8 (CCK-8) assay was performed to examine the impact of glucose, glutamine, 2DG and DCA treatment on cell proliferation according to the manufacturer’s instructions. In brief, EAGS and ELHK cells cultured in 96-well plates were incubated with glucose (0, 1.0, and 4.5 g/L), glutamine (0, 2.0 mM), 2DG (0, 0.2, 0.5, 1.0, 2.0, and 5.0 mM) and DCA (0, 0.1, 0.2, 0.5, 0.6, and 1.0 mM) for 24 h. Cells were washed with culture medium three times, and then 100 μL of culture medium supplemented with 10 μL Cell Counting Kit-8 (CCK-8, UE) was added into each well and incubated at 28°C for 4 h. The absorbance was measured in Varioskan™ LUX multimode microplate reader (Thermo Fisher Scientific, United States) at 450 nm.



Cell Transfection

Cell transfection was carried out using Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer’s protocol. EAGS cells were seeded in 12-well plates at 70–80% confluence for 18–24 h, and cells were transfected with the mixture of 4 μL Lipofectamine 2000 and 100 nM siRNA incubated for 4–6 h. After replacing with fresh normal medium, cells were cultured for further study. The HK2, PDHX, and GLUT1 siRNA was designed by GenePharma. EAGS cells were transfected with HK2, PDHX, and GLUT1 siRNA, respectively, or the same volume of negative control (NC) siRNA for 24 h, and then infected with SGIV for 12 and 24 h.



Virus Titer Assay

Viral titer was assessed in EAGS cells to determine the effect of glucose, glutamine, 2DG, and DCA on SGIV production, respectively. In brief, EAGS cells were pretreated with glucose, glutamine, 2DG and DCA or vehicle for 2 h, and then the cells were infected with SGIV [at multiplicity of infection (MOI) of 1.0] and collected at 24 h p.i. for virus titer assay. The viral titers of cell lysates were evaluated using the 50% tissue culture infectious dose (TCID50) assay (Reed and Muench, 1938). The cytopathic effects (CPEs) were observed under a light microscope (Leica, Germany) every day, and each sample was measured in triplicate.



RNA Extraction and Real-Time RT-qPCR (qRT-PCR)

EAGS and ELHK cells were infected with SGIV at MOI of 1.0, respectively. The total RNA isolation was performed using the Cell Total RNA Isolation Kit (FOREGENE, China) according the manufacturer’s instructions, and reverse transcription was carried out using ReverTra Ace (TOYOBO, China). Then, qPCR was performed under the ABI Quantstudio™ 5 Real-Time PCR System (Thermo Fisher Scientific, Applied Biosystems, United States). The primers used in this study were listed in Table 1. Reactions of SYBR Green were performed in a 10 μL volume containing 5 μL of 2 × SYBR® Premix Ex Taq™, 0.3 μL of each forward and reverse primer (10 μM), 1 μL of cDNA, and 3.4 μL of water. All experiments were performed in triplicate, and the cycling parameters were chosen according to the manufacturer’s instructions. The expression levels of viral genes and host glycolysis metabolism genes were detected. The relative expression ratio of the selected gene normalized to β-actin was calculated using the 2–ΔΔCT method.


TABLE 1. Primers used in this study.
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Western Blot Analysis

EAGS and ELHK cells were mock- or SGIV-infected at MOI of 1.0, respectively. After the experimental treatments, cells were lysed and solubilized in 50 μL of Pierce IP Lysis Buffer (Thermo Fisher Scientific), containing protease/phosphatase inhibitor cocktail. Samples were boiled for 5 min after mixing with 5 × loading buffer. The equal of proteins were resolved by 10% SDS-PAGE and then electrophoretically transferred to 0.45 μm TransBlot Turbo PVDF (Minipore). The membranes were blocked with 5% skim milk for 2 h, then incubated with different primary antibodies for 3 h at room temperature or overnight at 4°C. After washing with PBST buffer for 3 times, the membranes were incubated with secondary goat-anti-rabbit or goat-anti-mouse antibody labeled with horseradish per-oxidase. Finally, the immunoreactive bands were visualized with Super ECL Plus Kit (UElandy) according to the manufacturer’s protocol. The following primary antibodies were used: anti-HK2 (1:1,000 dilution), anti-PDHX (1:1,000 dilution), anti-GLUT1 (1:500 dilution), anti-GLUT2 (1:300 dilution), anti-SGIV-MCP (1:3,000 dilution), and anti-β-Tubulin (1:3,000 dilution). Data were normalized to the mean of β-Tubulin expression.



Determination of Enzyme Activity of Hexokinase 2 and Pyruvate Dehydrogenase Complex in Cells During Singapore Grouper Iridovirus Infection

EAGS cells and ELHK cells were collected at 12 and 24 h after mock- or SGIV infection. HK2 and PDHX activity was measured using Hexokinase Colorimetric Assay Kit (Sigma-Aldrich, MAK091) and Pyruvate Dehydrogenase Activity Assay Kit (Sigma-Aldrich, MAK183) according to the manufacturer’s instructions, respectively. The measured activity was normalized to the total of cells.



Statistical Analysis

Each sample was assayed in triplicate and results were reported as mean ± standard deviation (SD). Statistical differences between groups were determined by one-way analysis of variance (ANOVA) using SPSS 21.0 software (IBM, United States). Data were considered statistically significant at p < 0.05.




RESULTS


Singapore Grouper Iridovirus Infection Altered Glucose Metabolism

To clarify whether glucose metabolism was involved in SGIV infection, we firstly analyzed the transcriptional changes of key enzymes of glucose metabolism pathway based on the transcriptomic data. As shown in Figure 1, the levels of the important glycolytic enzymes were differently expressed in SGIV-infected tissues compared to that in mock-infected tissues. In detail, the transcription levels of phosphoglucomutase (PGM), HK, glucose-6-phosphate isomerase (GPI), phosphoglycerate kinase (PGK), pyruvate kinase (PK) and L-lactate dehydrogenase (LDH) were significantly increased in liver and spleen of SGIV-infected groupers. In contrast, the expressions of the other two glycolytic enzymes, including glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and pyruvate dehydrogenase E1 component (PDH) were decreased (Figure 1). Thus, we speculated that SGIV infection in vivo caused the alteration in glucose metabolism.
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FIGURE 1. Glucose metabolism is altered during SGIV infection. Grouper were mock- or SGIV- infected and harvested at 5 d for transcriptomic analysis. (A) A work flow of transcriptomic design. (B) A schema of glucose metabolism, including some glycolytic enzymes (blue typeface showed the enzymes involved in SGIV infection). (C) A table visualization of fold changes in levels of glycolytic enzymes profiled during SGIV infection. Bold red values indicate that the mean values are significantly higher in SGIV infected for that comparison, and black values indicate that the values are significantly lower.




Glucose Was Required During Singapore Grouper Iridovirus Infection

In order to determine the roles of glucose or glutamine in SGIV replication in vitro, the effects of glucose and glutamine deprivation on viral infection were examined. EAGS cells were infected with SGIV at MOI of 1.0 and subsequently fed replete medium containing both glucose (1 or 4.5 g/L), glutamine (2 mM) or medium lacking either glucose or glutamine. Depriving EAGS cells of exogenous glucose or glutamine had no significant impact on cell viability for 24 h (Figures 2A,E). Firstly, the expression of viral MCP in transcription and protein level was determined by qPCR and western blot when SGIV-infected cells was fed with replete medium or medium lacking glucose or glutamine. Deletion of exogenous glucose in the culture medium significantly inhibited the transcription and expression of viral MCP (Figures 2B,C). Furthermore, the virus production was significantly reduced in SGIV-infected exogenous glucose depriving cells. The virus titer in glucose deficient medium was 30 and 50% lower than that in medium containing 1 or 4.5 g/L glucose, respectively (Figure 2D). In contrast, deletion of exogenous glutamine in the culture medium had no significant effects on SGIV replication (Figures 2F–H). These results suggested that glucose was an essential carbon source for SGIV replication.
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FIGURE 2. Glucose is necessary for efficient infectious SGIV production. (A,E) EAGS cells were cultured in replete medium containing both glucose (1 and 4.5 g/L) and glutamine (2 mM) or medium lacking either glucose or glutamine, and the cell viability was detected by CCK-8 assay at 24 h. EAGS cells were infected with SGIV at MOI of 1.0 and fed replete (1, 4.5 g/L glucose, and 2 mM glutamine), glucose-free, or glutamine-free medium at 2 h. At 12 and 24 h p.i., SGIV was quantified by qRT-PCR (B,F). At 24 h p.i., SGIV was quantified by Western blot (C,G) and TCID50 (D,H). The data are represented as mean ± SD. The significance level was defined as *p < 0.05.




Glycolysis Was Activated During Singapore Grouper Iridovirus Infection

It has been reported that exogenous glucose uptake into cells is mediated by glucose transporters (GLUTs), and glucose metabolism is catalyzed by several key enzymes, including HKs and PDHX (Gershon et al., 2013; Adeva-Andany et al., 2016; Forsberg et al., 2020). To determine whether SGIV infection activated glycolysis, the transcription levels of HK2, PDHX, GLUT1, and GLUT2 were firstly examined in vivo by qPCR during SGIV infection. The groupers were divided into mock and SGIV infected groups, fish were collected at indicated time points. As shown in Figure 3, HK2, PDHX, GLUT1, and GLUT2 were constitutively expressed in all the analyzed tissues. Among them, HK2, GLUT1, and GLUT2 showed similar expression patterns after SGIV infection, and significantly up-regulated than mock group, then peaked at 7 days in all the analyzed tissues. Interestingly, the expression of PDHX peaked at 3 days in liver and kidney and at 7 days in spleen. These results suggested that SGIV infection promote glycolysis process in vivo.
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FIGURE 3. Glycolysis is induced during SGIV infection in vivo. The expression of HK2, PDHX, GLUT1, and GLUT2 in grouper tissue (liver, spleen, and kidney). Data were expressed as a ratio to mock expression. The data are represented as mean ± SD. The significance level was defined as *p < 0.05.


Furthermore, the protein expressions of those enzymes in mock- and SGIV-infected cells were measured by western blot using specific antibody (Figure 4A). The expressions of HK2, PDHX, GLUT1, and GLUT2 increased in SGIV-infected cells compared to that in mock-infected cells at 12 and 24 h p.i. HK2, GLUT1, and GLUT2 expression increased both at 12 and 24 h p.i. after SGIV infection. Whereas, the expression levels of PDHX first increased at 12 h p.i. and then decreased at 24 h p.i. after SGIV infection. Of note, the expression of GLUT2 increased 1.5-fold in SGIV-infected cells at 24 h compared to that in mock-infected cells. In addition, the activities of HK2 and PDHX was significantly increased in SGIV-infected cells compared to mock-infected cells (Figures 4B,C). Taken together, our results suggested that glycolysis was activated in response to SGIV infection.
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FIGURE 4. Glycolysis is induced during SGIV infection in EAGS cells. (A) Immunoblot analysis of HK2, PDHX, GLUT1, and GLUT2 levels in mock- and SGIV-infected cells. Lysates from cells harvested at 12 and 24 h p.i. were subjected to Western blot analysis using antibodies indicated and β-tubulin was used as the internal control. The values below the lanes indicate the relative intensity of each major band. (B,C) The enzyme activity of HK2 and PDHX in SGIV-infected cells compared to mock-infected cells. The data are represented as mean ± SD. The significance level was defined as *p < 0.05.




Glycolysis Was Required for Optimal Infectious Singapore Grouper Iridovirus Production

In order to investigate whether glycolysis was involved in SGIV replication, we used specific inhibitors to destroy glycolysis in vitro, and then examined the effects of specific inhibitors on SGIV replication. 2DG and DCA are hexokinase inhibitor and pyruvate dehydrogenase kinase (PDK) inhibitor, respectively (Delgado et al., 2010; Kennedy et al., 2019). After determining the cell cytotoxicity of 2DG and DCA on cells (Figures 5A,D), non-toxicity concentration of 2DG (0.4 and 0.5 mM) and DCA (0.5 and 0.6 mM) were used to pretreat cells before SGIV infection. Treatment with 2DG significantly inhibited SGIV replication, evidenced by the decreasing in viral MCP synthesis and production of progeny virus (Figures 5B,C). Moreover, viral protein level and viral titer increased following DCA treatment (Figures 5E,F). The effects of 2DG or DCA on SGIV replication was dose dependent. The similar results also obtained from ELHK cells (Supplementary Figure 1), indicating that glycolysis was involved in the SGIV replication. In addition, we further clarify the effects of inhibition of glutamine metabolism on SGIV replication. EAGS cells were treated with BPTES (an inhibitor of glutaminase) and EGCG (an inhibitor of glutamate dehydrogenase). Consistent with the results shown in Figure 2, the inhibitors of glutamine metabolism have no significant effects on SGIV production (Supplementary Figure 2), indicating that glutamine was not necessary for SGIV replication.
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FIGURE 5. The roles of glycolysis during SGIV replication. (A,D) The cytotoxicity of 2DG and DCA on EAGS cells, respectively. (B,E) Virus protein level reduced after 2DG treatment and increased after DCA treatment. The level of SGIV-MCP was detected by western blot, and β-tubulin was used as the internal control. (C,F) Virus production of SGIV was evaluated. EAGS cells incubated with indicated concentration 2DG and DCA were infected with SGIV and collected at 24 h p.i. Viral titers were determined using the TCID50 method. The data are represented as mean ± SD. The significance level was defined as *p < 0.05.


To further explore whether grouper HK2, PDHX, and GLUT1 played roles in SGIV replication, we firstly knocked down HK2, PDHX, and GLUT1 in EAGS cells using specific target siRNA, and examined the potent silencing efficiencies of siRNAs on endogenous HK2, PDHX, and GLUT1, respectively. As shown in Figure 6A, the synthesized HK2, PDHX, and GLUT1 protein in siRNA-transfected cells was significantly reduced compared with the negative control siRNA (NC)-transfected cells. Then, siRNA2-HK2, siRNA2-PDHX, and siRNA3-GLUT1 were chosen to evaluate the effects of knock down of HK2, PDHX, and GLUT1 on SGIV replication, respectively. The results showed that knock down of HK2, PDHX, and GLUT1 significantly inhibited SGIV infection, demonstrated by the marked reduction in both transcription and protein expression of SGIV MCP (Figures 6B,C). Moreover, the virus production in siRNA transfected cells were all significant decreased compared with NC-transfected cells (Figure 6D). Thus, our data revealed that HK2, PDHX, and GLUT1 played essential role in SGIV replication.
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FIGURE 6. HK2, PDHX, and GLUT1 were essential for SGIV replication. (A) The efficacy of different siRNAs targeting grouper HK2, PDHX, and GLUT1 were evaluated by western blotting analysis. Chemically synthesized siRNAs were transfected into grouper cells, and their silencing efficiencies on gene transcription and protein synthesis of HK2, PDHX, and GLUT1 were evaluated by western blotting. (B–D) The role of HK2, PDHX, and GLUT1 during SGIV replication. siRNA2-, siRNA2-, and siRNA3- were chosen to evaluate the effect of HK2, PDHX, and GLUT1 silence on SGIV replication, and viral gene transcription and protein synthesis were detected using qPCR, western blotting, and TCID50, respectively. Data are expressed as means ± SD. The significance level was defined as *p < 0.05.




Inhibition of Mammalian Target of Rapamycin Signaling Blocked Singapore Grouper Iridovirus-Induced Glycolytic Activation and Attenuated Singapore Grouper Iridovirus Viral Replication

Mammalian target of rapamycin (mTOR) signaling plays a critical role in the regulation of energy metabolism, cell growth and proliferation (Mori et al., 2009; Dukhande et al., 2011). To further determine whether mTOR signaling was involved in SGIV-induced activation of glycolysis, we treated SGIV-infected cells with rapamycin, a specific inhibitor of mTOR, and then determined the impact of mTOR inhibition on the expressions of glucose transporters and glycolytic enzymes. As shown in Figures 7A,B, rapamycin treatment dramatically reduced transcription and protein level expression of GLUT1, GLUT2, HK2, PDHX in SGIV-infected cells, indicating that the mTOR activation was critical to regulating SGIV-mediated glycolytic activation in the infected EAGS cells. Furthermore, we also detected the effect of rapamycin on SGIV replication. The results showed that there was a significant decrease in protein level expression and virion production in SGIV-infected cells after rapamycin treatment (Figures 7C,D). Taken together, our results suggested that mTOR signaling was involved in activation of glycolysis induced by SGIV infection.
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FIGURE 7. Inhibition of mTOR blocks SGIV-induced glycolytic activation and viral production. Glycolytic enzymes and Gluts expression in SGIV infected EAGS cells with rapamycin treatment for 24 h. (A) Total RNA was isolated from the EAGS cells and analyzed by real-time PCR. The expression levels of each gene were normalized to β-actin expression levels and adjusted to the levels in mock-infected EAGS cells. (B) The level of glycolytic enzymes and Gluts were detected by western blot, and β-tubulin was used as the internal control. (C,D) The impact of mTORC1 on viral protein and, and viral titer using western blotting, and TCID50, respectively. Data are expressed as means ± SD. The significance level was defined as *p < 0.05.





DISCUSSION

Viruses hijack host cellular metabolism to provide the building blocks and energy required for successful viral replication. Among them, glucose metabolism is one of an important energy metabolism. During viral infection, the virus can activate glycolysis pathway, which benefit for viral replication. In this study, we examined the alteration of numerous glycolytic enzymes during SGIV infection, and explored the roles of glucose metabolism in SGIV replication. Our transcriptomic results showed that SGIV infection induced the change of numerous glycolytic enzymes, suggesting that glucose metabolism might be involved in the process of SGIV infection. Consistent with transcriptome data, we found the expression levels of key glycolytic enzymes (HK2 and PDHX) and GLUTs were changed in vitro and in vivo, with a concurrent increase in enzymes activity of HK2 and PDHX, providing further evidence that SGIV infection can activate glycolysis. The differential expression levels between tissues might be caused by the progress of SGIV infection in different tissues. It has been reported that virus infection could activate glycolysis using different manners. ISKNV infection activates glycolysis through up-regulating the expression of numerous key glycolytic enzymes in infected cells (Guo et al., 2019). EBV LMP1 prompts aerobic glycolysis in infected cells by up-regulation of HK2, which facilitates proliferation by blocking apoptosis (Xiao et al., 2014). HCV activates glycolytic activity by up-regulating the expression of HK2, which directly interact with HCV NS5A protein for viral replication (Ramiere et al., 2014). Dengue Virus (DENV) induces glycolysis for its replication, alone with the up-regulated expression of GLUT1 and HK2 (Fontaine et al., 2015). In addition, Kaposi’s sarcoma herpesvirus (KSHV) infection either induces Warburg effect in the infected cells or employs specific viral microRNAs targeting the key regulators of glucose metabolism and mitochondrial biogenesis in the infected cells to induce glycolytic activity (Delgado et al., 2010, 2012; Yogev et al., 2014). More recently, it was shown that human herpesvirus 6A (HHV-6A) infection increases GLUTs and key glycolytic enzymes expression to prompts glycolysis (Wu et al., 2020). These studies prompted that glucose metabolism may be a common metabolic pathway explored by different viruses to support their replication.

Glucose and glutamine are the two main carbon sources utilized to support the energetic and biosynthetic needs of cells. Viruses utilized glucose or glutamine metabolism to produce required ATP or macromolecule metabolites for virus replication. In our study, we showed that SGIV production was significantly decreased when SGIV-infected cells were deprived of exogenous glucose. In contrast, depriving SGIV-infected cells of exogenous glutamine has no significantly impact on viral yield. The consistent results were obtained when glycolysis was destroyed by specific inhibitors, indicating that exogenous glucose was required for SGIV infection, while glutamine was not. The similar results were reported that Dengue virus required glucose for optimal replication (Fontaine et al., 2015). Differently, Glutamine was required for efficient replication of infectious spleen and kidney necrosis virus (ISKNV) and red-spotted grouper nervous necrosis virus (RGNNV) in vitro (Asim et al., 2017; Fu et al., 2017). In addition, white spot syndrome virus (WSSV) induced increased aerobic glycolysis via activation of the PI3K-Akt-mTOR pathway during replications and needed glutamate metabolism to benefit its replication (Su et al., 2014; He et al., 2019). Therefore, activated glycolysis do not represent general host metabolism reprogramming during viral infection, it is more likely that certain viruses have evolved to induce glycolysis pathway to finish their life cycles.

Exogenous glucose across the membranes of cells is mediated by glucose transporters (GLUTs), and glucose metabolism is catalyzed by a number of enzymes, such as HKs, PDHX, lactase dehydrogenase (LDH), and et al. (Gershon et al., 2013; Mueckler and Thorens, 2013; Adeva-Andany et al., 2016; Forsberg et al., 2020). HKs, as a rate-limiting enzyme in glycolytic pathway, had been proved to not only be a new innate immune receptor that activated NOD-like receptor protein 3 (NLRP3) (Wolf et al., 2011, 2016), but also sequester MAVS preventing RIG-I signaling to escape immune response during Hepatitis B virus (HBV) infection (Zhou et al., 2021). In our study, we found that SGIV infection promoted HK2 activity and protein expression, and inhibition of HK2 activity resulted in a significant reduction in SGIV production, suggested that HK2 might be involved in SGIV replication. Of note, PDHX activity and protein expression was promoted at 12 h p.i., suggested that SGIV infection induced PDHX activation and promoted pyruvate into TCA cycle at the early stage of infection. Consistent with the inhibitory effect of siPDHX on SGIV replication, DCA activated PDHX resulted in a significant increase, suggested that PDHX was also essential for SGIV infection. In addition, knockdown of GLUT1 also showed significant inhibition on SGIV replication, suggesting that GLUT1 might enhance the cell capacity to transport glucose and meet increased energy demands following SGIV infection. In addition to regulating glucose transport, GLUT1 can function as a receptor for human T-cell leukemia virus type 1 (HTLV) (Manel et al., 2003). The detailed mechanism of these key enzymes of glycolysis in SGIV infection still needed further investigation.

mTOR is a highly conserved serine/threonine kinase that controls cell growth, cell proliferation and energy metabolism (Duvel et al., 2010; Liu et al., 2015). Our previous studies showed that mTOR pathway participated in autophagy during SGIV infection (Li et al., 2020). Here, inhibition of mTOR activity not only decreases glycolysis in the SGIV-infected cells but also decreased virus replication, suggesting that SGIV-induced glycolysis activation is mainly dependent on mTOR signaling activation. In the other hand, our results also suggested that mTOR exerted a dual role during SGIV infection, regulating glycolysis activation and inhibiting autophagy. Increased literatures revealed that mTOR pathway plays an important role in virus infection. WSSV infection activates PI3K-Akt-mTOR pathway in the infected cells, which is critical for the WSSV-induced aerobic glycolysis (Su et al., 2014). EBV activates AMPK/mTOR/HIF1 pathway to promote glycolysis and induces angiogenesis in nasopharyngeal carcinoma cells (Zhang et al., 2017; Lyu et al., 2018). HHV-6 activates mTOR signaling to promote glycolysis in infected T cells (Wu et al., 2020). Avian reovirus activates the mTORC1/eIF4E/HIF-1α pathway to enhance glycolysis for virus replication (Chi et al., 2018).

In summary, we investigated the roles of glycolysis during SGIV replication. Several genes related to the glucose metabolism were regulated during SGIV infection, and glycolysis inhibition impaired SGIV replication. Furthermore, inhibition of mTOR signaling blocked SGIV-induced glycolytic activation and attenuated SGIV replication, suggesting mTOR signaling involve the glycolytic activation during SGIV replication. Thus, our study provides new insights into understanding the underlying molecular mechanism of glucose metabolism during SGIV infection, which was critical to the development novel therapeutic strategies to restrain viral replication and may provide new insights for preventing viral infection of fish.



DATA AVAILABILITY STATEMENT

The data presented in the study are deposited in the NCBI public repository under accession number PRJNA804746.



ETHICS STATEMENT

The animal study protocol was approved by the Ethics Committee of Experimental Animals, South China Agricultural University (protocol code 2020g009, 2020.9.8).



AUTHOR CONTRIBUTIONS

XG performed the experiments, analyzed the data, and drafted the manuscript. QZ and ZP participated in the qPCR experiments. YH contributed experimental suggestions. QQ and XH designed the experiments and reviewed the manuscript. All authors read and approved the final manuscript.



FUNDING

This work was supported by grants from the National Natural Science Foundation of China (31930115), the National Key R&D Program of China (2018YFD0900500), and the China Agriculture Research System of MOF and MARA (CARS-47-G16).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.827818/full#supplementary-material

Supplementary Figure 1 | The roles of glycolysis during SGIV replication. (A,D) The cytotoxicity of 2DG and DCA on ELHK cells, respectively. (B,E) Virus protein level reduced after 2DG treatment and increased after DCA treatment. The level of SGIV-MCP was detected by western blot, and β-tubulin was used as the internal control. (C,F) Virus production of SGIV was evaluated. ELHK cells incubated with indicated concentration 2DG and DCA were infected with SGIV and collected at 24 h p.i. Viral titers were determined using the TCID50 method. The data are represented as mean ± SD. The significance level was defined as *p < 0.05.

Supplementary Figure 2 | The roles of glutamine metabolism during SGIV replication. (A) SGIV transcription level not affected after BPTES and EGCG treatment quantified by qRT-PCR. (B) Virus protein level not affected after BPTES and EGCG treatment. The level of SGIV-MCP was detected by western blot, and β-tubulin was used as the internal control. (C) Virus production of SGIV was evaluated. EAGS cells incubated with indicated concentration BPTES and EGCG were infected with SGIV and collected at 24 h p.i. Viral titers were determined using the TCID50 method. The data are represented as mean ± SD. The significance level was defined as *p < 0.05.
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The hedgehog (HH) signaling pathway is one of the key pathways that is indispensable for many developmental processes and postnatal tissue homeostasis. Dysregulated HH signaling could lead to developmental disorders and tumorigenesis in a variety of tissues via inherited or sporadic mutation, gene overexpression, and crosstalk with other signaling pathways. Recently, accumulating evidence has shown that HH signaling is targeted by viruses to facilitate viral transcription, immune evasion, and uncontrolled growth, leading to effective viral replication and pathogenesis. In this study, we will summarize recent advances in functional interaction between HH signaling and different types of viruses, particularly focusing on the pathological role of HH signaling in viral infections and related diseases.
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HEDGEHOG SIGNALING PATHWAY


The Components of Hedgehog Signaling

Hedgehog (HH), originally named after the spiny appearance of the cuticle in the Drosophila mutant, was discovered as a segment polarity gene that governs segmental pattern along with other components of HH signaling (Nüsslein-Volhard and Wieschaus, 1980). Since then, numerous and rapid progress has been made in realizing the significance of HH signaling to a variety of processes during embryonic development, such as wing development in Drosophila, limb development, and neural patterning in vertebrates (Jiang and Hui, 2008; Briscoe and Thérond, 2013; Pak and Segal, 2016; Liu, 2019). The signaling mechanism is evolutionarily conserved ranging from Drosophila to human, although some divergences do exist between invertebrate and vertebrate, largely due to gene duplication-caused functional redundancy and extreme reliance on primary cilium as a signaling hub and suppressor of fused (SUFU) as a major repressor in vertebrate (Huangfu and Anderson, 2006; Varjosalo et al., 2006; Kuzhandaivel et al., 2014). The HH gene family encodes secreted proteins that undergo processing, release, spread, and reception, transducing signaling from HH-producing cells to HH-responding cells (Gallet, 2011). HH proteins are usually locally produced and form a concentration gradient that induces differential expression of HH target genes and directs tissue patterning. In mammals, three HH gene homologs have been identified, namely, sonic HH (SHH), Indian HH (IHH), and desert HH (DHH). SHH is broadly expressed and essential for the development of most regions in embryos, including limb and neural tube. IHH is more close to SHH and essential for the development of endochondral bone, whereas DHH regulates gonad development and myelination of peripheral nerves.

In vertebrates, the HH protein family triggers a signaling cascade that leads to alteration of the net balance between the activator form (GLIA) and the repressor form (GLIR) of the GLI family of zinc finger transcription factors, and ultimately regulates the specific expression of GLIA/GLIR target genes that defines cell identity (Jiang and Hui, 2008; Briscoe and Thérond, 2013; Pak and Segal, 2016; Liu, 2019). The twelve-span transmembrane protein, Patched 1 (PTCH1), is the major receptor of HH ligands that constitutively represses HH signaling. Smoothened (SMO) is a G protein-coupled receptor (GPCR)-like seven-span transmembrane co-receptor. However, SMO is a potent activator of the HH signaling pathway rather than the GPCR-related signaling pathway. The GLI family transcription factors, including GLI1, GLI2, and GLI3, serve as downstream effectors. GLI2 and GLI3 (GLI2/3) could either activate or suppress the transcription of HH target genes, depending on their GLIA or GLIR forms. In contrast, GLI1 serves as a transcriptional activator only and could be transcriptionally activated by HH signaling, forming a positive feedback to consolidate signaling strength and duration. SUFU is a major negative regulator of HH signaling in a vertebrate that functions between SMO and GLI proteins, mainly via sequestering GLI proteins in the cytoplasm and repressing transcriptional activity of GLI protein in the nucleus.



Hedgehog Signal Transduction

In the absence of HH ligands, PTCH1 is accumulated in the primary cilium where PTCH1 blocks SMO activity by preventing the translocation of SMO to primary cilium. In this condition, full-length GLI2/3 are retained in the cytoplasm by SUFU (Figure 1). Protein kinase A (PKA), casein kinases 1 (CK1), and glycogen synthase kinase 3 (GSK3) preferentially phosphorylate GLI2/3 when they exist as GLI2/3-SUFU complex. Hyperphosphorylated GLI2/3 are recognized by E3 ubiquitin ligase β-transducin repeat-containing protein (β-TrCP), resulting in proteolytic processing by the removal of C-terminal transactivation domain and conversion to the repressor form GLIR. Proteolytic processing of GLI2/3 is dependent on primary cilium as PKA is highly enriched in the base of primary cilium, which prime phosphorylation of GLI2/3 by GSK3 (Nozawa et al., 2013; Bangs and Anderson, 2017). Finally, GLIR enters the nucleus and suppresses the transcription of target genes. Alternatively, full-length GLI proteins could also be targeted for complete degradation via the ubiquitin-proteasome pathway, which accounts for the labile property of GLI proteins (Huntzicker et al., 2006; Wang et al., 2010; Liu, 2019).
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FIGURE 1. The hedgehog (HH) signaling pathway in mammals. In the absence of HH ligands (left side), smoothened (SMO) is inhibited by primary cilium-localized Patched 1 (PTCH1). With the inactivated SMO, full-length GLI2 and GLI3 (GLI2/3) are retained in the cytoplasm by suppressor of fused (SUFU) and phosphorylated by protein kinase A (PKA), casein kinases 1 (CK1), and glycogen synthase kinase 3 (GSK3). Phosphorylated GLI2/3 are proteolytically processed by E3 ubiquitin ligase β-transducin repeat-containing protein, resulting in the production of the repressor form GLIR, which enters the nucleus to suppress the transcription of target genes. In the presence of HH ligands (right side), binding of HH to PTCH1 derepresses SMO. SMO is phosphorylated by CK1 and GRK2 and translocates to the primary cilium. Activated SMO not only inhibits proteolytic processing of GLI2/3 but also promotes the recruitment of GLI2/3-SUFU complex to the tip of the primary cilium, leading to their dissociation and production of the activator form GLIA, a process that might involve Ellis-van Creveld/EVC2. GLIA enters the nucleus as transcription activators and promotes the transcription of target genes that are important for many cellular processes, including cell proliferation, differentiation, survival, and maintenance of stemness.


In the presence of HH ligands, PTCH1 is internalized for degradation after binding to HH ligands, which derepresses SMO (Figure 1). SMO is phosphorylated by CK1 and G-protein-coupled receptor kinase 2 (GRK2) (Chen et al., 2011). Phosphorylated SMO translocates to primary cilium where SMO is activated. SMO is also activated by cholesterol modification in response to HH (Xiao et al., 2017). Active SMO inhibits PKA-mediated phosphorylation and proteolytic processing of GLI2/3. However, prevention of GLIR production alone is insufficient to fully activate HH signaling. Active SMO further promotes the recruitment of GLI2/3-SUFU complex to the tip of the primary cilium, where GLI2/3 are dissociated from SUFU and converted into the activator to form GLIA via unknown modification. Although the precise signaling between SMO and GLI2/3 remains largely unclear, studies have shown that phosphorylated SMO forms a complex with two ciliary proteins, Ellis-van Creveld (EVC)/EVC2 upon HH stimulation. EVC/EVC2 activates HH signaling downstream of SMO by facilitating cilia localization of GLI2/3-SUFU complex (Dorn et al., 2012; Yang et al., 2012). Therefore, SMO simultaneously relieves the repression of GLI protein by PKA and SUFU, leading to a switch from GLIR to GLIA. Finally, GLIA enters the nucleus as transcription activators to promote the transcription of target genes, including GLI1, PTCH1, MYC, Cyclin D1, and BCL2. Meanwhile, GLIA becomes very labile due to Speckle-type POZ protein (SPOP)-mediated degradation, which might be responsible for the termination of HH signaling (Wang et al., 2010; Shi et al., 2014).

A list of novel components of HH signaling that function in a general or context-dependent manner is continuously growing, such as G protein-coupled receptor 161 (GPR161), inositol polyphosphate 5-phosphatase E (INPP5E), and karyopherin β2 (KAPβ2), SLIT and NTRK-like protein-5 (SLITRK5) (Mukhopadhyay et al., 2013; Garcia-Gonzalo et al., 2015; Han et al., 2017; Sun et al., 2021). We have also found that Daz interacting protein 1 (Dzip1) and RUN and SH3 domain-containing 2 (Rusc2) are involved in the regulation of HH signaling and are required for proper eye development in Xenopus (Jin et al., 2011, 2016; Schwend et al., 2013). In addition to the canonical HH signaling, non-canonical HH signaling that GLI proteins are cross-activated by other signaling pathways independent of HH ligands or SMO may also occur, especially in pathological conditions (Pietrobono et al., 2019; Sigafoos et al., 2021).




THE ROLE OF HEDGEHOG SIGNALING


The Physiological Role of Hedgehog Signaling

Owing to the diverse sets of target genes, HH signaling is involved in the control of many cellular responses, including cell proliferation, differentiation, and survival (Jiang and Hui, 2008; Briscoe and Thérond, 2013; Pak and Segal, 2016; Liu, 2019). For example, a concentration gradient of HH in the developing neural tube regulates neural patterning through transcriptional activation of NK6 homeobox 1 (NKX6.1), oligodendrocyte transcription factor 2 (OLIG2), and NKX2.2. HH signaling is required for the maintenance of stem or progenitor cells in embryonic and adult tissues via targeting cell cycle genes MYC and Cyclin D1 and stemness-associated gene NANOG and SOX2 (Ahn and Joyner, 2005; Po et al., 2010; Briscoe and Thérond, 2013; Iriana et al., 2021). HH signaling promotes cell survival via targeting the anti-apoptotic gene BCL2 (Bigelow et al., 2004). In addition, HH signaling maintains the integrity and function of the blood-brain barrier (BBB) via its effector Netrin-1 (Alvarez et al., 2011; Podjaski et al., 2015). As HH signaling is substantially involved in embryonic development and adult tissue homeostasis, it must be under tight control. Not surprisingly, aberrant HH signaling caused by genetic or somatic mutations and abnormal expression of HH-related proteins is closely associated with a lot of human diseases, such as developmental disorders and cancer.



Dysregulated Hedgehog Signaling in Developmental Disorders

Dysregulated HH signaling is responsible for many types of developmental disorders. Holoprosencephaly, a common birth defect characterized by incomplete division of the forebrain into two hemispheres, is usually caused by reduced HH signaling due to deletion or mutation in SHH and downstream genes (Nieuwenhuis and Hui, 2005; Loo et al., 2021). Compromised HH signaling impairs the eye separation process and induces cyclopia as seen in severe cases of holoprosencephaly, whereas increased HH signaling reduces the eye size (Lee et al., 2014; Jin et al., 2016). Consistently with its important role in limb development, GLI3 is a causative gene mutated in Greig cephalopolysyndactyly syndrome that is characterized by limb defects. Mutations in ciliary genes that affect the proper structure and function of primary or motile cilium could elicit a group of genetic disorders known as ciliopathies, such as Bardet-Biedl syndrome, Joubert syndrome, and Meckel-Gruber syndrome (Andreu-Cervera et al., 2021; Loo et al., 2021). Since primary cilium is a necessary signaling hub to integrate HH signaling cascade, disruption of HH signaling also underlies the pathogenesis of ciliopathies.



Dysregulated Hedgehog Signaling in Cancer

The relationship between HH signaling and cancer was initially discovered in nevoid basal cell carcinoma syndrome (NBCCS, also known as Gorlin syndrome), a rare developmental disorder that is prone to develop into BCC and medulloblastoma (Hahn et al., 1996). The most common causes of NBCCS are loss-of-function mutations in two repressors of HH signaling, PTCH1, and SUFU, leading to constitutive activation of HH signaling (Onodera et al., 2020). Elevated HH signaling is a hallmark of many types of human cancer, including BCC and medulloblastoma (Pak and Segal, 2016; Wu et al., 2017; Sigafoos et al., 2021). Loss-of-function mutations in PTCH, SUFU, and gain-of-function mutations in SMO are usually found in the patients of BCC and medulloblastomas. These mutations aberrantly activate HH signaling bypassing HH ligands and the tight regulation of signaling cascade.

In contrast, ligand-dependent activation of HH signaling usually occurs in other types of cancer that rarely contain oncogenic mutations, such as prostate cancer, gastric cancer, and gliomas. In these conditions, elevated HH signaling supports the proliferation and survival of cancer cells in an autocrine way where cancer cells act as both HH-producing and HH-responding cells. Alternatively, a pathway is activated in a paracrine way where HH ligands secreted by cancer-surrounding stromal cells stimulate HH signaling in cancer cells, or HH ligands secreted by cancer cells stimulate HH signaling in stromal cells which in turn release cancer-supporting signals (Pak and Segal, 2016; Wu et al., 2017; Sigafoos et al., 2021). HH signaling also drives cancer initiation and progression by the maintenance of cancer stem cells in an undifferentiated and proliferative state (Cochrane et al., 2015).




HEDGEHOG SIGNALING AND IMMUNOMODULATION

Consistent with the important role of HH signaling in development and homeostasis, selective populations of immature thymocytes and peripheral mature T cells are responsive to HH ligands, and activation of HH signaling is required for fetal and adult T-cell development and peripheral T-cell activation (Crompton et al., 2007; de la Roche et al., 2013). In contrast, HH signaling promotes central nervous system (CNS) immune quiescence by counterbalancing inflammatory events (Alvarez et al., 2011). Thus, HH signaling positively or negatively influences immune response in a context-dependent manner. In recent years, numerous studies have emerged that HH signaling is involved in the evasion of anticancer and antiviral immune response in cancer cells and virus-infected cells, respectively (Hanna and Shevde, 2016; Iriana et al., 2021). It appears that most pathological conditions preferentially switch the outcome of HH signaling toward the suppression of host immunity, especially in cancer and virus-related diseases.

Using T-cell-specific GLI2 transgenic mice, Furmanski et al. (2015) demonstrated that transcription activated by GLI2A in T cells attenuates T-cell signaling and T-cell activation induced by T-cell receptor (TCR) stimulation. GLI2A impairs the activation of pro-inflammatory AP-1 and NF-κB signaling. In contrast, GLI2R-mediated transcription repression increases NF-κB activity following TCR stimulation. Thus, HH signaling might skew pro-inflammatory immune responses during inflammation and tissue repair. Indeed, activation of HH signaling increases CD4+ regulatory T-cells (Treg) populations and their immunosuppressive function by activating transforming growth factor-β (TGF-β) production, thereby preventing skin inflammation in the mouse model of atopic dermatitis (Papaioannou et al., 2019). Studies in SMO conditional knockout mice have shown that HH signaling deficiency in CD4+ T cells exacerbates brain-brainstem-cerebellum neuroinflammation (Benallegue et al., 2021). Mechanistically, HH signaling antagonizes CD4+ T-cells-driven neuroinflammation by limiting their production of inflammatory cytokines at the transcriptome level. Notably, intestinal epithelium-derived IHH signals to the stromal cells and maintains immune tolerance of the intestine through suppression of stromal C-X-C motif chemokine ligand 12 (CXCL12), whereas loss of IHH induces a rapid immune response characterized by upregulation of stromal CXCL12 and filtration of immune cells (Westendorp et al., 2018). In the context of the tumor microenvironment, tumor-derived SHH executes immunosuppressive and tumor-supporting functions by promoting Krüppel-like factor 4 (KLF4)-mediated polarization of M2 tumor-associated macrophages (TAMs) and upregulation of PD-L1 expression in TAMs (Petty et al., 2019, 2021). In BCC and medulloblastoma, GLI1 and GLI2 (GLI1/2) directly activate the transcription of suppressor of cytokine signaling 1 (SOCS1) and reduce signal transducer and activator of transcription 1 (STAT1) phosphorylation, imposing a negative effect on Interferon (IFN)-γ/STAT1 signaling and anticancer immunity (Laner-Plamberger et al., 2013). Collectively, HH signaling is deployed by a subset of immune cells and cancer cells to suppress host immunity by expanding Treg population, interfering with immune signaling, and production of cytokines or chemokines.

As HH signaling is substantially involved in cell proliferation, survival, and immunomodulation, it becomes a preferred target for a variety of viruses to evade antiviral immunity and support viral life cycles (Figure 2). In most virus-related cancers, HH signaling is abnormally activated by viral proteins to drive the tumor initiation process and metastatic cascade (Hanna and Shevde, 2016; Iriana et al., 2021; Trivedi et al., 2021). Inspired by the elegant review of Smelkinson that sheds light on HH signaling as a pathogenic target (Smelkinson, 2017), in the following sections, we will overview the recent progress on the functional interaction between HH signaling and viruses, in the order of virus types.
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FIGURE 2. The role of HH signaling in viral infections. HH pathway is dysregulated during infection with a variety of viruses, including hepatitis B virus (HBV), hepatitis C virus (HCV), Epstein-Barr virus (EBV), human papillomavirus (HPV), human immunodeficiency virus (HIV), human T-cell leukemia virus type I (HTLV-1), influenza A virus (IAV), Merkel cell polyomavirus (MCPyV), Zika virus (ZIKV), and Kaposi’s sarcoma-associated herpesvirus (KSHV). Most of these viruses induce pathological processes by regulating the expression, protein stability, and subcellular localization of GLI proteins and other components of HH signaling in HH-responding cells. In contrast, dysregulation of HH signaling is triggered in HH-producing cells by ZIKV and in both cells by HBV and HCV. In addition, HTLV-1 and HCV employ HH signaling to facilitate viral transcription and replication.




HEDGEHOG SIGNALING IN VIRAL INFECTIONS


Hepatitis Viruses

Hepatocellular carcinoma (HCC) is one of the leading causes of cancer deaths. About 80% of HCC incidence is associated with chronic infection of hepatitis B virus (HBV) and hepatitis C virus (HCV) (Arzumanyan et al., 2013). HH signaling is maintained at low activity in normal mature hepatocytes but re-activated in the liver of patients with HCC, as illustrated by elevated levels of SHH, SMO, GLI2, and HH target genes in HCC tissues compared to the adjacent normal tissues (Huang et al., 2006; Sicklick et al., 2006; Crompton et al., 2007; Pereira Tde et al., 2010). Chronic infection of HBV or HCV increases the hepatic production of SHH and IHH. Accordingly, the populations of HH-responding cells, including liver myofibroblasts and activated endothelial cells, are expanded, which promotes liver fibrosis and HCC (Pereira Tde et al., 2010). In addition, the expression of SMO directly correlates with HCC tumor size (Sicklick et al., 2006). Virus-induced activation of HH signaling contributes to multiple aspects during the pathogenesis of HCC, including maintenance of cancer stem cells, initiation of epithelial-mesenchymal transition (EMT), metastasis, and drug resistance (Dimri and Satyanarayana, 2020; Zhou et al., 2020; Ding et al., 2021).

As a major cause of HCC, HBV is a small, double-stranded DNA virus but similar to retroviruses in the viral life cycle and genome organization. Integration of viral DNA into the host genome is an important step during the pathogenesis of HBV-induced HCC. HBV integrations are more abundant in HCC tissues than in adjacent normal tissues and HBV integration-targeted genes are significantly enriched in the HH signaling pathway (Yang et al., 2018). However, the effect of HBV integrations on HH signaling and its pathological significance remain to be determined. HBV-encoded X protein (HBx) is a central pathogenic factor in HCC, which plays an indispensable role in signal transduction, cell cycle progress, protein degradation, apoptosis, and genetic stability (Arzumanyan et al., 2013). Further investigation revealed that HBx accounts for HBV-induced activation of HH signaling. HBx promotes protein stability and nuclear translocation of GLI1/2 by direct protein-protein interaction, concomitant with increased transcriptional activity of GLI1/2 (Kim et al., 2011). HBx expression causes upregulation of HH activity in the liver of patients with HCC infected with HBV and develops HCC phenotypes in HBx transgenic mice (Arzumanyan et al., 2012). Moreover, inhibition of HH signaling by treatment with SMO inhibitor GDC-0449 attenuates cell growth and migration in HCC cell lines and delays tumor development in HBx transgenic mice and xenograft-bearing nude mice. In contrast, GDC-0449 merely affects tumor growth in the nude mice bearing HBx negative HCC cells. Taken together, these findings demonstrate that HBV-mediated pro-tumor function is dependent on HBx-induced activation of HH signaling.

HCV is another leading cause of liver fibrosis and HCC. Unlike HBV, HCV is a positive sense, single-stranded RNA virus. Infection of hepatocytes with HCV significantly increases the expression of SHH mRNA (Pereira Tde et al., 2010). HCV-permissive Huh7.5 HCC cells exhibit enhanced HH activity and mesenchymal identity as compared to parental Huh7 cells that are less permissive for HCV replication (Choi et al., 2011). Interestingly, HCV replication is facilitated in Huh7 cells treated with SHH ligand and SMO agonist SAG, whereas HCV replication is compromised in Huh7.5 cells treated with SMO inhibitor cyclopamine and GDC-0449. In addition, sera of HCV-infected patients increase GLI2 expression and its nuclear accumulation, leading to pro-fibrotic effects, which are antagonized by GLI 1/2 inhibitor GANT 61 (Granato et al., 2016). Collectively, these studies have not only revealed the pathological significance of HH signaling in HCV-induced liver fibrosis and HCC, but also introduced HH pathway inhibitors as a potential therapeutic strategy. However, further investigation is required to address which and how viral proteins target HH signaling for activation during HCV pathogenesis.

Hepatitis D virus (HDV) is a small RNA virus that requires HBV for infection and replication (Farci et al., 2021). Compared to HBV and HCV, the pathogenic process of HDV in HCC is largely unknown. A recent study of transcriptomic profiling identified enrichment of upregulated transcripts of HH signaling pathway in HDV-associated HCC, indicating that activation of HH signaling might be a common mechanism that HBV, HCV, and HDV have evolved to drive HCC progression (Diaz et al., 2018; Farci et al., 2021).



Epstein-Barr Virus

Epstein-Barr virus (EBV) is a member of the herpesvirus family that contributes to about 1.5% of all cases of human cancer, including Hodgkin’s lymphoma, nasopharyngeal carcinoma (NPC), and gastric cancer (Farrell, 2019). Dysregulation of the HH signaling pathway plays an important role in the development of EBV-related NPC. A study of microarray profiling found that the expression levels of SHH ligand and HH target genes are upregulated in EBV-infected NPC cell lines and tissues (Port et al., 2013). EBV activates HH signaling in epithelial cells through autocrine induction of SHH ligand, leading to increased expression of stemness-associated genes. This process is recapitulated by overexpression of EBV latent membrane protein 1 (LMP1) and LMP2A but blocked by treatment of GLI1/2 inhibitor GANT 58 or GANT 61, indicating that EBV drives NPC progression through LMP1- and LMP2A-mediated activation of HH signaling. Consistent with dysregulation of HH signaling in EBV infection, HH signaling was identified in the genomic mutation landscape of EBV-positive NPC (Tu et al., 2018). Computational analysis predicted 175 functional interactions between EBV proteins and the known components of HH signaling (Mei and Zhang, 2016).

Abnormal HH signaling is also associated with EBV-related gastric cancer. Downregulation of the human leukocyte antigen (HLA) is one of the common strategies deployed by cancer cells and viruses to evade host immune response. EBV-encoded LMP2A protein downregulates the expression of HLA Class I in gastric cancer cells (Deb Pal and Banerjee, 2015). Mechanistically, LMP2A activates HH signaling in EBV-infected gastric cancer cells, whereas blocking HH signaling by knockdown of GLI1 reverses LMP2A-mediated downregulation of HLA. Thus, EBV suppresses HLA expression to evade host immunity via LMP2A-mediated activation of HH signaling. Liang et al. (2014) found that the IHH gene is transcriptionally downregulated by EBV-associated hypermethylation in gastric cancer cells infected with EBV. Downregulation of IHH increases cell growth and colony formation ability, suggesting a tumor-suppressive potential of IHH in EBV-related gastric cancer (Liang et al., 2014). These studies imply that HH signaling participates in the occurrence and development of EBV-induced diseases.



Human Papillomavirus

Human papillomavirus (HPV) is a group of related double-stranded DNA viruses known as the primary cause of cervical cancer. HPV 16 and HPV 18 are responsible for at least 70% of cases of cervical cancer, largely dependent on two oncogenes E6 and E7 (Pal and Kundu, 2019). An early link between HH signaling and HPV was discovered in studies, showing that components or target genes of HH signaling are elevated in E7 transgenic mice and patients with cervical cancer (Chaudary et al., 2012; Ibarra Sierra et al., 2012). In agreement with this, inhibition of HH signaling by cyclopamine or GANT 61 reduces the proliferation and survival of cervical cancer cells (Samarzija and Beard, 2012).

A recent study found that GLI1 and E6 stimulate their transcriptional expression reciprocally, resulting in a high level of GLI1 and E6 in cervical cancer stem cells (Vishnoi et al., 2016). The cooperation between GLI1 and E6 maintains the population and stemness of cervical cancer stem cells. Accordingly, simultaneous inhibition of SMO and E6 results in an addictive anticancer effect. Thus, the crosstalk between GLI1 and E6 might be a strategy utilized by HPV to select a subset of cervical cells for immortalization. The crosstalk between HH signaling and E6 was further confirmed in the mouse model of cervical cancer (Rojo-León et al., 2019). E6/E7 transgenic mice exhibit increased HH signaling activity, which is potentiated in the cervix by treatment of estradiol. E6/E7 oncogenes might cooperate with estradiol to promote uncontrolled growth of the cervix by synergistic activation of HH signaling. Due to the toxicity of SMO inhibitor cyclopamine, a low dose of cyclopamine is used to treat E6/E7 transgenic mice but does not cause an obvious effect on the cervix. Another SMO inhibitor itraconazole reduces growth at an early stage of cervical carcinogenesis but fails to decrease GLI1 activity. Nevertheless, activation of non-canonical HH signaling or canonical HH signaling but downstream of SMO (e.g., loss-of-function mutation of SUFU and gain-of-function mutation of GLI1) might occur during the multistep process of cervical carcinogenesis. If this is the case, GLI1 inhibitor rather than SMO inhibitor would be more suitable for the development of cervical cancer therapy. In conclusion, activation of HH signaling underlies the pathogenesis of HPV-induced cervical cancer. However, the application of HH signaling inhibitor as a candidate therapy for cervical cancer remains to be further explored.



Human Immunodeficiency Virus

Human immunodeficiency virus (HIV) infection is linked to the suppression of protective immune responses and causes acquired immune deficiency syndrome (AIDS). An early study has shown that the expression of immunosuppressive cytokine TGF-β1 is elevated after HIV-1 infection and leads to the development of induced Treg (Furler and Uittenbogaart, 2012). As a main downstream transcription factor of the HH signaling pathway, GLI2 protein enhances the expression of TGF-β1 in naïve CD4+ T cells through activating the human TGF-β1 promoter activity. The HIV-1 encoded viral protein Tat has been implicated as the inducer of TGF-β1 in both in vitro and in vivo. The identified interaction between Tat and GLI2 raises the possibility that they might synergistically activate TGF-β1 transcription after HIV infection and contribute to immune suppression.

The HIV-associated neurocognitive disorder (HAND) is characterized by the recruitment of infected leukocytes into CNS via damaged BBB. As mentioned earlier, HH signaling is essential for the maintenance of BBB integrity (Alvarez et al., 2011). Impaired HH signaling in the CNS correlates with HIV-induced loss of BBB function and neurological injury, whereas re-activation of HH signaling by SAG reduces the viral load in the CNS and rescues BBB integrity and neuroprotection in HIV-infected humanized mice (Singh et al., 2016, 2017). Bohannon et al. (2019) confirmed the disruption of BBB in infected patients with HIV and simian immunodeficiency virus (SIV)-infected rhesus macaques. However, they found the persistent presence of SHH at the BBB. Netrin-1, an important downstream effector of HH signaling, is produced by brain pericytes to fortify BBB (Podjaski et al., 2015). Despite the strong presence of SHH, Netrin-1 and its cellular source pericytes are absent in encephalitic lesions. Therefore, these studies suggest that impaired HH signaling in pericytes might occur downstream of SHH ligand, which contributes to HIV-induced BBB breakdown and neuropathogenesis in HAND.

The HIV-induced EMT of podocytes is an important mechanism of HIV-associated nephropathy (HIVAN). HH signaling is activated in human podocytes infected with HIV and the mouse model of HIVAN (Lan et al., 2017). Treatment with recombinant SHH or overexpression of GLI1 significantly enhances EMT, while blocking HH signaling by GLI1/2 inhibitor GANT 58 attenuates HIV-induced EMT in podocytes, indicating that HIV-induced EMT and kidney injury are dependent on activation of HH signaling. Taken together, these studies reveal that HH signaling plays a key role in the development of HIV-related diseases.



Human T-Cell Leukemia Virus Type 1

Adult T-cell leukemia (ATL) is a peripheral T-lymphocyte malignancy caused by infection of the retrovirus human T-cell leukemia virus type I (HTLV-1). HTLV-1 bZIP factor (HBZ) and Tax play a critical role in leukemogenesis of ATL, and double transgenic mice of HBZ and Tax in CD4+ T cells develop T-cell lymphoma (Zhao et al., 2014; Nosaka and Matsuoka, 2021). HTLV-1-encoded Tax is a potent transcription activator of viral genes dependent on its interaction with a series of host proteins, such as GLI2 (Tanimura et al., 1998; Dan et al., 1999). GLI2 and cyclic AMP response element-binding protein (CREB) form a complex with Tax in the long terminal repeats of HTLV-1 and facilitate Tax-mediated activation of viral transcription.

Tax extensively crosstalks with cellular signaling pathways to subvert cellular functions and suppresses host defense. EVC1 and EVC2, positive modulators of HH signaling that act downstream of SMO, are found to be aberrantly overexpressed in ATL and HTLV-1-infected cells (Takahashi et al., 2014). The upregulation of EVC1 and EVC2 is mediated by Tax via epigenetic modification at the EVC loci. Knockdown of EVC1, EVC2, GLI1 or GLI2, or treatment with GLI1/2 inhibitor GANT 61 induces apoptosis of ATL cells, indicating that EVC1/2-mediated activation of HH signaling supports the survival of ATL cells. Thus, HH signaling plays a vital role in ATL pathogenesis and represents a potential therapeutic target of ATL.



Influenza A Viruses

Influenza A viruses (IAVs) are the causative pathogens of seasonal influenza epidemics that affect the upper and lower respiratory tract and represent a wide spectrum of subtypes based on surface proteins hemagglutinin (H) and neuraminidase (N). IAV-encoded non-structural protein NS1 is highly expressed in infected cells. NS1 activates HH signaling via direct interaction with transcription factor Ci in Drosophila (Smelkinson et al., 2017). The A122 residue of NS1 is critical for establishing interaction and regulation of Ci. Expression of NS1 also exerts an HH-modulating activity in human lung epithelial cells and infected mouse lungs. Infection of mice with IAV strongly induces the expression of HH target genes PTCH1 and BMP2 as well as cytokines CXCL10 and IL6 in an autocrine fashion. Surprisingly, IAV with NS1 A122V mutation induces the higher expression of PTCH1 and IL6 and potentiates the lethality in mice, probably due to cytokine storm elicited by other viral factors in the context of virus-infected mice. Thus, NS1 displays a conserved role cross-species in targeting HH signaling for modulation but a divergent output of A122V mutation that might alter influenza virulence.

Influenza is characterized by the destruction of alveolar epithelial and endothelial, which involves IAV-induced activation of non-canonical HH signaling followed by disruption of the epithelial junctions (Ruan et al., 2020). GLI1 is cross-activated by MAPK and PI3K pathways in human lung cells and mice infected with the H1N1 strain. Increased expression of GLI1 induces the expression of SNAIL and SLUG, which downregulate junction proteins Occludin and ZO-1 and increase paracellular permeability of alveolar barrier. GLI1/2 inhibitor GANT 61 specifically suppresses the expression of SNAIL and SLUG in IAV-infected cells but not in uninfected cells. Consequently, the expression of junction proteins and integrity of the alveolar barrier are restored. Collectively, non-canonical activation of GLI1 plays a critical role in disruption of the alveolar barrier during the pathogenesis of IAV.



Merkel Cell Polyomavirus

Merkel cell carcinoma (MCC) is aggressive neuroendocrine skin cancer and its primary cause is Merkel cell polyomavirus (MCPyV). It has been reported that the expression of HH target genes GLI1 and PTCH1 is increased in MCC (Brunner et al., 2010; Gambichler et al., 2021). SHH level is significantly elevated in MCPyV-positive MCC than in MCPyV-negative MCC, indicating that MCPyV activates HH signaling in MCC (Kuromi et al., 2017). MCPyV-encoded small T and large T antigens are recognized as the main driver for the carcinogenesis of MCC. While expression of T antigens or GLI1 alone only induces differentiation of human keratinocytes to the progenitors of Merkel cells, a combination of T antigens and GLI1 gives rise to a mature phenotype of Merkel cells (Kervarrec et al., 2020). As the executor of HH signaling, GLI1 initiates Merkel cell differentiation by induction of SOX2. This study suggests that activation of HH signaling contributes to the initial origin establishment of MCC cells but might be lost during the following tumor development.



Zika Virus

Infection of Zika virus (ZIKV) increases the incidence of microencephaly in fetuses and Guillain-Barre syndrome in adults. The close association between HH signaling with neurodevelopmental disorders raises the possibility that HH signaling might be implicated in ZIKV-induced microencephaly. Using the developing chicken brains as an animal model, Thawani et al. (2018) found that signaling centers are more sensitive to ZIKV infection. ZIKV strongly infects the midbrain floor plate and causes increased apoptosis and decreased proliferation of SHH-producing cells. Insufficient production of SHH impairs the expression of HH target genes in the adjacent ventral midbrain and consequent neural patterning. Thus, ZIKV-induced deficiency of SHH disrupts midbrain development in a paracrine way, resulting in reduced size of the midbrain.



Kaposi’s Sarcoma-Associated Herpesvirus

Kaposi’s sarcoma-associated herpesvirus (KSHV), also known as human herpesvirus 8 (HHV8), is a double-stranded DNA virus linked to Kaposi’s sarcoma (KS) and primary effusion lymphoma (PEL). Recently, Asha et al. (2020) discovered a significant increase of GLI1 expression in KS skin tissues and PEL cells infected with KSHV, which might be triggered in an HH ligands independent, but AMPK-dependent, manner. GLI1/2 inhibitor GANT 61 regresses the KS tumor formation. Although the precise mechanism involving the viral role in HH signaling activation remains to be investigated, this study uncovered the importance of non-canonical HH signaling to KSHV pathogenesis and its potential as a therapeutic target.




THERAPEUTIC IMPLICATION

Mechanistic insight into HH signaling and the discovery of its chemical modulators are mutually beneficial and co-developing. Since cyclopamine from the plant Veratrum californicum was identified as the teratogen responsible for cyclops lambs in 1968 and as the first HH signaling inhibitor in 1998, searching chemical modulators of HH signaling for the therapeutic purpose have attracted numerous research attentions (Lee et al., 2014). These efforts lead to the discovery of current food and drug administration (FDA)-approved SMO inhibitors GDC-0449 (Vismodegib), LDE225 (Sonidegib), and GLI inhibitor arsenic trioxide for cancer treatment, and even more are under investigation (Wu et al., 2017). As HH signaling is also dysregulated during infections of a wide range of viruses (Figure 2), a new and promising application of these chemical modulators is to restore dysregulated HH signaling in virus-related diseases. However, caution should be exercised especially in those non-life-threatening diseases due to possible disruption of tissue homeostasis. Importantly, appropriate chemical modulators, including SMO inhibitor, GLI1/2 inhibitor, and SMO agonist, should be carefully selected according to the diversity and complexity of viral modulations and pathological outcomes of HH signaling (Table 1 and Figure 3, blue and red arrows). An alternative strategy that could be expected is to target viral proteins responsible for modulation of HH signaling or their interactions for blockage (Figure 3, green arrows).


TABLE 1. The pathological role of hedgehog signaling in viral infections and the potential therapeutic strategies.
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FIGURE 3. Therapeutic strategies based on viral modulation and pathological outcome of HH signaling. HBV, HCV, HDV, EBV (nasopharyngeal carcinoma), HPV, HTLV-1, MCPyV, and KSHV aberrantly activate HH signaling and drive multistep tumor development (pathway ➀). HIV (acquired immune deficiency syndrome) and EBV (gastric cancer) also activate HH signaling, which contributes to immune suppression (pathway ➁). HIV (HIV-associated nephropathy), IAV, and HIV (HIV-associated neurocognitive disorder) disturb tissue homeostasis by induction of either increased or decreased HH signaling (pathway ➂). ZIKA infection results in disruption of embryonic development by inactivation of HH signaling (pathway ➃). HTLV-1 and HCV hijack HH signaling and facilitate viral transcription and replication (pathway ➄). To reverse viral modulation and restore to the normal activity of HH signaling, SMO/GLI inhibitors could be applied to the scenarios of ➀, ➁, ➂, and ➄ (blunt arrows in blue), while SMO agonists could be applied to the scenarios of ➂ and ➂ (sharp arrows in red). Alternatively, chemical inhibitors could also target viral proteins that crosstalk with HH signaling or their interactions for blockage (blunt arrows in green).




CONCLUSION AND PERSPECTIVE

The HH signaling regulates numerous biological processes during embryonic development and postnatal tissue homeostasis. Dysregulation of HH signaling is the important driving force during the initiation and progression of a variety of diseases. In general, HH signaling is aberrantly activated in cancer while reduced in developmental disorders. Recently, accumulating studies have extended the pathological role of HH signaling to viral infections and their related diseases. Similarly, most viral infections that lead to cancer usually activate cellular HH signaling. Viral infections that lead to developmental disorders tend to decrease HH signaling activity, as exampled by ZIKV-induced microencephaly (Thawani et al., 2018). During viral-induced disruption of tissue homeostasis, both positive (IAV-induced disruption of the alveolar barrier) and negative (HIV-induced HAND) modulations of HH signaling are observed (Singh et al., 2016; Ruan et al., 2020). Notably, as a viral niche in host tissues might be different or keep changing after the initial infection, viral modulation of HH signaling and its underlying mechanism might be altered concomitantly. This is the case for HIV which activates HH signaling in the kidney to enhance EMT while inactivating HH signaling in the brain to impair BBB (Singh et al., 2016; Lan et al., 2017). This could even occur in the same viral disease but at different stages, which is implicated by MCPyV-related MCC (Kervarrec et al., 2020). Collectively, these recent advances have not only unveiled the emerging role of HH signaling in viral infections but also evoked the potential of chemical modulator of HH signaling in the treatment of viral diseases. The development of potential new therapies depends on a better understanding of both HH signaling and viral infections to precisely define their interaction along with disease progression.
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Endoplasmic reticulum aminopeptidase 1 (ERAP1) is a processing enzyme of antigenic peptides presented to major histocompatibility complex (MHC) class I molecules. ERAP1-dependent trimming of epitope repertoire determines an efficacy of adoptive CD8+ T-cell responses in several viral diseases; however, its role in hepatitis B virus (HBV) infection remains unknown. Here, we show that the serum level of ERAP1 in patients with chronic hepatitis B (CHB) (n = 128) was significantly higher than that of healthy controls (n = 44) (8.78 ± 1.82 vs. 3.52 ± 1.61, p < 0.001). Furthermore, peripheral ERAP1 level is moderately correlated with HBV DNA level in patients with CHB (r = 0.731, p < 0.001). HBV-transfected HepG2.2.15 cells had substantially increased ERAP1 expression and secretion than the germline HepG2 cells (p < 0.001). The co-culture of ERAP1-specific inhibitor ERAP1-IN-1 pretreated HepG2.2.15 cells or ERAP1 knockdown HepG2.2.15 cells with CD8+ T cells led to 14–24% inhibition of the proliferation of CD8+ T cells. Finally, liquid chromatography tandem mass spectrometry (LC-MS/MS) test demonstrated that ERAP1-IN-1 blocks completely the production of a 9-mers peptide (30–38, LLDTASALY) derived from Hepatitis B core antigen (HBcAg). The predictive analysis by NetMHCpan-4.1 server showed that human leukocyte antigen (HLA)-C*04:01 is a strong binder for the 9-mers peptide in HepG2.2.15 cells. Taken together, our results demonstrated that ERAP1 trims HBcAg to produce 9-mers LLDTASALY peptides for binding onto HLA-C*04:01 in HepG2.2.15 cells, facilitating the potential activation of CD8+ T cells.

Keywords: hepatitis B, endoplasmic reticulum aminopeptidase 1, major histocompatibility complex class I, antigen presentation, immune response


INTRODUCTION

World Health Organization (WHO) Global hepatitis report, 2017 has shown that in 2015, 257 million people were estimated who have been chronically infected with hepatitis B virus (HBV) and more than 887,000 patients die annually due to chronic HBV infection (CHB)-related diseases worldwide (World Health Organization, 2018; Stinco et al., 2021). The risk of CHB after acute infection is reduced to < 5% for immunocompetent adults (Chen and Tian, 2019). A vigorous CD8+ T-cell response that exhibits antiviral activity by producing interferon-γ (IFN-γ) and tumor necrosis factor-α (TNF-α) or by directly killing the infected hepatocytes is generated to control and clear HBV (Guidotti et al., 1999; Maini et al., 2000; Guidotti and Chisari, 2001; Thimme et al., 2003).

A fundamental component of host immunity against viral infection relies on the presentation of endogenously derived peptides by major histocompatibility complex class I (MHC-I) molecules (Watts and Powis, 1999). These peptide MHC-I (pMHC-I) complexes are presented on the cell surface and recognized by CD8+ cytotoxic T lymphocytes (CTLs) (Chang et al., 2005; Cresswell, 2019; Weimershaus et al., 2019). Antigenic peptides are generated by the degradation of proteasome, translocation into the endoplasmic reticulum (ER) lumen by the transporter associated with antigen processing (TAP), and trimming of excess N-terminal amino acids by aminopeptidases (Alvarez-Navarro and Lopez de Castro, 2014). The endoplasmic reticulum aminopeptidase 1 (ERAP1) belongs to the oxytocinase subfamily of M1 zinc metallopeptidases and trims the N-terminus of peptides to the optimal size of 8–9 amino acids for loading onto MHC-I (Hammer et al., 2007). pMHC-I complexes are then shuttled to the cell surface for antigen presentation, which triggers antigen-specific cytolytic and effector T-cell responses. The regulation of ERAP1 expression has been shown to substantially affect the presentation of immunodominant epitopes, thereby altering the MHC I immunopeptidome profiling (York et al., 2006; Hammer et al., 2007; Cifaldi et al., 2011). However, whether ERAP1 is involved in HBV-specific immune response, namely, the antigenic peptide presentation remains unknown. In this study, we analyzed ERAP1 expression in HBV-transfected HepG2.2.15 cells and peripheral ERAP1 level in patients with CHB. We further explored the enzymatic activity of ERAP1 in HepG2.2.15 cells by the specific ERAP1 inhibitor ERAP1-IN-1, especially its effects on HBV-derived peptides and CD8+ T-cell stimulation. Finally, the binding of ERAP1-trimmed HBV-derived peptides with MHC class I molecules was predicted.



MATERIALS AND METHODS


Patients and Serum Samples

Serum samples were obtained from patients with CHB (n = 128) and healthy controls (HC) (n = 44) in the Second Hospital of Anhui Medical University from June 2018 to July 2021. The baseline and laboratory data of patients with CHB and health controls are shown in Table 1. CHB was defined as the persistent presence of serum hepatitis B surface antigen (HBsAg) for > 6 months, and serum tests were performed before receiving any anti-HBV treatment. The exclusion criteria were as follows: (1) coinfection with other hepatotropic viruses (hepatitis A/C/D/E virus) or human immunodeficiency virus (HIV); (2) the coexistence of autoimmune hepatitis, alcoholic liver disease, non-alcoholic fatty liver disease, drug hepatitis, primary biliary cirrhosis, or hepatocellular carcinoma. The study was conducted in the principles of the Declaration of Helsinki and was approved by the Ethics Committee for the Second Hospital of Anhui Medical University, and all patients have signed informed consent.


TABLE 1. Baseline and laboratory data of patients with CHB and health controls (HC).
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Routine Laboratory Tests

Fasting serum level of alanine aminotransferase (ALT, IU/L), aspartate aminotransferase (AST, IU/L), total bilirubin (TBIL, μmol/L), albumin (ALB, g/L), and gamma-glutamyl transpeptidase (GGT, IU/L) was detected by AU5800 biochemistry analyzer (Beckman Coulter, CA, United States). HBV genotyping was based on line probe assays and genotype-specific PCR (Fosun Long March Medical Science, Shanghai, China) according to the manufacturer’s instructions. The supernatants from HepG2 and HepG2.2.15 cells treated or left untreated with ERAP1-IN-1 (50 μm) (HY-133125, MedChem Express, New Jersey, United States) were collected 72 h later. HBsAg and HBeAg in the sera and supernatants were measured using commercially available kits with chemiluminescence apparatus (ARCHITECT i2000SR; Abbott diagnostics, IL, United States). HBV viral loads in the sera and supernatants were measured using the real-time polymerase chain reaction (Mx3000p, Agilent Technologies, CA, United States) according to the manufacturer’s instructions.



In vitro Enzymatic Assay

The inhibitory potency of ERAP1-IN-1 for ERAP1 was determined using an established fluorogenic assay as previously described (Papakyriakou et al., 2013).



Cell Culture

HepG2. 2.15 cells that are characterized by having stable HBV expression and replication and the germline HepG2 cells were purchased from Shanghai Fuheng Biotechnology. Both cell lines were cultured in Dulbecco’s modified eagle medium (DMEM) containing stable glutamine, supplemented with 10% heat-inactivated fatal bovine serum (FBS) (Gibco) and penicillin (100 IU/ml)/streptomycin (100 μg/ml), and incubated at 37°C, 5% CO2. Both cell lines were authenticated using short tandem repeat (STR) analysis in combination with sex-typing gene amelogenin detection and compared with DSMZ STR cell line profiles before the use.



Western Blotting

HepG2 and HepG2.2.15 cells were lysed in a radio immunoprecipitation assay (RIPA) buffer supplemented with proteinase inhibitors. About 40 μg of proteins was loaded and separated on sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE). The protein was then transferred onto a polyvinylidene fluoride (PVDF) membrane, blocked in 5% (w/v) non-fat milk, and incubated with the primary antibodies. The source of the primary antibody was anti-ARTS1/ERAP1 antibody (Abcam, ab124669) and secondary antibody was the Goat Anti-rabbit antibody (Abcam, ab6721). Finally, the protein blots were visualized using enhanced chemiluminescent (ECL) system (Thermo Fisher Scientific, United States). The expression levels of ERAP1 were assessed using ImageJ software (v1.8.0, National Institutes of Health) and were normalized against β-actin.



Enzyme-Linked Immunosorbent Assay

The peripheral ERAP1 was detected using enzyme-linked immunosorbent assay (ELISA) kits (OM534481, Omni mAbs, United States) according to the manufacturer’s instructions.



Gene Silencing of Endoplasmic Reticulum Aminopeptidase 1

The small interfering RNA target ERAP1 (Si-ERAP1) and the negative control siRNA (SiControl) oligos were synthesized by Jima Biotechnology (Shanghai, China). The sequences of the siRNA-ERAP1 were as follows: siERAP1 #1, 5′-GGG CGA GUC UCA UUA ACA ATT-3′ and siERAP1 #2, 5′-UUG UUA AUG AGA CUC GCC CTT-3′. The siControl oligos were as follows: siControl #1, 5′-UUC UCC GAA CGU GUC ACG UTT-3′ and siControl #2, 5′-ACG UGA CAC GUU CGG AGA ATT-3′. Lipofectamine 3,000 reagent (L3000015, Invitrogen, United States) was used to perform transfection according to the manufacturer’s protocol. The siRNA-transfected and mock HepG2.2.15 cells were incubated at 37°C in 5% CO2, and ERAP1 knockdown was verified at 48 h post-transfection via western blotting analysis.



CD8+ T-Cell Isolation

Peripheral blood mononuclear cells (PBMCs) were prepared from the heparinized venous blood of healthy volunteers by Ficoll-paque plus (GE, United States) density gradient centrifugation. Human naïve CD8+ T cells were sorted by positive magnetic-activated cell sorting (MACS, Miltenyi Biotec, United States) according to the manufacturer’s instructions. The cell purity was confirmed by flow cytometry using an anti-mouse CD8 antibody (eBioscience, CA, United States).



Co-culture of CD8+ T Lymphocytes With HepG.2.2.15 Cells

HepG2.2.15 cells were treated or left untreated by ERAP1-IN-1 (50 μm) for 72 h followed by the treatment with mitomycin C (10 μg/ml) for 2.5 h. Cells were washed 5 times with PBS to remove residual ERAP1-IN-1 and mitomycin C and resuspended in DMEM at a final concentration of 1 × 104/ml. The isolated CD8+ T lymphocytes and HepG2.2.15 cells (10:1) were seeded in the 96-well plate, supplemented with recombinant human IL-2 (200 U/ml), and cultured for 14 days. The proliferation of CD8+ T cells was determined by WST-8/CCK-8 at 0, 3, 5, 7, 10, and 14 days. Briefly, 10 μl of the WST-8/CCK-8 solution (Biosharp, Shanghai, China) was added to each well and incubated for 4 h. Finally, the absorbance was measured at 450 nm.



ERAP1-IN-1 Cytotoxicity Assay

To evaluate ERAP1-IN-1 cytotoxicity against HepG2.2.15 cells, 100 μl (104/ml) cell suspension was dispensed into 96-well plate, and varying concentrations (0, 20, 40, 60, 80, and 100 μm) of ERAP1-IN-1 was added and cultured for 72 h. About 10 μl of the WST-8/CCK-8 solution (Biosharp, Shanghai, China) was added to each well and incubated for 4 h, and the absorbance was measured at 450 nm. All experiments were performed at least three times and the relative cell viability (%) was expressed as a percentage relative to untreated control cells. Cell viability (%) = OD value of ERAP1-IN-1 group/OD value of control group × 100%.



Protein Extraction and Digestion

After 72 h of treatment with ERAP1-IN-1, HepG2.2.15 cells were harvested for peptidome analysis. SDS with DTT (SDT) buffer (4% SDS, 100 mM Tris-HCL, 1 mM DTT, pH7.6) was used for cell lysis and protein extraction. The extracted protein was quantified with the BCA (bicinchoninic acid) Protein Assay Kit (Bio-Rad, United States). The protein suspensions were digested with 4 μg trypsin (Promega, Madison, United States) in 40 μl 25 mM NH4HCO3 buffer overnight at 37°C. The digested peptides of each sample were desalted on C18 Cartridges (Empore™ SPE Cartridges C18, Sigma), concentrated by vacuum centrifugation, and reconstituted in 40 μl of 0.1% (v/v) formic acid.



Mass Spectrometry Analysis

Liquid chromatography tandem mass spectrometry analysis was performed on a timsTOF Pro mass spectrometer (Bruker) that was coupled to Nanoelute (Bruker Daltonics). Peptides were separated using a linear gradient of buffer (84% acetonitrile and 0.1% formic acid) for 120 min at a flow rate of 300 nl/min and a Thermo Scientific reverse-phase nano Easy-spray column (Thermo Scientific PepMap C18, 2 μm particle size, 100 A pore size, 75 μm i.d). The mass spectrometer was operated in positive ion mode. The mass spectrometer collected ion mobility MS spectra over a mass range of m/z 100--1,700 and 1/k0 of 0.6--1.6 and then performed 10 cycles of PASEF MS/MS with a target intensity of 1.5 k and a threshold of 2,500. The dynamic exclusion was set to 24 s. The MS raw data for each sample were combined and searched using the MaxQuant (1.5.3.17) software for the identification and quantitation analysis. The integration of each peptide and protein signal on the LC-MS was calculated by the chromatography based on MS1. Precursor ion mass and fragment mass tolerance was set to 20 ppm, FDR was set to 0.01, peptide-spectrum matching FDR was set to 0.01, and oxidation (Met) was used as the variable modifications. Any identification from the reverse database and known contaminants was eliminated. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium1 via the iProX partner repository with the dataset identifier PXD031858.



Affinity of Peptides to Major Histocompatibility Complex Class I Molecules Predicted by NetMHCpan

We adopted NetMHCpan-4.1 server2 to predict the binding of peptides to any MHC molecule of known sequence using artificial neural networks (ANNs). The protein sequence of HBcAg (GenBank: AXM44938.1, 185aa) was inputted in FASTA format and peptide length of 9-mers was selected for analysis. Being an automated method, NetMHCpan-4.1 is trained on a combination of more than 850,000 quantitative binding affinities (BA) and mass spectrometry eluted ligands (EL) peptides. The prediction outputs used for each MHC allele include score_EL and % Rank_EL. The former is raw prediction score, whereas % Rank_EL denotes the rank of the predicted binding score compared to a set of random natural peptides. This measure is not affected by an inherent bias of certain molecules toward higher or lower predicted affinities. The bind level includes strong binder (SB) and weak binder (WB). Strong binders are defined as having % Rank_EL < 0.5 and weak binders with % Rank_EL < 2.



Statistical Analysis

All data were processed and analyzed by SPSS 24.0 and GraphPad Prism 7.0. Normal data were described with mean and standard deviation (SD), and comparisons between two groups were performed using two-tailed Student’s t-tests. Data of abnormal distribution were expressed as a median with a range of lower–upper quartiles (between 25th and 75th percentiles) and analyzed by Mann–Whitney U test. Correlations between variables were evaluated using the Spearman’s rank correlation test. p-value < 0.05 was considered as significantly different.




RESULTS


Hepatitis B Virus Infection Upregulates Endoplasmic Reticulum Aminopeptidase 1 Expression

Endoplasmic reticulum aminopeptidase 1 is usually retained in the lumen of ER and was therefore named for the localization. However, it could be secreted into the extracellular milieu in response to inflammatory stimuli, although the precise molecular mechanisms behind the secretion remain unclear (Tsujimoto et al., 2020). We therefore analyzed peripheral ERAP1 level in patients with CHB. As shown in Figure 1A, the serum level of ERAP1 in patients with CHB (n = 128) was significantly higher than that of healthy controls (n = 44) (8.78 ± 1.82 ng/ml vs. 3.52 ± 1.61 ng/ml, p < 0.001). Furthermore, peripheral ERAP1 level was moderately correlated with HBV DNA levels in patients with CHB (Figure 1B, r = 0.731, p < 0.001). HBV-transfected HepG2.2.15 cells had substantially increased ERAP1 expression than the germline HepG2 cells (p < 0.0001, two-tailed unpaired Student’s t-tests) (Figures 1C,E). Meanwhile, ERAP1 level in the cell supernatants was detected by ELISA. We found that the ERAP1 secretion was also considered excessive when the intracellular ERAP1 protein levels were elevated (Figure 1D). These results indicate that HBV infection upregulates ERAP1 expression from cellular to organismic level.
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FIGURE 1. HBV infection promotes ERAP1 expression and secretion. (A) the peripheral level of ERAP1 in patients with CHB (n = 128) and HC (n = 44) was detected by ELISA. (B) Pearson’s correlation analysis between sera ERAP1 and HBV DNA of patients with CHB. (C,E) ERAP1 expression and quantitative analysis in HepG2.2.15 cells and the germline HepG2 cells. (D) The amounts of ERAP1 in supernatants ofHepG2.2.15 cells and the germline HepG2 cells. Data are presented as the mean ± SD of three independent experiments. CHB, chronic hepatitis B; HC, healthy control. ***p < 0.001.




Endoplasmic Reticulum Aminopeptidase 1 Promotes Hepatitis B Virus-Specific CD8+ T-Cell Proliferation

Endoplasmic reticulum aminopeptidase 1 acts as a final processing enzyme of antigenic peptides presented to MHC class I molecules (Wearsch and Cresswell, 2008). We therefore investigated the effects of HBV-induced ERAP-1 upregulation on CD8+ T lymphocytes. We used ERAP1-IN-1, a recently discovered non-peptide compound, which competitively inhibits ERAP1 activity toward a nonamer peptide suitable for MHC class I presentation (Maben et al., 2020). The inhibitory effect of ERAP1-IN-1 is dose-dependent, and we choose the working concentration at 50 μm that exhibited specific inhibition of peptide presentation in the cellular context (Maben et al., 2020). The cell viability of HepG2.2.15 cells was not affected by ERAP1-IN-1 at 50 μm for 72 h, even though a significant decrease was observed both at 80 and 100 μm (Supplementary Figure 1). In this study, we also demonstrated dose-dependent inhibition of ERAP1-IN-1 on the in vitro enzymatic activity of recombinant ERAP1 (Supplementary Figure 2). Additionally, being a newly reported inhibitor, the effects of ERAP1-IN-1 on HBV replication need to be assessed. Our results showed that HBsAg, HBeAg, and HBV-DNA in the supernatants of HepG2.2.15 treated with ERAP1-IN-1 (50 μm for 72 h) have no significant difference with that of HepG2.2.15 cells left untreated (Supplementary Figure 3). Besides, ERAP1 knockdown HepG2.2.15 cells were used paralleled to ERAPI-IN-1 to verify the effects of the inhibitor.

The co-culture of ERAP1-IN-1 pretreated or ERAP1 knockdown HepG2.2.15 cells with CD8+ T cells significantly reduced proliferation of CD8+ T cells after time periods of 7, 10, and 14 days in culture, as compared to untreated and mock HepG2.2.15 cells, respectively (Figure 2). The percent inhibition calculated for CD8+ T cells ranged from 14% to 24%. These results strongly suggested that ERAP1 promotes anti-HBV immune response in the context of the presentation of antigenic peptides by MHC class I molecules to stimulate CD8+ T lymphocytes.
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FIGURE 2. ERAP1-IN-1 or EARP1 knockdown restrains the stimulating ability of HepG2.2.15 cells to CD8+ T cells. HepG2.2.15 cells were pretreated with ERAP1-IN-1 (50 μm) for 72 h, or siERAP1 HepG2.2.15 cells were treated with mitomycin C (10 μg/ml) for further 2.5 h and then co-cultured with isolated CD8+ T cells (1:10). The proliferation of CD8+ T cells was detected by CCK-8 (OD 450 nm) 0, 3, 5, 7, 10, and 14 days later after co-culturing. ERAP1-IN-1 untreated or mock HepG2.2.15 cells were used as stimulator control, and unstimulated CD8+ T cells were used as negative control. ns, no significance; *P < 0.05; **p < 0.01.




Endoplasmic Reticulum Aminopeptidase 1 Regulates Peptide Distribution in Hepatitis B Virus-Infected HepG2.2.15 Cells

It has been well characterized that ERAP1 has length specificity unique among aminopeptidases, efficiently trimming longer (9–16 residues) peptides to 8–9 residues that match the length preferences of MHC-I (Chang et al., 2005). Thus, we analyzed the distribution of the peptide with size range of 8–16 by LC-MS/MS in HepG2.2.15 cells treated with ERAP1-IN-1 (50 μm) for 72 h. To have sufficient statistical power to define the inhibitor-induced changes, we performed three biological replicates for each condition. The cross-correlation analysis revealed the Pearson’s correlation coefficients of r > 0.85 and r < 0.65 between the same condition replicates and between cross-pairs (inhibitor vs. control), respectively (Figures 3A–C). Among the total peptides identified, ERAP1-IN-1-treated group had 6.24% and 4.32% reduction of the numbers of peptides with 8 and 9 residues, respectively. In contrast, all peptides > 9-mers have a number increased by a range from 3.01% to 27.14% (Figure 3D). Thus, our results demonstrated that ERAP1 regulates peptide numbers of different segments in HBV-infected HepG2.2.15 cells, leading to a significant shift of the peptides length distribution.
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FIGURE 3. ERAP1-IN-1 treatment affects (8–16)-mers peptides distribution in HepG2.2.15 cells. (A) Peptide intensity correlations between different experiments and replicates. The calculated Pearson coefficient is indicated in each panel. (B) Average Pearson coefficient of correlations between control replicates, inhibitor replicates, and control vs. inhibitor experiments. (C) Average Pearson coefficient of correlations between replicates of the same condition and control vs. inhibitor. (D) The peptide length distribution of 8–16 residues in the control and inhibitor groups detected by LC/LC-MS. LFQ, label-free quantification. *P < 0.05; ***P < 0.001.




Endoplasmic Reticulum Aminopeptidase 1 Trims HBcAg-Specific Peptides in Hepatitis B Virus-Infected Cells

The total kinds of peptides with size range of 8–16 detected by LC/MS in HepG2.2.15 cells are more than 5,000, which derived from more than 20,000 kinds of total peptides. However, only three kinds of 8–16 residues peptides are derived from HBV genome. The peptide distribution includes one kind of 8-mers (161–168, FLWEWASV) peptide which is cleaved from HBsAg and two kinds of peptides enzymatically cut from HBcAg, 9-mers (30–38, LLDTASALY) and 15-mers (41–55, ALESPEHCSPHHTAL) (Figure 4). We further compared the intensity of the three peptides between HepG2.2.15 cells treated or left untreated with ERAP1-IN-1. The inhibitor produced a complete block of 9-mers peptide and a substantial increment of 15-mers peptide while having no remarkable effect on 8-mers. Taken together, these results suggested that ERAP1 trims HBcAg-specific peptides in HBV-infected cells.
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FIGURE 4. ERAP1 trims HBcAg-specific peptides in HepG2.2.15 cells. HepG2.2.15 cells were treated with ERPA1-IN-1 (50 μM) for 72 h. Cells were lysed, and the extracted protein was then analyzed by LC-MS/MS. The LFQ intensity of 8–16-mers residues was calculated and the peptides origin was identified by the MaxQuant (1.5.3.17) software via sequence-specific annotations based on the UniProt databases. ns, no significance; ***p < 0.001.




Prediction of the Binding of 9-mers LLDTASALY Peptide With HLA Class I Molecules

The Expert Protein Analysis System (ExPASy) databases provide a detailed description of HLA allotypes expressed by the HepG2 cells.3 Table 2 shows the bind level output of six HLA I alleles with HBcAg-derived 9-mers at Pos 30 (residue number (starting from 0) of the peptide in the protein sequence), namely, the 9-mers core sequence LLDTASALY. Also, the prediction data of 9-mers sequence at Pos 29 (shifted forward by one peptide, DLLDTASAL) and Pos 31 (shifted backward by one peptide, LDTASALYR) were outputted as control. The score_EL of HLA-A*02:01, HLA-A*24:02, HLA-B*35:14, HLA-B*51:01, HLA-C*04:01, and HLA-C*16:02 with 9-mers at Pos 30 was 0.0264, 0.002041, 0.092112, 0.000118, 0.127962, and 0.013707, respectively. The % Rank_EL was 3.287, 8.205, 1.516, 50.286, 0.483, and 4.84, respectively. As a result, the bind level of HLA-B*35:14 and HLA-C*04:01 with 9-mers at Pos 30 was WB and SB, respectively. In contrast, only HLA-B*35:14 is a weak binder for 9-mers at Pos 29, which has the score_EL and % Rank_EL of 0.074915 and 1.812, respectively. Taken together, these results indicate that the 9-mers peptide LLDTASALY is enzymatically trimmed by ERAP-1 and followed by the presentation of predominantly HLA-C*04:01 molecule in HepG2.2.15 cells.


TABLE 2. Binding affinity prediction of 9-mers peptide with MHC-I molecules in HepG2.2.15 cells.
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DISCUSSION

The previous studies have shown that ERAP1 is dysregulated in autoimmune diseases (Burton et al., 2007), cancer (Wearsch and Cresswell, 2008; Cifaldi et al., 2011; James et al., 2013; Koumantou et al., 2019), and several types of viral disease including HIV (Tenzer et al., 2009), lymphocytic choriomeningitis virus (LCMV) (York et al., 2006), and human cytomegalovirus (HCMV) (Kim et al., 2011). In this study, both upregulation of ERAP1 and its secretion were observed in HBV-transfected HepG2.2.15 cells in contrast to germline HepG2 cells. Furthermore, the serum level of ERAP1 was significantly upregulated and moderately correlated with HBV DNA levels in patients with CHB. These results suggest that HBV infection results in ERAP1 expression both at cellular and organismic level. It is to be noted that both upregulation of ERAP1 and its secretion from the ER are induced by IFN-γ (Saric et al., 2002; Goto et al., 2011). However, it seems unlikely that ERAP1 upregulation in this study is elicited by IFN-γ as HBV infection has been reported to induce type-III but not type-I or type-II interferon. Furthermore, HBV has evolved various mechanisms to suppress IFN signaling (Mani and Andrisani, 2019). On the other hand, the previous study (Goto et al., 2011) has shown a supporting role of the secreted ERAP1 as it enhances the phagocytic activity of macrophages through the generation of active peptides. Thus, the intracellular and extracellular ERAP1 are functionally complementary and proportionally increased, as we have shown in Figures 1C,D. Collectively, these results suggested that HBV-mediated upregulation of ERAP-1 is involved in HBV-induced immune responses.

The proliferation of CD8+ T cells decreased significantly upon stimulated by HepG2.2.15 cells pretreated with ERAP1-IN-1 or ERAP1 gene knockdown (Figure 2). Furthermore, ERAP1-IN-1 treatment resulted in 6.24% and 4.32% reduction of the total numbers of peptides with 8 and 9 residues (Figure 3D), the length specific and predominant for ERAP1 trimming. These results indicated that ERAP1 promotes CD8+ T-specific antiviral immune response in the context of antigenic peptides presentation by MHC class I molecules. In contrast, the number of all peptides > 9-mers increased at the same time in comparison with the untreated group. These results were consistent with the previous observations in LCMV, HCMV, and vaccinia infection which showed an increase in the length of the viral peptides in the absence of ERAP1. Furthermore, a lack of antigen processing by ERAP1 profoundly altered the immune responses to LCMV, HCMV, and vaccinia virus, characterized by the decreased frequency of CD8+ T cells specific for viral epitopes (York et al., 2006; Blanchard et al., 2010). Overall, these results confirm the unique enzymatic properties of ERAP1 in HBV-infected HepG2.2.15 cells, leading to precise trimming of longer peptides to 8–9-mers length. Furthermore, the final peptides trimmed by ERAP1 were presented by MHC class I molecule to induce CD8+ T-cell-mediated antiviral immune responses.

As the present studies demonstrate, three kinds of 8–16 residues peptides derived from two HBV antigens, HBsAg and HBcAg, were observed in HepG2.2.15 cells. The 8-mers (161–168, FLWEWASV) peptide is cleaved from HBsAg, and the 9-mers (30–38, LLDTASALY) and 15-mers (41–55, ALESPEHCSPHHTAL) peptides were enzymatically cut from HBcAg. The inhibitor ERAP1-IN-1 produced a complete block of 9-mers and a substantial increment of 15-mers while having no remarkable effect on 8-mers, suggesting that ERAP1 trims HBcAg-specific peptides in HBV-infected cells. The HBV C gene contains two in-phase initiation codons, the C region and the pre-C sequence, which directs the synthesis of HBcAg (185 aa) and of a pre-core protein which upon processing results in the secretion of HBeAg (159 aa) (Jean-Jean et al., 1989, p. 30). Multiple copies of HBcAg dimers, mainly the N-terminal 155 aa, form HBV nucleocapsids which endow the viral particles with high immunogenicity (Gallina et al., 1989). The previous study has shown that 4 mutants at position A11-E8, L37-A41, R39-L31, and A41-E43 of HBcAg were not able to assemble detectable amounts of capsids in co-transfected HuH7 cells (Koschel et al., 2000). Thus, it is very likely that capsid formation is a prerequisite for trimming of HBcAg by ERAP1 since the 9-mers (30-38, LLDTASALY) peptide is located within the above-mentioned mutation region. Immunization studies have demonstrated that HBsAg and HBcAg are capable of eliciting distinct, humoral, and cell-mediated immune responses, respectively (Hoofnagle et al., 1975). Apparently, the HBcAg-derived 9-mers peptide is loaded in the ER by MHC class I molecules, which are eventually presented as peptide-MHC I (pMHC I) complexes on the cell surface to induce CD8+ T-cell-mediated antiviral immune responses. On the other hand, we also observed a substantial increment of 15-mers peptide upon ERAP1-IN-1 treatment. However, the 8–9-mers enzymatic fragments of the increased peptide were not observed in untreated control. It will be useful to determine whether hyper-editing of the 15-mers peptide happened as a proportion of peptides that enter the ER are destroyed by ERAP1 to below the minimal size needed for presentation on MHC class I molecules (Hammer et al., 2007; Georgiadou and Stratikos, 2009; Chen and Tian, 2019). Therefore, ERAP1 functions in a paradoxical manner as an interrupter limiting antigen presentation while it is still an ideal aminopeptidase to generate the final optimal length of peptides for pMHC I presentation (York et al., 2002).

The predictive analysis by the NetMHCpan-4.1 server showed that HLA-C*04:01 molecule is a strong binder for the 9-mers peptide LLDTASALY, which is enzymatically trimmed by ERAP-1 in HepG2 cells. In addition, HLA-B*35:14 was observed to be a weak binder for both 9-mers at Pos 30 and Pos 29. The previous study has shown that HLA-C*04:01 is one of the most frequent HLA class I alleles in Cameroonian infected with HBV, with a frequency of 37.5% in patients with HBV compared with that of 25.5% in healthy populations (Yengo et al., 2020). In addition, HLA-C*04:01 was also observed to be in association with poor viral control of HIV (Olvera et al., 2015) and severe clinical course of COVID-19 (Weiner et al., 2021). However, the genome-wide association study (GWAS) findings highlighted the importance of HLA-C in the clearance of HBV infection in addition to HLA-DP and HLA-DQ (Hu et al., 2013). Thus, accurate functional and genetic study is needed to ascertain the correlation between HLA-C*04:01 and HBV infection.



CONCLUSION

In conclusion, our findings identify a previously unknown viral antigen peptides presentation-based immune response mechanism that targets a key step in the MHC class I antigen-processing pathway.
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Supplementary Figure 2 | Titration of ERAP1-IN-1 inhibits recombinant ERAP1 activity in vitro.

Supplementary Figure 3 | The level of HBsAg, HBeAg, and HBV-DNA in the supernatants of HepG2.2.15 cells treated or left untreated with ERAP1-IN-1 for 72 h.
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RNA viruses have limited coding capacity and must therefore successfully subvert cellular processes to facilitate their replication. A fundamental challenge faced by both viruses and their hosts is the ability to achieve the correct folding and assembly of their proteome while avoiding misfolding and aggregation. In cells, this process is facilitated by numerous chaperone systems together with a large number of co-chaperones. In this work, we set out to define the chaperones and co-chaperones involved in the replication of respiratory syncytial virus (RSV). Using an RNAi screen, we identify multiple members of cellular protein folding networks whose knockdown alters RSV replication. The reduced number of chaperones and co-chaperones identified in this work can facilitate the unmasking of specific chaperone subnetworks required for distinct steps of the RSV life cycle and identifies new potential targets for antiviral therapy. Indeed, we show that the pharmacological inhibition of one of the genes identified in the RNAi screen, valosin-containing protein (VCP/p97), can impede the replication of RSV by interfering with the infection cycle at multiple steps.
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INTRODUCTION

The majority of RNA viruses have small genomes and encode only a few proteins. Nevertheless, RNA viruses are able to perform an astonishing number of functions with their limited proteome, including disarming antiviral defenses, replicating the viral genome, producing new virions, and spreading to new cells and/or hosts. To a large part, this is achieved by masterfully interacting with, and coopting, cellular processes to favor viral replication at each step of the virus life cycle.

Among the key challenges faced by viruses and cells alike is the successful translation of their genome to a functional proteome. In cells, this process is facilitated by a large number of dedicated protein-folding factors, termed chaperones, that help maintain cellular homeostasis (proteostasis) together with the protein degradation machinery (Kim et al., 2013; Balchin et al., 2016). To perform their functions, chaperones are organized into networks that cooperate to support folding from the time the polypeptide emerges from the ribosome, through maturation and assembly into larger protein complexes, as well as at later points, when proteins become misfolded or aggregated (Kim et al., 2013; Balchin et al., 2016; Bar-Lavan et al., 2016). The major chaperone systems in human cells are comprised of numerous isoforms of Hsp70/HSPA, a constitutive and a stress-inducible isoform of Hsp90/HSPC, and the oligomeric chaperone complex TRiC/CCT (Kim et al., 2013; Balchin et al., 2016; Bar-Lavan et al., 2016; Radons, 2016a,b). To facilitate client protein folding and maturation, these chaperones employ ATP-hydrolysis to drive conformational changes in their client proteins. These major chaperone systems are regulated by a much larger cohort of co-chaperones that provide client-protein specificity and interconnect different chaperone systems. For example, the binding of client proteins to Hsp70 and the chaperone cycle are regulated by > 50 DNAJ/Hsp40 proteins and nucleotide exchange factors, such as BAG domain proteins (Kampinga and Craig, 2010; Bracher and Verghese, 2015). Similarly, Hsp90 activity is regulated by numerous co-chaperones that regulate client-protein binding and release (Schopf et al., 2017). Finally, the activity of both the Hsp70 and Hsp90 chaperones systems are linked via interaction with a large set of proteins containing tetratricopeptide repeat (TPR) domains (Balchin et al., 2016). Aside from these central systems, a set of small heat shock proteins (HSPBs) form part of the cellular response to combat protein aggregation, and the prefoldin chaperone participates in early folding events en route to the central chaperone systems (Balchin et al., 2016).

While chaperones are mainly involved in protein folding, they participate in the degradation of terminally misfolded proteins via both the proteasomal and autophagy pathways (Edkins, 2015; Ciechanover and Kwon, 2017). This is accomplished by co-chaperones that help link individual chaperones with the degradation machinery. For example, the C-terminus of Hsc70-interacting protein (CHIP) is an E3 ubiquitin ligase that ubiquitinates misfolded proteins to tag them for proteasomal degradation. Via its TPR domain, CHIP interacts with both Hsp70 and Hsp90, linking these chaperone systems to the cellular degradation machinery (Edkins, 2015; Dikic, 2017). Additionally, valosin-containing protein (VCP)/p97 is an ATP-dependent multifunctional protein that assists in the remodeling of protein complexes as well as in the extraction of proteins across membranes, as in ER-associated degradation (ERAD) (Dikic, 2017; Ye et al., 2017; Huryn et al., 2020). While VCP/p97 is frequently involved in facilitating the degradation of proteins, it can also act to disassemble complexes (Ye et al., 2017).

As is the case with cellular proteins, the proteins of RNA viruses are folded by cellular chaperone systems. Indeed, pharmacological inhibition of Hsp70 and Hsp90 has revealed that many RNA viruses are not only dependent on these central chaperone systems for their replication but are in fact hypersensitive to changes in their levels compared to host cells (Mayer, 2005; Geller et al., 2012; Wang et al., 2017; Aviner and Frydman, 2019). Accordingly, reductions in the activity of these chaperones at levels that are not toxic to cells are highly detrimental to viral replication, making chaperone inhibitors broad-spectrum antivirals (Mayer, 2005; Geller et al., 2012; Wang et al., 2017; Aviner and Frydman, 2019). However, a more general understanding of chaperone networks utilized by particular viruses is largely lacking. Recently, different components of the Hsp70 chaperone system were shown to play distinct roles at different stages of the replication cycle of both Dengue virus and ZIKA virus (Taguwa et al., 2015, 2019).

In this work, we aimed to obtain a general picture of chaperones utilized by a medically relevant human RNA virus, respiratory syncytial virus (RSV). RSV is among the most important respiratory infections in the pediatric setting and causes significant morbidity in the elderly population (Griffiths et al., 2017; Bergeron and Tripp, 2021). RSV belongs to the Mononegavirales order, harboring a single-stranded, negative-sense RNA genome, and encodes 11 different proteins. Hence, RSV represents a relatively simple model with which to begin to untangle cellular protein folding networks. While prior work has shown Hsp70 and Hsp90 to play a key role in the replication of RSV (Radhakrishnan et al., 2010; Geller et al., 2013; Munday et al., 2015; Huong et al., 2016; Latorre et al., 2018), general information about additional chaperone systems and/or co-chaperones is lacking. To this end, we conducted an RNAi screen for a large number of cytoplasmic chaperones and co-chaperones in human cells. We identify numerous players in the protein-folding network to modulate RSV replication. This information can be used as a starting point to map specific chaperone subnetworks required for distinct steps of the RSV infection cycle. In addition, some of the identified factors can present potential targets for antiviral therapy. Indeed, we show that pharmacological inhibition of one of the identified genes, the VCP/p97 protein, can block the replication of RSV as well as an additional member of the Mononegavirales, supporting its potential as a broad-spectrum antiviral target.



MATERIALS AND METHODS


Cell Lines, Viruses, and Reagents

HeLa-H1 (CRL-1958), HEp2 (CCL-23), HEK-293 (CRL-1573), and A549 (CCL-185) cells were obtained from ATCC. All cells were maintained in DMEM with 10% FBS, 100 IU/mL penicillin, and 100 μg/mL streptomycin at 5% CO2 and 37°C. RSV expressing the fluorescent protein mKate2 (RSV-mKate2) was generated by transfection of the infectious clone system obtained from BEI Resources (NIAID, NIH: Bacterial artificial chromosome plasmid pSynkRSV-I19F containing antigenomic cDNA from respiratory syncytial virus (RSV) A2-Line19F, NR-3646). This was done by transfection of HEK-293 cells with an optimized T7 plasmid (Addgene, United States, 65974) together with the antigenomic plasmid, N, P, M2-1, and L plasmids at a ratio of 4:2:2:2:1 using Lipofectamine 2000 (Thermo Fisher Scientific, United States). Cells were transfected in 6 well plates and subsequently transferred to T25 flasks with Hep2 cells until cytopathic effect (CPE) was observed. For the generation of RSV encoding nanoluciferase (RSV-nanoLuc), the mKate2 open reading frame was replaced with that of the nanoluciferase gene from pNL1.2[NlucP] (Promega) and the virus was generated as indicated above. Passage 0 stocks were amplified 3 additional times and titrated using TCID50 (RSV-nanoLuc) and plaque assay (RSV-mKate2; see below). Vesicular stomatitis virus (VSV) encoding mCherry was kindly provided by Dr. Rafael Sanjuan (University of Valencia). CVB3 was generated as previously described (Mattenberger et al., 2021). The VCP/p97 inhibitor CB-5083 (CAS: 1542705-92-9; Cayman Chemicals, United States) and the hsp90 inhibitor 17-DMAG (CA 467214-20-6; LC Laboratories) were dissolved in DMSO and resazurin (CAS: 62758-13-8; Sigma-Aldrich, United States) was dissolved in water.



Virus Quantification

Plaque assays were used to measure RSV, VSV, and CVB3 infectious virus production. For this, serial dilutions of the virus were used to infect confluent HeLa-H1 cells in 6 well plates for 2 h (RSV-mKate2) or 45 min (VSV-mCherry and CVB3). Subsequently, the virus was removed and cells overlaid with DMEM containing 2% FBS and either 0.6% agarose for RSV-mKate2 and VSV-mCherry or 0.8% agarose for CVB3 during 24 h. Finally, RSV-mKate2 plaques were assessed by examining fluorescence using a live-cell microscope (IncuCyte S3; Sartorius), while VSV-mCherry and CVB3 plaques were visualized using crystal violet staining following fixation with 1% formaldehyde. For the TCid50 assay, confluent Hep2 cells in a 96 well plate were infected with serial dilutions of RSV-nanoLuc (8 replicates) in DMEM containing 2% FBS. Seven days after the infection, cells were fixed with 1% formaldehyde and stained with crystal violet. To quantify intracellular virus replication, the mean fluorescence signal in each well resulting from the expression of the viral encoded fluorescent protein (mKate2 or mCherry) was obtained using a live-cell microscope.



RNAi Screening

Genes were selected for evaluation based on a list of the human chaperone network (Brehme et al., 2014), which was filtered to exclude non-cytoplasmic chaperones and those not expressed in A549 cells or lung tissue based on data from the human protein atlas.1 This list was inspected individually, and missing known chaperone/co-chaperone genes were included (Supplementary Table 1). We then ordered endoribonuclease prepared siRNA (MISSION esiRNA, Sigma-Aldrich, United States) for all genes for which esiRNA were available (Supplementary Table 3). For the primary screen, A549 cells were reverse transfected with 20 uM of esiRNA using the MISSION siRNA Transfection Reagent (Sigma-Aldrich, United States) following the manufacturer protocol in white-bottom 96 well plates. After 48 h, cells were infected with RSV-nanoLuc at a multiplicity of infection (MOI) of 0.01. Finally, RSV replication was evaluated by reading nano-luciferase activity with the Nano-Glo Luciferase Assay system (Promega) on a Tecan Spark plate reader. All experiments were performed in 6 replicates on 6 independent plates. The strictly standardized mean difference (SSMD) relative to infected wells that were transfected with a control esiRNA targeting firefly luciferase was calculated using the UMVUE estimate of SSMD (formula A5 in Table 3 in Zhang, 2011). Finally, p-values were converted to q-values to correct for multiple testing using the R package q-value (version 3.14). For the secondary validation, esiRNAs targeting a different region of the gene were employed (esiSec; Sigma-Aldrich, United States; see Supplementary Table 3). Two different esiRNAs targeting CryAB and PFD2 were tested, of which only 1 resulted in knockdown and was analyzed (HU-01337-3 for PFD2 and HU-01732-2 for CRYAB). The experiment was performed similarly, except that all six replicates for each esiRNA were performed in the same plate, and RSV-mKate2 was used. Virus replication was assessed at 24 hpi by quantifying the average red fluorescence in each well using a live cell microscope (Incucyte S3, Sartorius).



Evaluation of Gene Knockdown

A549 cells were reverse transfected as indicated above. Following 72 h, gene expression was measured by qPCR. For this, RNA was extracted from A549 cells using RNAzol RT (Sigma-Aldrich, United States) following the manufacturer’s protocol. The cDNA was then synthesized from 500 ng of RNA and used to evaluate gene expression by qPCR using the primers listed in Supplementary Table 4 and the M-MuLV Reverse Transcriptase (NZYtech, Portugal) in a QuantStudio3 machine using the PowerUp SYBR green qPCR master mix (Applied Biosystems, United States). Knockdown efficiency was calculated by standardizing target gene expression to that of GAPDH in esiRNA transfected cells vs. control-esiRNA transfected cells using the ΔΔCt method. For a few esiRNA, high expression levels were observed in knockdown cells and these were retested individually and the strongest gene knock-down level was taken as the knockdown value.



Toxicity Evaluation

To assess esiRNA toxicity, cells were transfected in triplicate as indicated above and incubated at 37°C for 72 h. Subsequently, the medium was replaced by fresh DMEM containing a final concentration of 44 μM resazurin. After a 1-h incubation period, fluorescence was read using excitation/emission filters of 535/595 nm using a microplate reader (Tecan Spark). Toxicity was compared by standardizing to the average signal obtained from cells transfected with the control esiRNA. To assess CB-5083 toxicity, cells were treated with increasing concentrations of the inhibitor for 24 h before the addition of resazurin as indicated above.



Drug Treatments

Cells were treated with different concentrations of the VCP/p97 inhibitor CB-5083 for 2 h. Subsequently, cells were infected at an MOI of 1 for 2 h in the presence of the drug. Following infection, the virus inoculum was removed and fresh media containing the indicated inhibitor concentration was added. Twenty-four hours later, the supernatant was collected and used for measuring virus production via a plaque assay as indicated below.



Analysis of VSV-Glycoprotein Surface Expression

Hela-H1 cells were transfected with a plasmid encoding the VSV-G gene (pMD2.G; Addgene, United States #12259) using Lipofectamine 2000. Twenty-four hours later, 1 μM CB-5083 or DMSO were added to the media for an additional 24 h. Finally, cells were trypsinized, stained with a primary anti-VSV antibody (Cuevas et al., 2017) (kind gift of Dr. Rafael Sanjuán), followed by a FITC labeled secondary goat anti-mouse IgG (Thermo Fisher Scientific, United States) and analyzed on a FACSVerse (BD Biosciences).



Statistical Analysis

All statistical tests were performed with R (version 4.1.2) and graphs produced with the ggpubr (version 0.4.0) package. All tests were two-tailed, and the individual test employed is indicated in the main text. Q-values were obtained using the q-value package (version. 3.14). Statistical significant was set at p < 0.05 or q < 0.05.




RESULTS


RNAi Screen to Identify Chaperones Involved in the Replication of Respiratory Syncytial Virus

In order to define which cytoplasmic chaperones are involved in the RSV replication cycle, we selected a list of cytoplasmic cellular molecular chaperones as well as key modulators of proteostasis that are expressed in the lung (see section “Materials and Methods”; Supplementary Table 1). From this list, endoribonuclease-prepared siRNA (esiRNA) were commercially available for 114 (Supplementary Table 2). These included a total of 37 chaperones genes from all major cytoplasmic chaperone families (Hsp70, Hsp90, TRiC/CCT, Prefoldin, and small heat shock proteins), 73 co-chaperones (e.g., Hsp40s, proteins containing TPR domain), a central player in the protein degradation machinery that cooperates with different chaperone systems (VCP/p97), and three genes from transcription factors involved in the cellular heat shock response (HSF; see Supplementary Table 2).

To identify cytoplasmic chaperones relevant to RSV infection, we used the human lung adenocarcinoma cell line A549 as a model for the alveolar type II pulmonary epithelium. We first assessed the effects of chaperone depletion on cell viability. A549 cells were transfected with the different esiRNAs and cell viability was assessed 3 days following transfection using the Alamar Blue (resazurin reduction) assay (Supplementary Figure 1A and Supplementary Table 2). Most esiRNA transfections resulted in low or no toxicity, with greater than two-thirds of genes maintaining cell viability above 70% relative to non-targeting control transfection (77 of 114 genes). Strong toxicity was only observed for 5% of esiRNAs, which reduced viability > 50% (Supplementary Table 2). We next evaluated the effect of ∼60% of the esiRNAs (69 of the 114) for their knockdown efficiency using qPCR to measure target gene expression. A median reduction of 70% was observed, with greater than two-thirds (47/69) of the genes showing less than 50% expression, suggesting gene-specific knockdown is achieved using the esiRNA transfection (Supplementary Figure 1B and Supplementary Table 2).

We next evaluated the effect of chaperone depletion on RSV replication (Figure 1A). To this end, cells were transfected with esiRNA targeting the different chaperones or a control esiRNA targeting firefly luciferase. Following 48 h, cells were infected with an RSV strain carrying a nano-luciferase reporter (RSV-nanoLuc) at a low multiplicity of infection for 24 h. Finally, nanoLuc activity was measured to quantify virus entry and intracellular replication and the results were standardized to that of control transfected conditions. Hits were evaluated using the strictly standardized mean difference (SSMD) and its associated significance value following multiple testing correction (q-value) (Zhang, 2011). SSMD provides a measure of effect size that takes into account variability in both experimental and control conditions, with positive values indicating increased replication and negative values indicating reduced replication. In total, 24 genes showing a knockdown efficiency of at least 20% had a statistically significant effect on RSV replication (q < 0.05) that was classified as at least moderate (absolute SSMD score of > 1.28; Figure 1B and Supplementary Table 5). The effect on RSV replication was not significantly associated with viability (p = 0.13, Spearman’s ρ = –3.2), suggesting the results are likely to stem from specific effects on RSV replication rather than toxicity. Within this dataset, genes belonging to all major chaperone systems were observed (e.g., Hsp70/HSPA, Hsp90/HSPC, TRiC/CCT, prefoldin), the multifunctional VCP/p97 protein, master regulators of the transcriptional response to stress (Heat Shock Factor; HSF1), and co-chaperones regulating the activity of Hsp70 and Hsp90 (Figure 1B and Supplementary Table 5). Nearly all of the identified chaperones resulted in reduced replication following their depletion, indicating a supportive role in the RSV replication cycle; however, the replication of RSV increased following the depletion of two chaperones, SGTB and DNAJC12, suggesting these could be detrimental to RSV replication under normal conditions (Figure 1B and Supplementary Table 5). Importantly, we identify isoforms of both the Hsp70 and Hsp90 chaperones to inhibit RSV replication, as has been previously reported using pharmacological inhibitors (Geller et al., 2013; Munday et al., 2015; Latorre et al., 2018), confirming the ability of the screen to identify relevant chaperones.
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FIGURE 1. An RNAi screen for chaperones and co-chaperones involved in RSV replication. (A) Overview of the experimental approach. (B) Results of the primary screening, showing the strictly standardized mean deviation (SSMD) and the statistical significance (q-value). n = 6. (C) Results of the secondary screening, showing the SSMD and statistical significance. n = 6.


To validate the results of the primary screen, we obtained esiRNA targeting alternative regions in 15 genes that showed a significant reduction in RSV replication when depleted (Supplementary Table 5). Moreover, to account for any effects the chaperones could have on the nanoLuc reporter rather than RSV replication, we used an RSV strain encoding a red fluorescent gene (RSV-mKate2) for the validation test. From the 15 genes analyzed, 80% significantly reduced RSV replication (q < 0.05; 12/15 genes) without strong toxicity (viability > 70%; Figure 1C and Supplementary Table 5) supporting the validity of the primary screen. For two of the three genes that did not show a significant effect on replication in the secondary screen, lower knockdown levels were observed (approximately two and sixfold lower for CCT2 and PFDN2, respectively), which could underlie the lack of effect. For the third gene, CDC37, a similar reduction in gene expression was observed in both the primary and secondary screens, indicating this gene is not likely to represent a real hit. A very strong reduction in RSV replication was observed for FKBP4, a cis-trans prolyl isomerase from the immunophilin family that interacts with Hsp70 and Hsp90, the Hsp70 nucleotide exchange factor HSPA4, and the Hsc70 co-chaperone DNAJB12 (Figure 1C and Supplementary Table 5).



Valosin-Containing Protein Inhibition Reduces the Replication of Respiratory Syncytial Virus and Vesicular Stomatitis Virus

Pharmacological inhibitors of cellular factors provide a direct means to assess the relevance of the targeted protein in viral infection. Indeed, Hsp70 and Hsp90 inhibitors have been used to demonstrate the relevance of these chaperones in the viral replication cycle (Geller et al., 2012, 2013; Aviner and Frydman, 2019; Yang et al., 2020). We therefore chose to validate the antiviral role of VCP/p97, which was identified in the primary screen (Figure 1B), using a selective inhibitor that prevents ATP binding to VCP/p97, CB-5083 (Zhou et al., 2015; Huryn et al., 2019). We first evaluated the toxicity of CB-5083 in A549 cells. Concentrations of up to 0.5 μM resulted in low toxicity (∼90% viability), while higher concentrations resulted in significant toxicity (∼50% viability at 2 μM; Figure 2A). Next, we assessed the effect of VCP/p97 inhibition on RSV production. For this, cells were infected in the presence of VCP/p97 and RSV production was quantified following 24 h. At CB-5083 concentrations of 0.5 μM, RSV production was reduced by ∼90% (p < 0.01 by Mann-Whitney test), while concentrations of 1μM resulted in a > 99% reduction but showed higher toxicity (p < 0.01 by Mann-Whitney test; Figures 2A,B). To ensure the effect was not cell-specific, we repeated the experiments in Hela-H1 cells. At concentrations that did not alter cell viability strongly (> 92% viability at 0.5 μM; Figure 2C), RSV production was reduced by 84% (p < 0.05 by Mann-Whitney test; Figure 2D). Interestingly, VCP/p97 inhibition also reduced the production of an unrelated member of the Mononegavirales order, vesicular stomatitis virus (VSV), by 98% at the same concentration (p < 0.05 by Mann-Whitney test; Figure 2E). Inhibitor concentrations showing higher toxicity (25% toxicity; 1 μM) had profound antiviral activity, reducing RSV and VSV production by > 3 and > 5 logs, respectively (p < 0.01 and p < 0.001 by Mann-Whitney test for RSV and VSV, respectively; Figures 2D,E). Importantly, these antiviral effects are not the result of toxicity, as the replication of a positive-strand RNA virus, coxsackievirus B3 (CVB3), was not affected at inhibitor concentrations up to 1 μM (p > 0.05 by Mann-Whitney test; Figure 2F), as has been previously reported (Arita et al., 2012).
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FIGURE 2. VCP/p97 inhibition reduces RSV and VSV production. (A) The effect of the VCP/p97 inhibitor CB-5083 on A549 cell viability (n = 6). (B) The effect of CB-5083 on RSV virus production in A549 (n = 6). (C) The effect of the VCP/p97 inhibitor CB-5083 on Hela-H1 cell viability (n = 6). (D,E) The effect of CB-5083 on RSV (n = 7) (D), vesicular stomatitis virus (VSV) (n = 7) (E), or coxsackievirus B3 (CVB3) production (n = 4). (F) Virus production in Hela-H1 cells. Results indicate the mean and SEM. nsp > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001 by a two-tail, unpaired Mann-Whitney test/Wilcoxon rank sum exact test.




Valosin-Containing Protein Is Not Involved in the Early Steps of Viral Infection

To determine whether VCP/p97 is involved in the early steps of viral replication, namely entry and uncoating, we performed a time-of-addition study. Specifically, we added the VCP/p97 inhibitor CB-5083 at 1 μM to HeLa-H1 cells either 1 h before infection, following infection, or 2 h post-infection, when binding, entry, and uncoating are complete. We then used the fluorescence intensity of the viral-encoded reporter proteins to measure effects on viral replication. For RSV we observed an 87, 82, and 79% reduction in fluorescence intensity when the drug was added 1 h before infection, at the time of infection, or 2 h post-infection, respectively, compared with the DMSO-treated cells (p < 0.01 for all vs. DMSO by t-test on log-transformed data; Figure 3A). Similarly, VSV replication was reduced by 99.7, 99.8, and 99.9% when added 1 h before infection, at the time of infection, or 2 h post-infection, respectively, compared with the DMSO-treated cells (p < 0.01 for all conditions vs. DMSO by t-test on log-transformed data; Figure 3B), with no appreciable reduction in effectivity when the drug was added at a stage following entry and uncoating. As the effect of VCP/p97 inhibition on the replication of both RSV and VSV was similar when added prior to infection or after completion of the entry process, VCP/p97 likely acts downstream of these early steps in the viral infection cycle.
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FIGURE 3. VCP/p97 is not involved in the early steps of infection. The VCP/p97 inhibitor CB-5083 was added at the indicated time point relative to infection (hours post-infection, hpi) with RSV (A) or VSV (B) and virus production was quantified. Data represent the mean and SEM of three replicates. ns, p > 0.05 by t-test on log-transformed data vs. drug treatment 1 h prior to infection (–1 hpi).




Valosin-Containing Protein Is Involved in Multiple Steps of the Viral Replication Cycle

The final steps in the viral replication cycle are the formation of mature virions and egress from the cell. To investigate whether VCP/p97 plays a role in these late stages of viral replication, we evaluated how CB-5083 affected intracellular viral replication compared to infectious particle formation in HeLa-H1. We reasoned that observing a stronger effect on the quantity of released infectious particles compared to intracellular replication will support an additional role for VCP/p97 in the late stages of viral replication. As a control, we tested the effects of an Hsp90 inhibitor, 17-DMAG (Egorin et al., 2002), under the same conditions. Hsp90 is known to be required for the folding and maturation of the RNA-dependent RNA polymerase of both RSV (Geller et al., 2013) and VSV (Connor et al., 2007). As polymerase function is required for replication but is not involved in late stages of the viral cycle, blocking Hsp90 should show a similar effect on both intracellular replication and virus production.

As in previous experiments (Figures 2B,D), both RSV intracellular viral replication, as measured by the quantification of viral encoded fluorescent protein, and virus production were significantly reduced by VCP/p97 inhibition at 1 μM (Figures 4A,B). However, virus production was reduced by ∼4-logs (p < 0.0001 by t-test on log-transformed data; Figure 4A), while intracellular replication was only reduced by ∼1-log when blocking VCP/p97 function (p < 0.001 by t-test on log-transformed data; Figure 4B). When standardizing the effect of VCP/p97 inhibition in each assay to control-treated cells, virus production was > 1,000 times more affected by VCP/p97 inhibition than intracellular replication (p < 0.05 by t-test on log-transformed data; Figure 4C). In contrast, while Hsp90 inhibition also reduced both RSV virus production (p < 0.001 by t-test on log-transformed data; Figure 4A) and intracellular viral replication (p < 0.001 by t-test on log-transformed data; Figure 4B), the relative effect on each one was similar (average standardized effect of intracellular replication vs. virus production of 3.44 ± 1.12; p < 0.05 by t-test on log-transformed data; Figure 4C). This is consistent with no additional role of the Hsp90-dependent viral RNA-dependent RNA polymerase in the late stages of replication. Similarly, for VSV, CB-5083 treatment diminished virus production by ∼6 logs (p < 0.0001 by t-test on log-transformed data; Figure 4D) and intracellular replication by ∼3 logs, respectively, (p < 0.0001 by t-test on log-transformed data; Figure 4E). As for RSV, virus production was > 1,000 times more affected by VCP/p97 inhibition than intracellular replication (p < 0.0001 by t-test on log-transformed data; Figure 4F). Hsp90 inhibition showed only mild inhibition of VSV virus production in our assay conditions, with a threefold reduction observed for virus production (p < 0.01 by t-test on log-transformed data; Figure 4C), and the effect on intracellular replication was not significant (p > 0.05 by t-test on log-transformed data; Figure 4D), potentially due to the late time point of infection at which we examined intracellular replication (24 h). Again, Hsp90 inhibition affected both VSV virus production and intracellular replication in a similar manner, indicating no specific role in late events (average standardized effect of intracellular replication vs. virus production of 3.47 ± 0.73; p < 0.05 by t-test on log-transformed data; Figure 4F).
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FIGURE 4. VCP/p97 is involved in multiple steps of the RSV and VSV infection cycle. Cells were treated with the VCP/p97 inhibitor CB-5083 or the Hsp90 inhibitor 17-DMAG and infected with RSV (top row) or VSV (bottom row). Subsequently, virus production was measured by plaque assay (A,D) and intracellular replication was measured by the expression of a reporter protein (B,E). The ratio of the antiviral effect observed for virus replication compared to virus production (C,F). Plotted are the means and SEM for three replicates. nsp > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 by t-test on log-transformed data.




Valosin-Containing Protein Inhibition Does Not Affect Trafficking to the Cell Surface

Both RSV and VSV encode glycoproteins that require translation, folding, and trafficking in the endoplasmic reticulum (ER). Since VCP/p97 is a key player in ER quality control and ER-associated degradation (van den Boom and Meyer, 2018; Hänzelmann et al., 2019; Huryn et al., 2019), we examined whether the translation of the VSV glycoprotein (VSV-G) was affected by VCP/p97 inhibition. For this, cells were transfected with a plasmid encoding VSV-G and subsequently treated with CB-5083 (1 μM) or DMSO for 24 h prior to assessing VSV-G surface expression by flow cytometry. Surprisingly, CB-5083 treatment resulted in a slightly enhanced expression of the VSV-G protein on the cell surface (p < 0.01 by t-test; Figure 5). Hence, the antiviral activity of VCP/p97 inhibition is not due to reduced translation or trafficking in the ER. However, it is important to note that these experiments do not assess whether the VSV-G protein is properly folded and functional.
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FIGURE 5. VCP/p97 treatment does not block the trafficking of viral glycoproteins to the surface. Cells were transfected with a plasmid encoding the VSV glycoprotein (VSV-G). Following 24 h, cells were either treated or mock-treated with the VCP/p97 inhibitor CB-5083. Following an additional 24 h, VSV-G expression was assessed by flow cytometry. Data represent the mean and SEM of three replicates. **p < 0.01 by t-test.





DISCUSSION

Cellular proteostasis is maintained through highly interconnected networks of chaperones, co-chaperones, and components of the degradation machinery (Kim et al., 2013; Balchin et al., 2016; Bar-Lavan et al., 2016). The complexity of these interactions makes it challenging to define cellular proteostasis networks for particular proteins and/or cellular functions. As RNA viruses utilize the cellular proteostasis machinery but encode only a few proteins, they could provide a simplified system with which to define such proteostasis networks.

To date, very limited information is available on the cellular proteostasis machinery involved in RSV replication. Prior work has demonstrated a dependence on both Hsp70 and Hsp90 chaperone systems (Radhakrishnan et al., 2010; Geller et al., 2013; Munday et al., 2015; Latorre et al., 2018), largely for polymerase function, but has not defined which isoform of these chaperones is of relevance, nor the co-chaperones that are involved. In this work, we set out to begin to define the cellular protein folding networks utilized by RSV during replication. We assessed a total of 114 genes belonging to all major chaperone systems using an RNAi screen and identified a total of 24 cellular genes that significantly impacted RSV replication, having at least a moderate effect (absolute SSMD > 1.28; Figure 1B). To validate the primary screening, we used RNAi targeting a different site in 15 hits from the primary screen. Overall, the knockdown of 12 genes reduced RSV replication significantly (Figure 1C). For two of the three genes that did not reach significance (CCT2 and PFD2), reduced levels of gene knockdown efficiency relative to the primary screen could underlie the lack of effect (Supplementary Table 5). Finally, we validated the role of one of the genes identified in the primary screen, VCP/p97, using a pharmacological approach (Figure 2). Hence, of the 24 genes identified in the primary screening, we validated 12/15 by RNAi, one by pharmacological inhibition (VCP/p97), and three were implicated in previous studies (two Hsp70 isoforms and one Hsp90 isoform), suggesting > 80% of the genes are likely to represent true hits.

Overall, numerous genes involved in the Hsp70 chaperone cycle were identified to alter RSV replication with at least a moderate effect (absolute SSMD > 1.28): Two of nine Hsp70 chaperones (HSPA1B and HSPA2), three of nine Hsp70 nucleotide exchange factors (BAG1, BAG3, and HSPA4), and seven of the 24 Hsp70 co-chaperones (Supplementary Table 5). Previously, the constitutive Hsp70 isoform, Hsc70/HSPA8, was shown to be involved in RSV replication (Radhakrishnan et al., 2010). Indeed, we observe the depletion of this gene to significantly reduce RSV replication in our screen (q-value < 0.05) although its effect was relatively weak (SSMD = –0.79), as was the case for two additional Hsp70 isoforms (HSPA1A and HSPA12B; Supplementary Table 2). Overall, our results reduce the complexity of the Hsp70 system to 12 genes of the 42 genes analyzed. Similarly, we identified one of the two Hsp90 isoforms (HSP90AB1) and two of the fourteen Hsp90 co-chaperones analyzed (FKBP1B and FKBP4) to be involved in the replication of RSV, reducing the members of this chaperone family to three out of 16 genes. Moreover, four of nineteen Hsp70-Hsp90 co-chaperones containing TPR domains were identified (CDC27, TTC1, TTC12, and SGTB). These results suggest that despite numerous chaperones and co-chaperones in each family, individual proteins have specific functions that cannot be compensated by other isoforms. This is in agreement with the results of previous work characterizing the role of different components of the Hsp70 chaperone system in the replication of Dengue virus and Zika virus (Taguwa et al., 2015, 2019). The results of the current work can facilitate the identification of specific chaperone subnetworks involved in individual steps of the RSV infection cycle.

Previous work has shown that pharmacological inhibition of Hsp70 and Hsp90 can constitute a broad-spectrum antiviral approach (Geller et al., 2007, 2012; Latorre et al., 2018; Aviner and Frydman, 2019). As a clinically evaluated pharmacological inhibitor (CB-5083) was available for one of the identified hits from the RNAi screen, VCP, we evaluated its potential as an antiviral. We found CB-5083 to inhibit RSV replication in both A549 and Hela-H1 cells (Figures 2B,D), as well as to block the replication of VSV (Figure 2E). These results further support VCP/p97 as a general target for antiviral therapy against different viruses (Das and Dudley, 2021). To gain insights into the step of the replication cycle where VCP/p97 acts, we examined the effect of adding CB-5083 before or after viral entry. We found no difference in the antiviral effect of CB-5083 if added post-entry, suggesting a role in downstream aspects of viral replication (Figure 3). In contrast, the effect of CB-5083 was observed for both intracellular replication and virus release, with the latter being significantly more affected (Figure 4). Nevertheless, this is unlikely to stem from effects on viral glycoprotein expression, as blocking of VCP/p97 did not reduce the expression of the VSV glycoprotein (Figure 5). Hence, it is likely that VCP/p97 acts at multiple steps of the replication of RSV and VSV.
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Rabies is a highly prevalent zoonotic disease and a public health threat worldwide. Currently licensed rabies vaccines are effective but less is known which would protect cattle. This study describes the construction of a novel recombinant bovine herpes virus type I (BHV-1) expressing rabies virus glycoprotein (RABV G) instead of its gE glycoprotein (gE) by CRISPR-Cas9 and homologous recombination technology (BHV-1-ΔgE-G). Insertion of the RABV G gene is stable after 20 rounds of in vitro passaging and the recombinant virus replicates to high titers in MDBK cells. The RABV G expresses in the recombinant virus-infected cells and on the virion surface of BHV-1-ΔgE-G. One single immunization with BHV-1-ΔgE-G-activated dendritic cells (DCs) and B cells furthermore induced a protective immune response in mice against severe lethal challenge infection. A protective level of RABV-specific virus-neutralizing antibody (VNA) was detected in intramuscular immunized mice and cattle without any clinical symptoms. This research demonstrated that the BHV-1 vector-based RABV vaccine is a potential candidate for cattle.

Keywords: rabies virus, bovine herpesvirus type I, vaccine, glycoprotein, dendritic cell, virus-neutralizing antibody


INTRODUCTION

According to the World Health Organization (WHO) estimates, rabies is endemic in more than 150 countries worldwide, and about 59,000 people die from rabies every year (World Health Organization., 2013). Due to the limitation of effective control in animal reservoirs in developing regions, rabies in stray dogs, cattle, goats, camels, and wild animals have increased in the north part of China, provincial regions, where rabies had rarely been reported previously (Shao et al., 2011; Liu et al., 2016; Feng et al., 2020; Li et al., 2020). Although the canine rabies vaccine has been recommended for cattle by the World Organization for Animal Health and successfully performed in rabies endemic countries (Yakobson et al., 2015), it is still costly and uncertain that local rabies vaccine could block the spread of infection in cattle.

Efficacious rabies vaccines are for safety and commercial purposes. Worldwide, human rabies vaccines are based on the fixed strains of RABVs that are grown in cell culture, which contain inactivated virus and adjuvant (DiStefano et al., 2013). Usually, these vaccines need to be given three to five times in a prophylactic immunization to achieve protective immunity (Zhou et al., 2006). On the other hand, SAD-modified live RV vaccines used in wild animals have effectively reduced the incidence of fox-derived rabies in Western Europe (Freuling et al., 2013). However, these recombinant RABV vaccines are still based on the RABVs genome, which raises the possibility of recombination between the vaccine RABVs and wild-type RABVs resulting in unpredictable possibilities.

Rabies virus is a single-stranded negative-strand RNA virus with a total genome length of about 12 kb, encoding five structural proteins: nucleoprotein (N), phosphoprotein (P), matrix protein (M), glycoprotein (G), and large transcription protein (L). Among them, RABV G is a trimeric transmembrane protein, expressed on the surface of the RABV virus, and it has specific recognition sites for B cells and T cells on its surface, which can cause an immune response and is a key protein that induces the production of VNA. Therefore, RABV G protein is often used in the construction of recombinant rabies vaccines. To vaccinate livestock in developing countries, a low-cost vaccine with one injection would be ideal. Live recombinant viral vectors which induced excellent humoral and cellular immunity are considered to be effective vaccine candidates to deliver antigens derived from pathogens. Various vector rabies vaccines have been constructed with different viral vectors, such as Parapoxvirus, Newcastle disease virus, Sindbis virus, parainfluenza virus, herpes virus, adenovirus, and baculovirus. Moreover, a safe and effective rabies vaccine especially for cattle still needs to be further developed.

Bovine herpes virus type I (BHV-1) is a double-stranded DNA virus belonging to the family Herpesviridae, subfamily Aphaherpesvirinae, with a total genome length of about 138 kb, and 10 of the proteins it encodes are envelope glycoproteins. Among them, gE glycoprotein, as a transmembrane glycoprotein, is a non-essential protein for virus replication. The current BHV-1 live vaccine in which gE is deleted has been widely used in Europe, so BHV-1 lacking the gE gene is safe as a vector for constructing recombinant rabies virus (Petrini et al., 2019). A similar construct using BHV type 5 for cattle has been developed to protect the animals in Latin America both against BHV-5 and rabies (bats-transmitted rabies) (Ana et al., 2002). Also, recombinant Canine Herpesviruses expressing RABV G have been tested as immune-contraceptive vaccines for carnivores (Chen et al., 2019). Furthermore, the herpesvirus genome is substantial enough to tolerate the insertion of large foreign genes and have a stable genome and technologies for the construction of recombinants that are well-established. For instance, recombinant BHV-1 or BHV-4 expressed other viral antigens have developed in animals and have good immunogenicity (Schrijver et al., 1997; Kweon et al., 1999; Macchi et al., 2018; Pedrera et al., 2020; Chowdhury et al., 2021). These characteristics above suggest that BHV-1 may be a potential vaccine candidate for preventing rabies in cattle and other ruminants.

Here, we used CRISPR-Cas9 and homologous recombination technology to construct a recombinant BHV-1 expressing RABV G and evaluated the replication of BHV-1-ΔgE-G, the expression of RABV G, genetic stability in vitro, attenuation, immune response, and immunogenicity in animal models. Our results show that a single dose of BHV-1-ΔgE-G induces a protective level of RABV VNA in cattle serum and BHV-1-ΔgE-G provides complete protection against the lethal challenge of RABV in mice.



MATERIALS AND METHODS


Cells, Viruses, Antibodies, and Plasmids

Madin–Darby bovine kidney (MDBK) cells, human embryonic kidney 293T (HEK293T), and African green monkey kidney cells (VERO-E6) were kept in our lab and cultured in Dulbecco's modified eagle's medium (DMEM, Gibco, CA, USA) containing 10% fetal bovine serum (FBS, Gibco, CA, USA), and mouse neuroblastoma (NA) cells were maintained in Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco, CA, USA) supplemented with 10% FBS. In brief, DCs isolated from mouse bone marrow and cultured in RPMI 1640 supplemented with 10% FBS and 20 ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF, PeproTech, USA) for 7 days as previously described (Yang et al., 2015). The parent BHV-1 (named NM14, GenBank No. of gE gene is MK035760.1) was isolated from bovine and stored in our lab as described previously (Mu et al., 2018). Challenge virus standard CVS-24 strain of rabies virus was bred in the sucking mice brain and a neuro attenuated rabies virus SAD-L16 was bred in the NA cells (Morimoto et al., 1999). Fluorescein isothiocyanate (FITC)-conjugated antibodies against the RABV N protein were purchased from FujiRab (Melvin, PA).



Animals

ICR mice were purchased from Charles River (Beijing Vital River Laboratory Animal Technology Co., Ltd.). Experimental infectious studies were approved by the Ethics Committee of Inner Mongolia University (IMU-MO-2020-031). All healthy male cattle (6–8 months old) were obtained by the pasture, and their BHV-1 antigen and antibody tests were negative. All cattle were divided into three groups and immunized with BHV-1-ΔgE-G, SAD, or DMEM by intramuscular injection, and bovine serum was collected at 1, 2, 3, 6, 12, 18 weeks. The above immunization experiments were carried out entirely with the permission of the rancher. All efforts were made to minimize the suffering of the animals.



Donor Plasmids and sgRNA CRISPR/Cas9 Plasmids Construction

Figure 1A is a schematic of the generation of the recombinant viral vector. sgRNAs were designed using the online CRISPR Design Tool (https://zlab.bio/guide-design-resources), and the guide RNAs were cloned into the pSpCas9(BB)-2A-Puro (PX459) V2.0 vector (Addgene, Cambridge, MA, USA, Plasmid #62988) as previously described (Cong et al., 2013). All primers are used in the present study list in Table 1. The primer pairs of gE-sgRNA1-F/gE-sgRNA1-R and gE-sgRNA2-F/gE-sgRNA2-R were targeted to gE of BHV-1, and the primer pairs of EGFP-sgRNA1-F/EGFP-sgRNA1-R and EGFP-sgRNA2-F/EGFP-sgRNA2-R were targeted to EGFP to delete EGFP from EGFP positive recombinant BHV-1. The pcDNA3.1 (+) expression vector (Clontech, PaloAlto, CA, USA) was used as a backbone to construct the donor template. The gE homologous arms were amplified using PCR from BHV-1 with left homologous arms primer pairs (LgE-F and LgE-R) and right homologous arms primer pairs (RgE-F and RgE-R), the RABV G gene was amplified using PCR from SAD-L16 with primer pairs G-F and G-R, and the T2A and EGFP gene were amplified using PCR from pCAG-EGFP (Addgene, Cambridge, MA, USA, Plasmid #89684) with primer pairs T2A-EGFP-F and T2A-EGFP-R. These PCR products were digested with the enzyme sets HindIII & EcoR I, Kpn I & Not I, and Not I & BamH I, and then ligated into pcDNA3.1 plasmid vector (pcDNA-LgE-G-EGFP-RgE), respectively. The pcDNA-LgE-G-EGFP-RgE plasmid was verified by sequencing with primer pairs (BHV-1-gE-F and BHV-1-gE-R).
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FIGURE 1. Construction and characterization of BHV-1-ΔgE-G. (A) Schematic on the generation of a recombinant viral vector. The pcDNA3.1 expression vector is used as a backbone to construct the donor template. gE homologous arms were amplified using PCR from BHV-1 with the primer pairs L-ge and R-ge, the RABV G gene was amplified using PCR from SAD with primer pairs G-F and G-R, and the T2A and EGFP genes were amplified using PCR from pCAG-EGFP with primer pairs T2A-EGFP-F and T2A-EGFP-R. These PCR products were digested with enzyme sets HindIII & EcoR I, Kpn I & Not I, and Not I & BamH I, and then ligated into pcDNA3.1 plasmid vector (pcDNA-LgE-G-EGFP-RgE), respectively. (B) Viral genome DNA isolated from BHV-1-ΔgE-G infected MDBK cells was used to carry out PCR and sequencing. (C) The RABV G expressed in MDBK infected with BHV-1-ΔgE-G at 24 hpi was detected by Western blot. (D) The RABV G incorporated in virion of BHV-1-ΔgE-G was purified by sucrose gradient ultracentrifuge and detected by Western blot. (E) The RABV G incorporated in virion of BHV-1-ΔgE-G was purified by sucrose gradient ultracentrifuge and analyzed by EM. (F) Multistep growth curves of BHV-1-ΔgE-G and BHV-1 in MDBK cells. MDBK cells were infected with the indicated viruses at an MOI of 0.01, and the virus titers in infected cell supernatants were determined at indicated time point. (G) The plaque diameter of BHV-1-ΔgE-G and BHV-1 was analyzed by the viral plaque assay using a Nikon ECLIPSE TS100 microscope. (H) The prorogation of apoptotic cells infected by BHV-1-ΔgE-G, BHV-1, and RABV was determined with BD Accuri C6 Flow Cytometer, and the data were analyzed with FlowJo software (TreeStar, San Carlos, CA). Significance was assessed using Student's t-test. **P ≤ 0.01.



Table 1. Primers used in the study.
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Virus Recombination and Plaque Purification

The sgRNA/Cas9 vectors and donor vectors were co-transfected into VERO-E6 cells with 1 μg of sgRNA/Cas9 plasmid and 4 μg of pcDNA-LgE-G-EGFP-RgE plasmid using Lipofectamine 3000 (Invitrogen, CA, USA) according to the manufacturer's instructions. After 6-h transfection, the parent BHV-1 was infected at a multiplicity of infection (MOI) of 0.01 and the culture medium was changed to DMEM with 2% FBS, and cells were collected at 48-h post-infection (hpi). After three rounds of freeze and thaw, the cell lysate was centrifuged for 5 min at 10,000 rpm/min. The supernatant was used for the next propagation or stored at −80°C. The first-generation recombinant virus was purified by fluorescence-activated cell sorting. For recombinant virus purification, the infected MDBK cells (MOI = 0.01) were covered by 1% low melting-point agarose. After 72 h of infection, well-separated plaques with positive EGFP or negative EGFP were picked up by pipette tip and stored in microtubes containing 200 μl serum-free DMEM. The rescued virus was subjected to at least 10 rounds of plaque purification assay. All plaque purified viruses were passaged 20 rounds on MDBK cells and then evaluated by PCR, flow cytometry, viral plaque assay, and Western blot as described below.



Purification of Recombinant BHV-1 by Fluorescence-Activated Cell Sorting

The fluorescence-activated cell sorting was performed as previously described with slight modifications (Di Lullo et al., 2010). The fluorescence-activated cell sorting was performed on BD FACSAria cell sorter (BD Biosciences, USA) with 488 nm lasers. MDBK cells were infected with the first-generation recombinant BHV-1 at an MOI of 0.01. At 48 hpi, cells were washed, trypsinized, washed again, resuspended in a culture medium, and kept on ice. The MDBK cells expressing EGFP were sorted into a 96-well plate with 5,000 cells per well.



Plaque Assay for BHV-1

BHV-1 was titrated on MDBK cells by viral titering-Plaque Assay. MDBK cells were cultured in 12-well plates for 12 h and then infected with 10-fold dilutions of BHV-1. After 2 h of incubation, cells were washed with PBS and then cultured in DMEM with 1% FBS and 4% sodium carboxymethyl cellulose (Sigma, USA). After 2 days of incubation at 37°C, cells were fixed with 10% formaldehyde and stained with crystal violet. The number of plaques was recorded and the plaque-forming unit per ml (PFU/mL) was calculated as follows: Virus titer (PFU/mL) = (number of plaques per well × virus dilution factor)/virus inoculation per mL).



Western Blotting

MDBK cells extract or purified virions were lysed in hot Laemmli sample buffer (BIO-RAD, USA) and boiled for 5 min. All samples were resolved by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene difluoride (PVDF) membrane. PVDF blocked with tris-buffered saline (TBS) contained 1% bovine serum albumin (BSA) and then incubated with respective primary antibodies at room temperature for 2 h, followed by horseradish peroxidase-conjugated secondary antibodies (Sigma) for 1 h at room temperature. Proteins were detected by west pico chemiluminescent substrate (Thermo Fisher Scientific, United States). Band signals corresponding to immunoreactive proteins were developed by exposure in the Tanon 5200 imaging system (Tanon Science and Technology, Beijing, China) using Tanon MP software. An anti-BHV-1 gB antibody was purchased from VMRD INC. (WA, USA) and anti-RABV G (G53) monoclonal antibody was prepared as previously described (Jiang et al., 2010).



Electron Microscopy and Immunogold Labeling for BHV-1-ΔgE-G

Viruses are purified by 3K Ultra-15 Centrifugal Filter Units (Millipore, USA). The G in BHV-1-ΔgE-G was labeled with 10-nm immunogold and evaluated by transmission electron microscopy (TEM) as described previously with minor modification (Li et al., 2019). In brief, viruses were absorbed onto parlodion-coated nickel grids for 30 min followed by fixation with 2.5% glutaraldehyde for 30 min. Grids were then washed with a drop of TBS, pH 7.4, three times for 5 min, followed by floating on a drop of RABV G-specific monoclonal antibody (G53) diluted to 1:300 in TBS containing 1% BSA for 1 h. After washing with TBS three times, samples were incubated for 1 h with Goat Anti-Mouse IgG H&L (10 nm Gold), and preadsorbed (Abcam, USA) and diluted at 1:10 in TBS containing 1% BSA. Grids were again washed with TBS and then stained with 2% phosphotungstic acid (pH 7.0) for 30 s. The grids were then observed under an FEI Tecnai G2 F20 S-Twin transmission electron microscope (Thermo Fisher, USA).



Flow Cytometry

For immune cells activation analysis, inguinal lymph nodes of mice were taken out after administration and slowly added to a 100-μm cell filter (Sigma-Aldrich) with a pipette gun for filtration and centrifuged the obtained filtrate at room temperature at 400 g for 5 min. Samples were resuspended with PBS buffer containing 2% FBS and 20 nM EDTA. The above steps were repeated twice. Cells were stained with fluorescent-labeled differential markers CD4, CD11c, CD86, CD80, and CD138, major histocompatibility complex class II (MHC-II), IL-17, Foxp3 antibodies, and an isotype control for 1 h and washed twice, then measured by flow cytometry. All the antibodies used in the flow cytometry above were purchased from BD biosciences (USA). For apoptosis assay, MDBK cells were infected with BHV-1, BHV-1-ΔgE-G, or SAD virus for 48 h at MOI of 0.01, respectively. Cells were collected at 48 hpi and detected the apoptosis using FITC Annexin V Apoptosis Detection Kit I (BD biosciences, USA) by flow cytometry. Cells were suspended with PBS containing 1% FBS and 2 μM EDTA solutions, washed twice with cold PBS, and resuspended cells in 1X Binding Buffer at a concentration of 106 cells/ml. Transfer 100 μl of the solution (1 × 105 cells) to a 1.5-ml centrifuge tube. Add 5 μl of FITC Annexin V and 5 μl PI to cells undergoing apoptosis (FITC Annexin V positive and PI negative). Gently vortex the cells and incubate for 15 min at RT (25°C) in the dark. Add 400 μl of 1X Binding Buffer to each tube and analyze by flow cytometry within 1 h. Flow cytometry was performed on BD AccuriTM C6 flow cytometry (BD Bioscience), and data were analyzed by BD FACSDiva (BD Pharmingen) and FlowJo software (TreeStar, San Carlos, CA), and finally, GraphPad Prism 5.0 software was used to plot the analyzed data.



Statistics Analysis

Statistical significance of the differences between groups was determined using student's t-test with *** indicating a p < 0.001, ** a p < 0.01, and *a p < 0.05 using Graph Pad prism software (GraphPad Software, Inc., CA). The statistical significance of survival rates was determined by the log-rank test and Kaplan–Meier survival analysis.



Ethics Statement

All animal procedures were approved by the Ethics Committee of Inner Mongolia University (IMU-MO-2020-031). All efforts were made to minimize animal suffering. The animal experiments involving the infection with RABV were carried out in the animal facility with ABSL-2 level at Inner Mongolia University.




RESULTS


Construction and Characterization of Recombinant BHV-1 Expressing RABV G

Our lab's previous report indicated that EGFP inserted between the gI and US9 genes of BHV-1 was expressed well in MDBK cells (Mu et al., 2018). The safety and immunogenicity of recombinant BHV-1 have also been approved in the last decades (Kaashoek et al., 1994). To explore the potential of BHV-1 as a live prophylactic vaccination candidate for protection from rabies, the RABV G gene was used instead of the partial gE gene (amino acid position of gE, 136 Met to 513 Leu) for constructing a recombinant BHV-1. To avoid false genetic recombination caused by green fluorescent gene expression in the homologous recombination donor template, the expressions of RABV G and EGFP were driven by the endogenous viral promoter without other specific promoters, which occurs only after precise DNA homologous recombination (Figure 1A). The recombinant virus, BHV-1-ΔgE-G, was established with two steps of CRISPR/Cas9 and DNA homologous recombination and purified with FACS technique as specifically described in Materials and Methods section. First, the gE gene of BHV-1 was replaced with RABV G and EGFP by CRISPR Cas9-mediated homologous recombination. Next, the EGFP in the recombinant was deleted by CRISPR Cas9-mediated homologous recombination. After 20 rounds of virus passage in the MDBK cells, the stability of the inserted gene was confirmed by PCR analysis and sequencing (Figure 1B). Expression of the G protein was detected by Western blot in BHV-1-ΔgE-G-infected MDBK cells. At 24 hpi, specific expression of RABV G in MDBK was detectable (Figure 1C). The BHV-1-ΔgE-G was purified by sucrose gradient ultracentrifuge and the G incorporated into the virions was analyzed by Western blot (Figure 1D). A RABV G band was detected in the BHV-1-ΔgE-G virions, whereas no RABV G band was found in the parental BHV-1 virions. To visually observe the expression of RABV G on BHV-1-ΔgE-G, the virus particles of BHV-1-ΔgE-G were analyzed using RABV G-specific antibodies and examined with an electron microscope (EM). RABV G was detected on the surface of BHV-1-ΔgE-G which indicated that RABV G is incorporated into the recombinant BHV-1 particles (Figure 1E).

MDBK cells were infected with parental BHV-1 or BHV-1-ΔgE-G at an MOI of 0.01, and the supernatants were quantified by viral plaque assay in MDBK cells. As shown in Figure 1F, BHV-1-ΔgE-G had similar initial growth kinetics, and both the virus titers of parental and recombinant BHV-1 reach 106.5 FFU at 48 hpi. The viral plaque morphology was also observed under the microscope. The plaque diameter of BHV-1-ΔgE-G was almost twice the diameter of parental BHV-1 (Figure 1G). Previous studies have reported that the RABV G induces cell apoptosis (Sarmento et al., 2005). To investigate whether the stronger cytopathic effect (CPE) of BHV-1-ΔgE-G is induced by the apoptosis, MDBK cells were infected with BHV-1, BHV-1-ΔgE-G, or SAD for 48 h at an MOI of 0.01, respectively (Figure 1H). The prorogation of apoptotic cells infected by BHV-1-ΔgE-G (17.0%) was higher than BHV-1 (10.4%) and RABV (1.2%).



Clinical Observations and VNA Persistence of BHV-1-ΔgE-G in Mice

To estimate any adverse effects on mice that might induce by BHV-1 infection, 2-week-old ICR mice and 6-week-old female ICR mice were administered with 106 FFU of BHV-1, BHV-1-ΔgE-G, SAD, or mock-infected with DMEM via intramuscularly (IM) route. All the 2-week-old mice injected with SAD succumbed to infection within 15 days. In contrast, all mice infected with BHV-1-ΔgE-G or BHV-1 were non-lethal mice (Figure 2A). As previously reported, the SAD and its derivatives remained pathogenic for young rodents (Rasalingam et al., 2005).
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FIGURE 2. Clinical observations and VNA persistence in mice that administrated SAD and BHV-1-ΔgE-G via the IM route. (A) The survivorship of 2-week-old and 6-week-old female ICR mice inoculated with the indicated virus via IM route. (B) Body weight change (%) was evaluated in mice which were injected with the indicated virus via the IM route. (C) Inguinal lymph nodes were obtained from immunized mice and subjected to HE staining. (D) The gB gene expression in mice inguinal lymph nodes that were immunized with BHV-1-ΔgE-G was detected by PCR and analyzed with electrophoresis. (E) The inguinal lymph nodes were obtained from mice immunized with the indicated virus and evaluated the virus titer. (F) The serum of mice inoculated with the indicated virus was subjected to RFFIT for the analysis of VNA.


For 6-week-old mice, RABVs were non-pathogenic. All mice (n = 10) were observed daily for 2 weeks with body weight change and clinical symptoms. After 4 days of immunization, the body weight of all mice increased gradually as normal mice (Figure 2B). None of the clinical symptoms were observed in the mice after administration with any of the viruses mentioned above. To determine whether the BHV-1 infection in mice was reflected in the pathological change of inguinal lymph nodes, surrounding tissues were collected from mice for histopathology. There was no significant histological change between BHV-1-ΔgE-G immunized mice and mock-immunized mice (Figure 2C). The gB of BHV-1 can be detected from 1 day to 9 days after immunization in mice inguinal lymph nodes, and the expression level of gB was decreased from 5 days post-immunization (Figure 2D). The live BHV-1-ΔgE-G in mice inguinal lymph nodes can be detected within 1 week and the virus titer was lower than 10 PFU/ml (Figure 2E). To evaluate the persistence of the VNA against RABV, the mice sera were collected at 1, 2, 4, and 8 weeks after IM immunization and the VNA in serum was estimated by the fluorescent antibody virus neutralization (FAVN) test. As expected, BHV-1-ΔgE-G induced a persistent and high level of VNA in mice serum, 1 week after immunization until 8 weeks, and the VNA level was higher than 1 IU (Figure 2F). The VNA level of BHV-1-ΔgE-G immunized mice was similar to the SAD-immunized mice, both of which were higher than 0.5 IU, which was the minimum protective antibody level in carnivores (Cliquet et al., 1998).



BHV-1-ΔgE-G Enhances the Activation of DC and B Cell

To determine the immune effect of recombinant virus BHV-1-ΔgE-G, 6-week-old ICR mice were immunized via IM route with 2 × 105 PFU of BHV-1-ΔgE-G, 2 × 105 FFU of SAD, or mock-immunized control group (DMEM), respectively. Seven days and 14 days post-immunization, single-cell suspensions were prepared from inguinal lymph nodes of mice, and activation of DCs, Th17 cells, and B cells in lymph nodes were analyzed by flow cytometry. As shown in Figure 3A, the activation of DC cells (CD11c high expression and CD86 high expression) in the lymph nodes of mice which were immunized with the BHV-1-ΔgE-G were significantly higher than SAD and mock-immunized group. In addition, the number of Th17 cells and B lymphocytes in the recombinant virus BHV-1-ΔgE-G group increased significantly, which was higher than that in SAD and mock-immunized groups, indicating that the recombinant virus promoted the increase of Th17 cells and B lymphocytes and activated humoral immunity (Figures 3B,C). To further confirm the activation of DC, whether it is directly induced by the BHV-1-ΔgE-G, the bmDCs were infected with 0.1 MOI of BHV-1, 0.1 MOI of BHV-1-ΔgE-G, 0.1 MOI of SAD, or mock-infected control group (DMEM), respectively. At 48 hpi, DCs were evaluated by FACS, and the number of CD11chi & CD86hi cells, CD11chi & CD80hi cells, and CD11chi & MHC IIhi cells in BHV-1-ΔgE-G-infected group were significantly higher than other groups (Figure 3D). These results suggest that the recombinant virus BHV-1-ΔgE-G can activate the DCs in vivo and in vitro, and further maturated T cells and B cells.
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FIGURE 3. BHV-1-ΔgE-G induces early activation of immune cells. (A–C) Flow cytometric analysis of activation status of DCs, Th 17 cells, and B cells in mice inguinal lymph nodes which were immunized with the indicated virus via the IM route. (D) Flow cytometric analysis of CD11c, CD86, or MHCII expression level of DCs infected with 0.1 MOI of indicated virus at 48 hpi. Significance was assessed using Student's t-test. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001.




Induction of Protective Immune Response in Mice

To determine the immune protection rate of BHV-1-ΔgE-G via IM route, mice were immunized with 2 × 105 PFU of BHV-1-ΔgE-G and 2 × 105 FFU of SAD virus on days 1 and 14, respectively, and DMEM was injected as the mock immunization group. Seven days post the boost, rabies virus Challenge Virus Standard (CVS-24) with 50 of LD50 was used to infect the above mice. The clinical symptoms and survival rate of the mice were observed until 21 days post-infection. As shown in Figure 4A, the survival rates of mice injected with BHV-1-ΔgE-G and SAD were 90 and 100%, respectively. While in the mock-immunization group, all mice died within 11 days after CVS-24 challenge. These results indicate that the recombinant virus BHV-1-ΔgE-G can produce effective immune protection efficiency in mice by intramuscular injection.
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FIGURE 4. Survival rate and VNA of mice post-challenge. (A) Six-week-old female ICR mice were randomly divided into three groups, and each group included 10 mice. Each group of mice was inoculated once with 105 PFU of BHV-1-ΔgE-G, 105 FFU of SAD or medium control, respectively. Each mice was inoculated with 20 μl of virus, 10 μl for each hind leg. All mice received a challenge with 50 LD50 CVS-24 via an IM route at 21 days post-immunization. Mice were seen to be moribund or that had lost more than 30% of their starting body weight were humanely euthanized. The number of euthanized mice and the corresponding days of death were observed, and the results were graphed by GraphPad Prism 5.0 software. (B) Virus titers in the brains of surviving and dead mice. (C) VNA in the serum of dead and surviving mice.


In mice that succumbed to rabies, an average virus titer in mice brain reached 104.5 FFU/ml, while the virus titer in mice brain that protected by vaccine is nearly to 0 FFU/ml (Figure 4B). In mice immunized with BHV-1-ΔgE-G or SAD, the average VNA production of 2.25 IU/ml or 3.00 IU/ml was detected, respectively (Figure 4C). Therefore, the immune protection efficiency of BHV-1-ΔgE-G group was same as the SAD, and the recombinant virus BHV-1-ΔgE-G is an ideal vaccine candidate.



Clinical Observations and Antibody Response of Cattle Immunized With BHV-1-ΔgE-G via IM Route

To test whether the BHV-1-ΔgE-G is a potential vaccine candidate in cattle, we test the safety, virus persistence period, and RABV-specific VNA in cattles' serum after IM injection. Each group of five cattle was immunized via IM route with a single dose of 107 PFU of BHV-1-ΔgE-G or 107 FFU of SAD virus on day 1, and DMEM was taken as a control group. Clinical symptoms and VNA in cattle serum were observed after being immunized for another 12 weeks without challenge. None of these cattle developed any clinical signs during the observation period. Serum samples were collected at 1, 6, 12, and 18 weeks and subjected to virus titration and VNA analysis. In addition, none of the live SAD and BHV-1-ΔgE-G in cattle's serum was detected within 18 weeks. As shown in Figure 5, both BHV-1-ΔgE-G and SAD vaccinated cattle produce productive serum VNA. The VNA titers of BHV-1-ΔgE-G immunized cattle were 0.8, 1.05, 2.0, and 1.7 IU/ml at 1-, 6-, 12-, and 18-weeks post-immunization, and the VNA titers of SAD-vaccinated cattle were 1.85, 2.0, 2.4, and 2.0 IU/ml at 1-, 6-, 12-, and 18-weeks post-immunization, respectively. Furthermore, to test whether the recombinant virus produced specific immunity to BHV-1, bovine serum was collected on the 14th and 21st days after IM injection, and OD values of gB specific antibodies were detected in the serum by gB antibody ELISA kit (IDEXX, USA). As shown in Figure 5B, OD values of BHV-1-ΔgE-G immunized cattle were 1.273 and 1.276 on 14- and 21-days post-immunization, and OD values of BHV-1-ΔgE-G-immunized cattle were 1.291 and 1.238 on 14- and 21-days post-immunization, indicating that the recombinant virus could produce specific immunity to BHV-1.
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FIGURE 5. VNA level of cattle immunized with BHV-1-ΔgE-G via IM route. (A) Five cattle immunized with a single dose of 107 PFU of BHV-1-ΔgE-G, 107 PFU of SAD, or DMEM. Serum samples were collected at 1, 6, 12, and 18 weeks and subjected RFFIT for VNA analysis. (B) Serum samples were collected on 0 day, 14 days, and 21 days and performed ELISA for gB antibody for BHV-1.





DISCUSSION

The existing rabies vaccine used in animals still has several disadvantages to be improved, such as, reducing the cost of vaccinations, increasing cellular immune response, prolonging the immune protection period, distinguishing wild-type virus infection from vaccine immunization, and decreasing potential pathogenicity. There are four possible ways to further improve the above problems. First, combining several antigens into a multivalent vaccine is a traditional approach used to provide broad coverage of protection for different diseases and reduce the cost of immunization. Second, for the development of immune responses specific to RABV infection, our lab previously constructed several recombinant RABVs that expressed cytokine or chemokine to enhance innate and adaptive immune responses (Wen et al., 2011; Li et al., 2017). Third, the risk of pathogenicity enhancement in RABV-based live rabies vaccines used in animals needs to be seriously considered (Hostnik et al., 2014; Vuta et al., 2016). A recombinant virus vector expressed that RABV G might be a possible way to solve this problem. And several other virus-based vectors may also induce a higher and long-lasting immunoreaction. Fourth, due to the live-rabies virus used in wildlife, any RABV isolated from animals in a vaccination region needs a rapid characterized method using monoclonal antibodies or molecular techniques to distinguish vaccine RABVs from wild-type RABV. A recombinant rabies vaccine containing molecular markers would be a good solution.

In the present study, BHV-1 was shown to induce a rapid and stronger immune response by recruiting and activating DCs, which also maturate B cells and result in secreting of VNA against RABV. IM vaccination of BHV-1-ΔgE-G induced a protective level of VNA response in mice and cattle. Furthermore, a single dose of BHV-1-ΔgE-G could protect mice from 50 LD50 of CVS-24 RABV challenge, and IM-immunized cattle developed a RABV-specific serum antibody titers higher than 0.5 IU/ml within 14 days. A key characteristic of herpes virus infection is that they persist and induce durable immune responses in their infected hosts. Previous studies reported that replication-defective herpes viruses have been used as vectors for gene therapy (Burton et al., 2005) or for vaccine, including Simian immunodeficiency virus (SIV) (Kaur et al., 2007), Influenza virus, Dengue virus (DENV) (Bischof et al., 2017), Porcine circovirus type 2 (PCV2) virus (Chi et al., 2014), Bovine viral diarrhea virus (BVDV) (Chowdhury et al., 2021), Bovine respiratory syncytial virus (BRSV) (Schrijver et al., 1997), Peste des petits ruminants virus (PPRV) (Macchi et al., 2018), and Nipah Virus (Pedrera et al., 2020). Furthermore, Canine Herpesviruses and BHV-5 have been validated safety and effective for a rabies vaccine vector. On the other hand, cellular apoptosis can activate innate and adaptive immunity that may prevent and treat infectious diseases and cancer (Restifo, 2000). As well, large numbers of apoptotic cells entirely triggered DC maturation and processed intracellular antigens from apoptotic cells (Rovere et al., 1998). Previous studies reported that apoptosis in rabies may block virus replication and apoptosis in inflammatory cells and promote the elimination of the virus by the host inflammatory response (Suja et al., 2011). In our study, the G of BHV-1-ΔgE-G was specifically expressed intracellular and on the virion. Moreover, the BHV-1-ΔgE-G induced a stronger apoptosis response than parent BHV-1 or RABV. In particular, almost all cattle will be immunized with the BHV-1 vaccine in most areas of China, especially in the grazing areas where the BHV-1-ΔgE-G will also effectively block rabies transmitted by wild animals. Meanwhile, it can reduce the cost and inconvenience of reimmunization against rabies.

The safety of the novel vaccine vector is considered the most important feature, but it is hard to evaluate the vaccine in all nature host animals. Therefore, we examined the safety of BHV-1-ΔgE-G in cells, mice, and cattle. The RABV G gene was inserted between the gI and US9 genes of BHV-1 strain NM14 and was correctly expressed in good amounts, which did not detectably alter the growth characteristics of parental BHV-1, and the RABV G was stably inherited after 20 rounds of passage in cells, as similarly reported after expression of BVDV envelope protein and PPRV envelope glycoprotein in a BHV-4 vector (Kweon et al., 1999; Macchi et al., 2018). Furthermore, in immunized mice that are non-permissive for BHV-1, only early BHV-1 genes are expressed, and live BHV-1 cannot detect after 14 days inoculation in blood of mice and consequently cannot induce efficient anti-BHV-1 specific immunity. Previous research reported that a replication-deficient HSV-1 vector also provided a good immune response (Samaniego et al., 1998); hence, we will construct a replication-deficient BHV-1 vaccine vector to enhance the safety in the next step of the experiment.

Previous herpes virus-based vaccine was constructed by homologous recombination, which requires to pick hundreds of virus plaques to get one recombinant virus. We combined highly efficient DNA virus recombinant systems in BHV-1 construction, CRISPR/Cas9, and single cell FACS technology to increase the viral gene editing efficiency and virus purification efficiency. Our previous study also reported that BHV-1 gene recombination efficiency in VERO-E6 cells is significantly higher than other cells and using a pair of gRNAs can promote homologous recombination efficiency. Therefore, we can obtain recombinant BHV-1 by a simple plaque purification procedure.

In the present study, we constructed a recombinant BHV-1 that expressed RABV G (BHV-1-ΔgE-G) using CRISPR-Cas9 and estimate the safety and immunogenicity as a multivalent vaccine against animals' rabies in cattle. Animal experiments demonstrated that BHV-1 did not cause any adverse clinical syndromes in mice and cattle, and this vaccine might have a potential to control the cattle and other ruminants derived rabies epidemic in China and some developing countries.
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The establishment of Japanese encephalitis virus (JEV) infection in brain microvascular endothelial cells (BMECs) is thought to be a critical step to induce viral encephalitis with compromised blood–brain barrier (BBB), and the mechanisms involved in this process are not completely understood. In this study, we found that epidermal growth factor receptor (EGFR) is related to JEV escape from interferon-related host innate immunity based on a STRING analysis of JEV-infected primary human brain microvascular endothelial cells (hBMECs) and mouse brain. At the early phase of the infection processes, JEV induced the phosphorylation of EGFR. In JEV-infected hBMECs, a rapid internalization of EGFR that co-localizes with the endosomal marker EEA1 occurred. Using specific inhibitors to block EGFR, reduced production of viral particles was observed. Similar results were also found in an EGFR-KO hBMEC cell line. Even though the process of viral infection in attachment and entry was not noticeably influenced, the induction of IFNs in EGFR-KO hBMECs was significantly increased, which may account for the decreased viral production. Further investigation demonstrated that EGFR downstream cascade ERK, but not STAT3, was involved in the antiviral effect of IFNs, and a lowered viral yield was observed by utilizing the specific inhibitor of ERK. Taken together, the results revealed that JEV induces EGFR activation, leading to a suppression of interferon signaling and promotion of viral replication, which could provide a potential target for future therapies for the JEV infection.

Keywords: Japanese encephalitis virus, human brain microvascular endothelial cells, epidermal growth factor receptor, interferon, ERK


INTRODUCTION

Japanese encephalitis virus (JEV) is an arbovirus that remains the leading cause of Flavivirus-based mosquito-borne viral encephalitis worldwide. The epidemic of Japanese encephalitis (JE) is mainly observed in Asia, but the western Pacific and northern Australia are also exposed to the risk of JEV infection nowadays (Turtle and Driver, 2018; Kuwata et al., 2020). Approximately, one-third of patients hospitalized with JE die due to the lack of approved therapies and antiviral drugs in endemic areas, which is thought to be a high case fatality rate (Griffiths et al., 2014).

Japanese encephalitis is usually accompanied by the disruption of the blood–brain barrier (BBB), which is a highly specialized structure as the first immune barrier and helps in the maintenance of the homeostasis of the central nervous system (CNS) microenvironment by restricting the invasion of pathogens (Saunders et al., 2008; Burkhart et al., 2015; Chen and Li, 2021). Among the cells composing BBB, brain microvascular endothelial cells (BMECs) are the crucial components that space out neurons from blood circulation (Sweeney et al., 2019). The release of the viral particles from JEV-infected BMECs has been considered to be one of the mechanisms by which the JEV penetrates the BBB (Lai et al., 2012; Al-Obaidi et al., 2017). Apart from JEV, it has been reported that the Zika virus (ZIKV) can continuously establish infection and is released basolaterally from human brain microvascular endothelial cells (hBMECs) (Mladinich et al., 2017). The endothelial cells of the BBB expressed all of the recognized HCV entry receptors and supported HCV infection, which contributed to changed endothelial permeability (Fletcher et al., 2012). In terms of immune activation of BBB, previous studies provide little information on the antiviral ability of BMECs directly against JEV. Nevertheless, immune response featuring pro-inflammatory and anti-inflammatory signaling could be initiated in BMECs in response to pathogens or external stimuli (Chen and Li, 2021). A previous study showed that a robust interferon-β (IFN-β) response was induced in endothelial cells during Nipah virus (NiV) infection (Lo et al., 2010). Li's report also has revealed that the antiviral factors released from immune-activated hBMECs inhibit the infection of HIV in macrophages (Li et al., 2013). Besides, in hBMECs, productive JEV infection has been reported, which causes IFN-β and tumor necrosis factor-α (TNF-α) production (Shwetank et al., 2013). Without a doubt, exposure to pathogens like JEV could profoundly affect the immune function of BMECs.

The epidermal growth factor receptor is a tyrosine kinase receptor that belongs to the ERBB family, whose activation involves the specific ligands including epidermal growth factor (EGF), transforming growth factor-α (TGFα), betacellulin (BTC), heparin-binding EGF-like growth factor (HB-EGF), epiregulin (EREG), epigen (EPGN), and amphiregulin (AREG) (Cataldo et al., 2011; Liebmann, 2011; Freed et al., 2017). The activation of EGFR has been proved to be decisive in many diseases (Linggi and Carpenter, 2006; Finigan et al., 2012; Chen et al., 2017; Martin et al., 2017). Recent studies have demonstrated that activated EGFR in hBMECs contributes to bacteria-mediated disruption of BBB and causes neuroinflammation (Wang et al., 2016; Yang et al., 2016). The activation of EGFR and its downstream cascade are also essential in restricting the host's innate immunity against virus infection (Lupberger et al., 2011; Ueki et al., 2013). For example, impaired activation of EGFR by prostasin causes a decreased dengue virus (DENV) propagation through the downregulation of cyclooxygenase/prostaglandin-E2 (COX-2/PGE2) (Lin et al., 2019). EGFR signaling suppresses the production of IFN response genes to weaken the host antiviral effect in HCV infection (Lupberger et al., 2013). Similarly, Yang et al. have reported that infection by porcine epidemic diarrhea virus (PEDV) activates EGFR and its downstream STAT3, and the treatment with the inhibitor of either EGFR or STAT3 decreases virus production by the upregulation of type I interferon (IFN-I) (Yang et al., 2018). Moreover, during influenza A virus (IAV) infection, the EGFR/mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK)/specificity protein 1 (Sp1) signaling cascade was found to participate in the production of the epithelial cell-derived mucin MUC5AC, which provides a protective barrier against pathogenic challenges (Barbier et al., 2012). In the case of JEV, attachment of the virus to host cells induces the activation of EGFR signaling, thereby leading to RhoA activation, which promotes the activation of caveolin-1 and Rac1, thus resulting in caveolin-associated viral internalization (Xu et al., 2016). In hBMECs, activated EGFR has been reported not only to prompt the invasion of meningitic Escherichia coli (E. coli) but also to cause neuroinflammation in Streptococcus suis (S. suis) meningitis (Yang et al., 2016; Fu et al., 2018). However, to the best of our knowledge, whether EGFR is involved in the JEV infection of hBMECs is still obscure.

In the present study, we validated the specific role of EGFR on JEV propagation in brain microvascular endothelial cells. JEV infection activated EGFR and its downstream cascades. Using specific inhibitors and knocking out the endogenous EGFR, it was confirmed that EGFR assists the replication and virion production of JEV by negatively regulating the antiviral efficacy of interferon signaling, but does not affect viral attachment or entry. Together with the knowledge of the roles of EGFR in virus infection, the work presented here revealed the mechanism of how JEV exploits EGFR signaling to prompt virus replication, which is likely to provide insights into JEV-induced CNS invasion.



MATERIALS AND METHODS


Viruses and Cell Culture

The JEV P3 strain was generated and harvested in mice brains according to the protocol in the previous study (Li et al., 2015). The heat-inactivated JEV P3 (heated-JEV P3) was acquired via incubating at 94°C for 15 min (Chang et al., 2015). The ZIKV MR766 was generated in the Vero cell line and collected for experiments. The hBMEC and hBMEC EGFR knockout (EGFR-KO) cell lines were kindly provided by Dr. Xiangru Wang (Huazhong Agricultural University, Wuhan, China) and subcultured in flasks with 10% heat-inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 1 mM sodium pyruvate, vitamins, essential amino acids, nonessential amino acids, and 100 U/ml penicillin-streptomycin in RPMI 1640 medium, and maintained in a humidified incubator (37°C, 5% CO2) (Wang et al., 2016). The Vero and BHK-21 cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) (Gibco) plus 10% FBS and 1% penicillin/streptomycin. The cells were starved in a serum-free medium for 12~16 h and subjected to further experimentation when cells were 90~95% confluent.



Reagents, Antibodies, and Inhibitors

Human EGF recombinant protein (rhEGF) was purchased from Life Technologies (Gaithersburg, MD USA). Proteinase K, phenylmethylsulfonyl fluoride (PMSF), and Cell Counting Kit (CCK-8) assay were all obtained from Biosharp (Anhui, China). HighGene Transfection reagent (RM09014) was purchased from ABclonal (Wuhan, Hube, China). The EGFR inhibitor AG1478 (HY-13524), Gefitinib inhibitor (HY-50895), ERK inhibitor U0126 (HY-12031), and HSP90/STAT3 inhibitor 17-AAG (HY-10211) were purchased from MedChem Express (Shanghai, China). Antibodies used for Western blotting, anti-phospho-EGFR (Tyr1068), and anti-EGFR antibodies (both rabbit polyclonal antibodies) were obtained from Cell Signaling Technology (Danvers, MA, USA). Anti-phospho-STAT3 (Tyr705) and anti-STAT3 (both rabbit) were purchased from Abcam (Cambridge, MA, USA). Anti-phospho-ERK-T202/Y204 and anti-ERK antibodies (both rabbit) were purchased from ABclonal (Wuhan, Hubei, China). An anti-β-actin antibody was purchased from Proteintech (Chicago, IL, USA). Monoclonal antibodies of JEV envelope (E) and ZIKV non-structural protein 5 (NS5) were courtesy of Dr. Shengbo Cao (Huazhong Agricultural University, Wuhan, China). For immunofluorescence, mouse anti-EGFR antibody was obtained from Abcam and rabbit anti-EEA1 antibody was from Cell Signaling Technology, while Alexa Fluor 488 or Cy3-labeled secondary antibodies and DAPI were obtained from Thermo Fisher Scientific (San José, CA, USA).



Drug Treatments and Virus Infection

When cells reached 100% confluence, hBMECs and Vero cells were serum-starved for 12~16 h before rhEGF was added. After that, cells were washed to prepare for the subsequent experiments. For the inhibition experiment, hBMECs were treated with the inhibitors AG1478, gefitinib, U0126, 17-AAG, or the vehicle control dimethyl sulfoxide (DMSO) at various concentrations for the corresponding times as previously described (András et al., 2005; Maruvada and Kim, 2012). For the virus infection procedure, hBMECs and Vero cells were infected with the JEV at a multiplicity of infection (MOI) of 1 at various times. All virus infection experiments were executed using the above-described procedure unless otherwise stated. The treated cells were then acquired for the following analysis.



RNA Extraction and Quantitative Real-Time PCR

Total RNA from treated cells was extracted with TRIzol reagent following the manufacturer's instructions (Invitrogen, Grand Island, NY). The RNA was reverse-transcribed into cDNA using the ReverTra Ace qPCR RT kit (Toyobo, Japan). SYBR Green 2 × mix (Invitrogen) was utilized to perform quantitative real-time PCR using a 7500 Real-Time PCR System (Applied Biosystems). The transcriptional levels of the target mRNA were normalized to β-actin except for the JEV-C gene and ZIKV-NS5 gene. A standard curve was generated to quantify the viral copy numbers, and the pcDNA3.0-HA/JEV-C gene plasmid or the pcDNA3.0-HA/ZIKV-NS5 gene plasmid was used as a template. All amplifications were performed in triplicate, and primers employed for the quantitative real-time PCR are listed in Table 1.


Table 1. Primers used for qPCR in this study.
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Immunofluorescence (IF) and Western Blotting (WB)

Immunofluorescence staining of the cells cultured in the 12-well plate was performed to determine virus replication. In brief, the cells were rinsed with 1 × PBS and fixed in 4% paraformaldehyde. The fixed cells were subsequently permeabilized and blocked with 0.2% Triton X-100 and 5% bovine serum albumin (BSA) in 1 × PBS for 2 h at room temperature, followed by incubation with mouse anti-JEV-E or mouse anti-ZIKV-NS5 monoclonal antibody (1:1,000) in a humidified chamber overnight at 4°C. After three washes with 1 × PBS, the cells were incubated with fluorescently labeled anti-mouse IgG for 1 h at room temperature. Then, the cell nuclei were stained with DAPI. Finally, immunostained samples were visualized under fluorescence microscopy or laser confocal microscopy (Nikon STORM).

For Western blotting analyses, briefly, cells were washed with ice-cold 1 × PBS and then whole cell extracts were prepared using 60 μl of RIPA buffer containing protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail (Roche). Then the lysates were centrifuged and quantified for protein concentration using a BCA protein assay kit (Beyotime, China). Protein samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (12%) and then transferred to PVDF membranes using a wet transfer system. The membranes were blocked in 5% BSA in Tris-buffered saline with Tween 20 (TBST) for 1 h at room temperature and were incubated with primary antibodies overnight at 4°C with shaking. After washing thrice with TBST, the membrane was incubated with a horseradish peroxidase (HRP)-labeled secondary antibody and finally visualized.



Plaque Assay and CCK-8 Assay

Plaque assays were performed on BHK-21 cells utilizing the 24-well culture plate. The supernatants were collected from virus-infected cells at indicated time intervals and stored at −80°C after removing cellular debris. The clarified supernatant was subjected to serial dilution and added into confluent BHK-21 cells for 1.5 h, and then the cells were overlaid with DMEM containing 1.5% carboxymethylcellulose (Sigma-Aldrich) for 5 days. Finally, the plaques were counted to calculate viral titers.

The CCK-8 assay was performed to determine cell viability. Briefly, the hBMECs were plated into a 96-well plate at a density of 5,000 cells per well for 24 h and starved for 12~16 h with a serum-free medium. The inhibitor of various concentrations was added into cells for 2 h, and CCK-8 solutions were subsequently added to each well and continuously incubated for approximately 45 min. Finally, the absorbance of the samples was measured at a wavelength of 450 nm in a Spectrophotometer reader (Bio-Rad, CA, USA).



Measurement of Virus Attachment and Entry

The hBMECs were seeded in the 24-well plate until reaching 100% confluence, and the incubation medium was replaced with serum-free DMEM for 12~16 h. Then, the cells were incubated with JEV of indicated MOI at 4°C for 1 h (attachment assay). For entry assay, the plate was shifted to 37°C containing 5% CO2 for 2 h, proteinase K (1 mg/ml) was used to remove non-internalized virions, and then 2 mM PMSF in 1 × PBS with 3% bovine serum albumin was applied to inactivated proteinase K as previously described (Dejarnac et al., 2018).



Statistical Analysis

The statistical data are presented as the mean ± SEMs values, with at least three replicates for each treatment. Student's t-test, one-way analysis of variance (ANOVA), or two-way ANOVA were applied to analyze the statistical significance of the differences by using GraphPad Prism (v7.0; GraphPad, La Jolla, CA, USA). A value of p < 0.05 (*) was considered statistically significant, while values of p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****) indicated extremely significant differences.




RESULTS


JEV Induced EGFR Activation at the Early Phase of Infection

According to the IFN-related genes identified to be markedly altered in succession at three time points in our unpublished hBMECs RNA-seq data and similar results in Li's report on RNA-seq of JEV-infected mouse brain (Supplementary Figure S1A) (Li et al., 2017), a protein to protein interaction (PPI) network was constructed by STRING, from which the emergence of EGFR caught our attention (Supplementary Figure S1B). Nevertheless, in the monolayer of hBMECs, there was no significant difference both in transcription and translation levels of EGFR at 12, 36, and 72 h post-infection (hpi) (Supplementary Figure S1C). Many viruses activate EGFR through phosphorylation at the early stage of infection, including ZIKV, PEDV, and IAV (Yang et al., 2018; Sabino et al., 2021; Wang et al., 2021). To figure out whether EGFR could be activated by JEV through phosphorylation, phosphorylation on tyrosine sites of EGFR in hBMECs at the early phase of JEV infection was examined. hBMECs were treated with JEV, heat-inactivated JEV (heated-JEV), and DMEM, respectively, and phosphorylated EGFR was determined by Western blotting at 0, 10, 20, 30, 60, and 120 min post-treatment. Simultaneously, the total EGFR expression levels were also measured. The accumulation of phosphorylated EGFR appeared at 10 min and was sustained for at least 2 h in JEV-infected hBMECs but not in heated-JEV or mock-infected hBMECs (Figure 1A). The inactivation of heated-JEV was verified by plaque assay, in which no live virus particles were detected (data not shown). Next, Vero cells were utilized to determine whether the activation of EGFR occurred in other cell types besides hBMECs. It was observed that the phosphorylation level of EGFR was also boosted in Vero cells, which is similar to the result in hBMECs (Figure 1B). These results demonstrated that JEV but not heated-JEV could induce the phosphorylation of EGFR with no remarkable effect on the expression of total EGFR. EGF, one of the ligands of EGFR, was utilized as a positive stimulator in the activation of EGFR (Yang et al., 2018; Kim et al., 2020). To determine if cells are responsive to EGF, cells were treated with rhEGF, which could prompt the receptor dimerization, autophosphorylation, and activation of EGFR (Herbst, 2004; Xiong et al., 2020). The phosphorylation of EGFR was induced at 10 min and reached the peak at 30 min in hBMECs, but the highest level was around 10 min in Vero cells, and the total EGFR showed no noticeable change over time (Figures 1C,D). The divergence of the highest levels of phosphorylated EGFR in hBMECs and Vero cells is probably owing to the different biological characteristics of the two cell types, while both cells are consistent with the previous report that prolonged stimulation with EGF leads to the degradation of ligand-induced phosphorylated EGFR (Schlessinger, 1986; Sorkin, 2001). Taking all these observations together, these results suggested that JEV infection activates EGFR through phosphorylation at the early stage of infection.
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FIGURE 1. JEV infection induces EGFR phosphorylation. (A,B) hBMECs and Vero cells were infected with JEV P3 (MOI = 1) or heated-inactivated JEV P3 (heated-JEV P3, 94°C, 15 min, MOI = 1) for 0, 10, 20, 30, 60, and 120 min, and the cells treated with DMEM were used as control. Cell lysates were harvested and subsequently examined by Western blotting using the antibodies of p-EGFR, EGFR, and β-actin. Quantification of phosphorylated levels of EGFR relative to the total EGFR levels was performed. (C,D) rhEGF-treated cells showed increased phosphorylation of EGFR in a time-dependent manner. About 10 ng/ml rhEGF was added into hBMECs and Vero cells for indicated times in a 37°C humidified incubator after serum-starved for 12~16 h, then the cells were collected and prepared for Western blotting. Quantification of phosphorylated levels of EGFR relative to the total levels was analyzed with ImageJ and presented as percent of the control samples. The results are represented as mean ± SEM values from three independent experiments. ****, p < 0.0001.




JEV Triggers EGFR Internalization in hBMECs

To explore whether the intracellular localization of EGFR could be affected by JEV, hBMECs were infected with JEV at an MOI of 1. Simultaneously, hBMECs were treated with rhEGF as a positive control. The specific antibodies of EGFR (red) and EEA1 (endosome marker, green) were utilized to determine the localization of EGFR under JEV infection, which was observed by confocal laser scanning microscopy. As shown in Figure 2A, compared to hBMECs in the mock group, both in JEV- and rhEGF-treated hBMECs, cell membrane EGFR substantially decreased and EGFR in cell cytoplasm and nucleus increased and presented as intracellular dot-like structures, which is concomitant with the increasing co-localization of EGFR and endosomal marker EEA1 (Figure 2A). Thereafter, the infection of JEV in hBMECs was measured with JEV E-specific antibody (green) by confocal laser scanning microscopy (Figure 2B). These results suggested that EGFR is internalized after JEV infection. Previous data demonstrated that EGFR localization might be changed at the early stage of JEV infection. To further confirm the result, hBMECs were infected with JEV at an MOI of 10, and then images were captured by confocal microscopy. The majority of the EGFR is located at the plasma membrane in uninfected hBMECs, while contrastingly, the dot-like structures near the cytoplasm and nucleus appeared at 30 min and persisted up to 120 min after JEV infection (Figure 2C). The altered subcellular localization of EGFR in hBMECs indicates that EGFR is internalized at the early phase of JEV infection.
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FIGURE 2. Internalization of EGFR in JEV-infected hBMECs. hBMECs were infected with JEV P3 (MOI = 1) for 16 h, and then images were captured by confocal laser scanning microscopy. (A) Uninfected cells and rhEGF-stimulated cells (10 ng/ml rhEGF for 30 min) were utilized as negative and positive controls, respectively. Cells were fixed and stained with specific antibodies (EGFR and EEA1), and nuclei were stained with DAPI. Bar, 20 μm. (B) Negative control was presented with uninfected cells. Nuclei were stained with DAPI, and JEV-E protein was visualized with a JEV envelope protein monoclonal antibody. Bar, 50 μm. (C) hBMECs were exposed to JEV P3 (MOI = 10) or mock-treated for 60 min at 4°C and then transferred to a 37°C incubator for 10, 30, 60, and 120 min. Uninfected cells were used as a negative control. Nuclei were stained with DAPI, and EGFR was visualized with a specific antibody. Bar, 5 μm. The results are represented as mean ± SEM values from three independent experiments.




The Inhibition of EGFR Phosphorylation Restricts the Production of Viral Particles in hBMECs

For further study, two EGFR tyrosine kinase inhibitors, AG1478 and gefitinib, were applied, which were functionally approved in the previous research (Dhar et al., 2018; Li et al., 2021). To determine the toxic effects of the inhibitors, the cell viability of hBMECs was assessed upon inhibitor treatment. The hBMECs were seeded in 96-well plates and treated with AG1478 or gefitinib with concentrations from 0.5 to 100 μM for 48 h. In gefitinib-treated hBMECs, there were still more than 70% of cells that remained viable at the dose of 50 μM; for AG1478 treatment, in the concentration of 50 μM, 90% of cells remained viable. Hence, based on the CC50 (cell cytotoxicity at 50%), 25 μM was chosen as the highest dose of treatment in the following study for both inhibitors (Figure 3A). Afterward, hBMECs and Vero cells were pretreated with AG1478 or gefitinib in different concentrations. It was observed that the tyrosine phosphorylation of EGFR abrogated markedly after pretreatment, which confirmed that AG1478 and gefitinib could be used as inhibitors of EGFR phosphorylation in both hBMECs and Vero cells (Figure 3B).


[image: Figure 3]
FIGURE 3. EGFR inhibitors reduce JEV infection in hBMECs. (A) Cell cytotoxicity of the EGFR inhibitors. hBMECs were treated with the carrier control DMSO, AG1478, or gefitinib at various concentrations for 48 h, and cell cytotoxicity was analyzed with the CCK-8 assay. (B) The inhibitory effect of AG1478 and gefitinib in rhEGF-treated cells. The hBMECs and Vero cells were treated with corresponding concentrations of AG1478 and gefitinib for 2 h and then rhEGF was added for another 30 min for hBMECs and 10 min for Vero cells, and subsequently, the lysed cells were subjected to Western blotting. hBMECs were pretreated with DMSO, AG1478, or gefitinib for 2 h followed by virus (MOI = 1) infection for corresponding times. Results were quantified. (C,E) The verification of the JEV P3 replication in RNA and protein levels treated with indicated concentrations of AG1478 and gefitinib for 24 h. Results were quantified. (D) The effects of 10 μM AG1478 or 25 μM gefitinib on JEV P3 replication in hBMECs over time with quantitative real-time PCR. (F) The immunofluorescence (IF) assay was performed to determine JEV P3 infection in hBMECs at 24 h after being treated with 10 μM AG1478 or 25 μM gefitinib. Cells were fixed and stained with a specific antibody (JEV-E protein monoclonal antibody), and nuclei were stained with DAPI. Scale bar, 400 μm. (G) Supernatants in JEV P3-infected hBMECs with different treatments were collected, and the viral titer was detected in BHK-21 cells with plaque assay. The results are represented as mean ± SEM values from three independent experiments. * p < 0.05; ** p < 0.01; ****, p < 0.0001; ns, not significant.


Previous studies gave evidence that the EGFR pathway plays a role in producing various viruses, such as DENV, ZIKV, etc (Ueki et al., 2013; Lin et al., 2019; Chuang et al., 2020). To explore whether EGFR is involved in the JEV infection process, cells were pretreated with AG1478 or gefitinib in different concentrations. It was observed that the level of viral RNA (JEV-C gene) was dramatically decreased in hBMECs treated with 0.5 μM of AG1478, 1 μM of gefitinib, or higher doses (Figure 3C). Further study demonstrated that both 10 μM AG1478 and 25 μM gefitinib memorably inhibited viral replication at 24 h and 48 h after JEV infection (Figure 3D). Consistent with the transcription levels, viral protein (JEV-E) expression was downregulated in cells treated with 10 μM AG1478 or 25 μM gefitinib at 24 hpi (Figure 3E). As shown in the immunofluorescence assay, the number of JEV-positive cells was significantly less in AG1478- or gefitinib-treated hBMECs than in a mock-treated control group (Figure 3F). Furthermore, the plaque assay illustrated that the production of viral particles was markedly reduced with inhibitor treatment in hBMECs (Figure 3G). Then, we investigated whether activated EGFR could also affect the infection of other CNS-invading flaviviruses in hBMECs. It was reported that ZIKV persistently infects hBMECs, and another report revealed that EGFR is related to the ZIKV life cycle (Mladinich et al., 2017; Sabino et al., 2021). Thus, the replication of ZIKV was determined in AG1478- and gefitinib-treated hBMECs. The result showed a significant reduction in the expression of ZIKV protein (NS5) in the inhibitor-treated groups compared to that in the mock group, which is consistent with the result of JEV infection (Supplementary Figures S2A,B). Taken together, the results demonstrated that activated EGFR is associated with the infection of JEV and ZIKV in hBMECs.



Viral Infection Is Impaired in Endogenous EGFR Knockout hBMECs

The above-mentioned results showed a positive correlation between the activated EGFR and viral infection in hBMECs. To further evaluate the function of EGFR in JEV infection, EGFR knockout (KO) hBMEC cell lines were utilized, which were previously generated by using clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9-mediated gene editing method (Fu et al., 2018). First, the expression of EGFR was confirmed in EGFR-KO cells by Western blotting (Figure 4A). The viral infection was drastically reduced in EGFR-KO cells both in RNA and protein levels in a time-dependent manner compared to that observed in wild-type (WT) hBMECs (Figures 4B,C). As shown in the immunofluorescence assay, the number of JEV-positive cells was significantly decreased in EGFR-KO hBMECs than in WT hBMECs (Figure 4D). Additionally, the plaque assay showed the viral titer was much lower in the supernatant of EGFR-KO hBMECs than that of WT hBMECs at 24, 48, and 72 hpi, which is consistent with the result of RNA and protein levels (Figure 4E). Furthermore, similar to JEV infection, the depression of ZIKV infection was also found in EGFR-KO hBMECs (Supplementary Figures S3A–C). These findings support the proposition that EGFR is crucial in mediating Flaviviridae infection in hBMECs.


[image: Figure 4]
FIGURE 4. Viral infection was reduced in EGFR knockout hBMECs. (A) The verification of the EGFR knockout was measured with Western blotting in hBMECs. Results were quantified. (B) The comparison of JEV P3 replication between wild-type and EGFR-KO hBMECs over time by quantitative real-time PCR. (C) Western blotting assay was performed to determine the expression of JEV-E protein at different times in wild-type and EGFR-KO hBMECs. Results were quantified. (D) Wild-type and EGFR-KO hBMECs were infected with JEV P3 for 24 h, and then immunofluorescence (IF) staining was performed to detect JEV-E protein with JEV-E protein monoclonal antibody. Nuclei were stained with DAPI. Scale bar, 400 μm. (E) Supernatants in JEV P3-infected wild-type and EGFR-KO hBMECs were collected over time, and the viral titer was detected in BHK-21 cells by plaque assay. The results are represented as mean ± SEM values from three independent experiments. **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.




EGFR Is Related to the Antiviral Response of Interferon Signaling

As EGFR is positively correlated with viral infection in hBMECs, the underlying specific mechanism needs to be further elucidated. The previous report had identified EGFR as a critical regulator in JEV entry into human neuronal cells (Xu et al., 2016). Here, RT-qPCR was performed to validate whether EGFR is related to JEV entry into hBMECs. However, pretreatment with EGFR inhibitor AG1478 or gefitinib did not change either the attachment or entry of JEV to hBMECs compared to the control group treated with DMSO (Figure 5A). Additionally, consistent with inhibitor treatment, no significant difference was observed in viral attachment and entry between EGFR-KO hBMECs and WT hBMECs (Figure 5B). Since EGFR does not affect JEV attachment and entry in hBMECs, how does EGFR facilitate JEV infection in hBMECs? It has been widely reported that EGFR participates in the regulation of host innate immunity during viral infection (Lupberger et al., 2013; Qiu et al., 2020; Wang et al., 2021). For example, respiratory virus (RSV) induced EGFR phosphorylation, which inhibited interferon regulatory factor 1 (IRF1)-regulate interferon-lambda (IFN-λ) production and breakdown of airway epithelium antiviral response (Kalinowski et al., 2018). Besides, in COVID-19 therapy, EGFR signaling inhibitors potentiated the IFN-I response, thereby considered to be an attractive therapeutic strategy (Matsuyama et al., 2020). On the other hand, regarding the tight correlation between interferon response and JEV infection, it was also reported that interferon signaling affects the inoculation dose-independent mortality in JEV attacked mice (Aoki et al., 2014). Besides, restricted viral propagation was observed when IFN-β production was enabled by neutralizing miR-301a in mouse neurons (Hazra and Kumawat, 2017), In vitro, porcine IFN-α inhibited JEV replication, and the overexpression of ISG15 showed antiviral activity against JEV infection (Hsiao et al., 2010; Liu et al., 2013). Based on the studies and previous PPI analysis (Supplementary Figure S1B), we speculated that EGFR might serve as a regulator in interferon signaling of host innate immune response in JEV-infected hBMECs. Hence, the expression of several interferons and interferon-stimulated genes (ISGs) was measured. The result showed that the gene expression of type I IFNs (IFN-α and IFN-β), type III IFNs (IFN-λ1, and IFN-λ2, 3), and ISG15 were significantly increased in EGFR-KO hBMECs compared to the WT hBMECs under JEV infection (Figure 5C). Collectively, these data demonstrated the negative correlation between EGFR and interferon signaling in JEV-infected hBMECs.


[image: Figure 5]
FIGURE 5. EGFR is involved in the antiviral response of interferon signaling. (A) The hBMECs were treated with AG1478, gefitinib, or vehicle control DMSO, and then bound with JEV P3 (MOI = 10) at 4°C for 1 h for attachment. The cells were transferred to a 37°C incubator for 1 h for entry, and total RNA was extracted to determine the RNA copy numbers of JEV P3 with quantitative real-time PCR. (B) The hBMECs and EGFR-KO hBMECs were infected with JEV P3 (MOI = 10) at 4°C for 1 h. After washing thrice with PBS containing proteinase k, the cells were then transferred to a 37°C incubator for 1 h to allow virus entry. (C) Comparison between hBMECs and EGFR-KO hBMECs in mRNA levels of IFN (IFN-α, IFN-β, IFN-λ1, and IFN-λ2, 3) and ISG15 production in the presence or absence of JEV P3 infection. The hBMECs and EGFR-KO hBMECs were infected with JEV P3 (MOI = 1) for 8 h, and total RNA was extracted and quantitative real-time PCR was performed. The results are represented as mean ± SEM values from three independent experiments. **, p < 0.01; ****, p < 0.0001; ns, not significant.




ERK Is Downstream of EGFR in Regulating Interferon Signaling During JEV Infection

Next, the downstream signaling of EGFR stimulated by JEV was investigated. As previously reported, the phosphorylation of ERK or signal transducers and activators of transcription 3 (STAT3) signaling was downstream of EGFR cascade to virus infection (Kung et al., 2011; Xu et al., 2013; Ding et al., 2017). Therefore, the phosphorylation of STAT3 and ERK was measured by Western blotting in hBMECs treated with JEV, rhEGF, or DMEM. Phosphorylation levels of STAT3 and ERK were increased in the hBMECs treated with JEV and rhEGF but not DMEM (Figure 6A). The decreased phosphorylation of STAT3 and ERK was observed at 30 min post-infection with the treatment of the inhibitor AG1478 and gefitinib, but not at 10 min (Figure 6B). It was assumed that the effects of EGFR on STAT3 and ERK may be induced later. Thus, the phosphorylation of STAT3 and ERK in hBMECs was determined at 60 and 120 min with the treatment of AG1478 or gefitinib. Decreased phosphorylation of STAT3 and ERK appeared in EGFR inhibitor-treated hBMECs and EGFR-KO hBMECs compared to the WT hBMECs (Figures 6C,D).


[image: Figure 6]
FIGURE 6. ERK signaling participated in EGFR-regulated host antiviral response by activating interferon signaling. (A) Both JEV P3 and rhEGF induced the phosphorylation of ERK and STAT3 in hBMECs. hBMECs were treated with JEV P3, rhEGF, or DMEM for 0, 10, 20, 30, 60, and 120 min. The expression of p-ERK, ERK, p-STAT3, and STAT3 were determined by Western blotting analysis with specific antibodies, while the expression of β-actin was detected as a loading control. Results were quantified. (B,C) hBMECs were pretreated with 10 μM AG1478, 25 μM gefitinib, or DMSO for 2 h, followed by JEV P3 infection (MOI = 1) for corresponding times, and the cell lysis was harvested. Western blotting assay was performed to detect the expression of p-EGFR, EGFR, p-STAT3, STAT3, p-ERK, and ERK. Results were quantified. (D) The hBMECs and EGFR-KO hBMECs were infected with JEV P3 (MOI = 1) for corresponding times, and the protein expression was examined using indicated antibodies. Results were quantified. (E) hBMECs were pretreated with U0126 (10 μM, ERK inhibitor), 17-AAG (1 μM, STAT3 inhibitor), or DMSO, and then infected with JEV P3 (MOI = 1) for 60 or 120 min. The proteins were analyzed with indicated antibodies by Western blotting. (F-H) hBMECs were pretreated with U0126 (10 μM), 17-AAG (1 μM), or DMSO followed by JEV P3 (MOI = 1) infection for 24 h, and the viral RNA levels (F), the protein levels (G), and the production of viral particles (H) were detected with quantitative real-time PCR, Western blotting, and plaque assay, respectively. Results were quantified. (I) hBMECs were pretreated with 10 μM U0126, followed by JEV P3 (MOI = 1) infection for 8 h, and then total RNA was collected and subjected to quantitative real-time PCR for assessing the expression levels of IFN (IFN-α, IFN-β, IFN-λ1, and IFN-λ2, 3) and ISG15. The results are shown as mean ± SEM values. Data are representative of three independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001, ns, not significant.


The use of 17-AAG, an inhibitor of heat shock protein 90 (HSP90), or U0126, an ERK inhibitor, has been shown to disrupt the phosphorylation of STAT3 or ERK, respectively, in hBMECs (Maruvada and Kim, 2012; Zhao et al., 2017). To further verify that STAT3 and ERK are related to virus replication during JEV infection, these two inhibitors were applied to the cells to inhibit phosphorylation of STAT3 or ERK (Figure 6E). When compared to mock-treated cells, a markedly impaired production of JEV viral RNA and E protein, as well as viral particles in U0126, was observed, but this change was not noticed in 17-AAG-treated hBMECs (Figures 6F–H). Previous reports have demonstrated that ERK negatively regulates the interferon signaling-mediated antiviral response (Yang and Ding, 2019; Freed et al., 2021). Therefore, the expression of interferons and ISGs was also measured with U0126 treatment in JEV-infected hBMECs. The expression levels of genes ISG15, IFN-α, IFN-β, IFN-λ1 and IFN-λ2, 3 were significantly increased in U0126-treated hBMECs compared to control during JEV infection, which probably is responsible for the dropped replication of JEV in hBMECs (Figure 6I). These findings support that the involvement of the EGFR-ERK pathway represses the host interferon signaling, leading to an acceleration of viral replication in hBMECs.




DISCUSSION

As the physical barrier between CNS and circulatory system, BMECs are the first line of BBB controlling the trafficking of JEV and/or JEV-infected cells into the CNS. The infection of BMECs by JEV is thought to be a pivotal step in causing the leakage of BBB, leading to brain infection and encephalitis (Lai et al., 2012; Al-Obaidi et al., 2017). Though BMECs have been largely known to compose BBB, their distinct antimicrobial and antiviral properties are also essential. In the present work, for the first time, the activation of the EGFR/ERK pathway was found, which negatively regulates the antiviral response of interferon signaling, promoting JEV replication in hBMECs.

As a member of the tyrosine kinase family, the biological significance of EGFR has been well studied in tumorigenesis. In recent years, the activated EGFR also appeared in response to viral infection, including IAV, PEDV, ZIKV, and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Yang et al., 2018; Klann et al., 2020; Sabino et al., 2021; Wang et al., 2021). The activation of EGFR might build a favorable cellular environment to prompt viral entry or replication (Oshiumi et al., 2015; Fukano et al., 2021). In the case of JEV infection, the activated EGFR-PI3K signaling cascade was reported to play a crucial role in caveolin-1-mediated JEV entry into human neuronal cells (Xu et al., 2016). In the present study, the activated EGFR and its downstream signaling also appeared in the early phase of JEV-infected hBMECs. EGFR internalization has been identified in ZIKV-, HBV-, IAV-, and TGEV-infected cells, which assisted in efficient viral entry (Eierhoff et al., 2010; Hu et al., 2018; Iwamoto et al., 2019; Sabino et al., 2021). The internalized EGFR was confirmed by changed subcellular distribution and co-localization with EEA1, while no effect on the viral entry of internalized EGFR was found in JEV-infected hBMECs. The inconsistent result of EGFR in different virus infections is not surprising, which also appeared in the previous study. During human cytomegalovirus (HCMV) infection, Wang et al. indicated that EGFR is a necessary cellular receptor for viral entry (Wang et al., 2003). In contrast, others hold an inconsistent view that EGFR is not an essential factor for cellular invasion or virus-induced signaling (Soroceanu et al., 2008). These inconsistencies might be due to the distinct cell types or differential infection conditions, and more work is needed to address this topic.

Repressed DENV replication was observed in human monocytes in utilizing the EGFR-specific inhibitor gefitinib (Duran et al., 2017), which demonstrates a positive correlation between activated EGFR and viral infection. Moreover, the consistent result of reduced viral infection was also acquired in hBMECs with the use of EGFR-specific inhibitors AG1478 or gefitinib. Notably, in the early phase of S. suis-infected hBMECs, the AG1478 caused dephosphorylation of EGFR, which may provide specific protection for the brain from inflammatory cytokine/chemokine-induced BBB disruption (Yang et al., 2016). Further evidence for a decreased production of virions was provided by the EGFR-KO hBMECs with the boosted response of interferon signaling when compared to the WT hBMECs in JEV infection, which showed that activated EGFR weakens the antiviral defense via restraining interferon signaling. Moreover, and not coincidentally, activated EGFR has also been identified to be involved in the production of interferon signaling molecules in other cases, such as cancer and viral infections (Kalinowski et al., 2014; Liu and Han, 2019). The expression of interferon regulatory factor 1 (IRF1) was downregulated by the activation of EGFR signaling in EGFR-mutated non–small cell lung cancer (Sugiyama and Togashi, 2020). In PEDV infection, the activation of EGFR signaling negatively regulates the antiviral activity of interferon (Yang et al., 2018). Even in COVID-19 treatment, targeting EGFR signaling was considered to be an attractive strategy, as its inhibitors may synergistically potentiate the anti-SARS-CoV-2 activity of IFN-I (Matsuyama et al., 2020). Moreover, the IAV-induced activation of EGFR can suppress the production of IFN-λ (Ueki et al., 2013). The result supports the notion, herein, that JEV induced the activation of EGFR, which negatively regulated the production of interferon and helped the virus escape from the antiviral immunity of host cells.

Currently, the EGFR downstream cascade in JEV-infected hBMECs is still enigmatic. Activated EGFR recruits several major downstream signaling pathways during viral infection. Yang et al. elucidated that the depleted EGFR strengthens the host antiviral activity, which requires attenuated STAT3 signaling (Yang et al., 2018). A more recent model indicated that ZIKV infection induces the activation of EGFR and further transduction of the MAPK/ERK signaling cascade (Sabino et al., 2021). Intriguingly, the phosphorylation of STAT3 and ERK was noticed in both JEV- and rhEGF-treated hBMECs. Therefore, the question arises as to which of the two proteins acts as the downstream effector of EGFR. As a previous study reported, EGF induces the activation of transcription factor TAZ via EGFR and downstream factors STAT3 and ERK (Gao et al., 2021). By comparing the phosphorylation levels of STAT3 and ERK from cells with or without the treatment of EGFR-specific inhibitors, both STAT3 and ERK were identified as the downstream cascade (Xu et al., 2017), which was further evidenced by utilizing EGFR-KO hBMECs in our study. Then, we explored which downstream factor, STAT3 or ERK, is involved in the host's innate immunity in resisting JEV infection. Inhibition of STAT3 by 17-AAG in hBMECs efficiently impaired JEV infection, which was not observed in MAPK/ERK inhibition by U0126, supporting that the MAPK/ERK pathway could contribute to the JEV life cycle, which is similar to the result in ZIKV infection (Sabino et al., 2021). The previous report demonstrated that the MEK1/2-ERK pathway negatively regulates interferon production in plasmacytoid dendritic cells (Janovec et al., 2018). In human microvascular endothelial cells, ERK was considered a contributor to rosiglitazone-inhibited IFN-γ production (Lombardi et al., 2008). Similar results in U0126-treated hBMECs illustrated a noticeable increase in IFNs and ISGs, which hinders immune escape to JEV in this study. Consistently, activation of the ERK pathway impaired the antiviral activity of IFN-α in resisting HCV infection, indicating a complex relationship between ERK and IFNs (Zhao et al., 2015). The treatment of AG1478 or U0126 was also demonstrated to lighten bile acid prompted HCV replication and recover the anti-HCV effects by inducing IFN-α in replicon-harboring cells (REF) (Patton et al., 2011). In IAV infection, activated EGFR/ERK signaling was also evidenced to suppress type I and type III interferon-mediated host antiviral innate immunity (Wang et al., 2021). Thus, the EGFR/ERK signaling pathway hijacked by viruses might be a common immune escape strategy for viral infection.

In conclusion, our result in this study for the first time provides new insight into the mechanism that JEV-induced activation of EGFR-ERK signaling cascade contributes to viral escape from host innate immunity by suppressing the interferon signaling response in hBMECs. JEV infection induced EGFR activation, manifesting in promoting the phosphorylated form of EGFR and further contributing to EGFR internalization. Indeed, blockade of EGFR signaling with EGFR inhibitors reduced JEV replication and impeded viral particle production. Further study demonstrated that the positive correlation between EGFR phosphorylation and viral replication was mainly dependent on ERK phosphorylation. The ERK inhibitor substantially alleviated the constraint of interferons and ISGs and lowered viral replication. Taken together, it is worthwhile to consider EGFR as a potential target for antiviral strategies in the future.
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Stress granules (SGs) are dynamic cytoplasmic protein-RNA structures that form in response to various stress conditions, including viral infection. Porcine epidemic diarrhea virus (PEDV) variant-related diarrhea has caused devastating economic losses to the swine industry worldwide. In this study, we found that the percentage of PEDV-infected cells containing SGs is nearly 20%; meanwhile, PEDV-infected cells were resistant to sodium arsenite (SA)-induced SGs formation, as demonstrated by the recruitment of SGs marker proteins, including G3BP1 and TIA1. Moreover, the formation of SGs induced by SA treatment was suppressed by PEDV papain-like protease confirmed by confocal microscopy. Further study showed that PEDV infection disrupted SGs formation by downregulating G3BP1 expression. Additionally, PEDV replication was significantly enhanced when SGs' assembly was impaired by silencing G3BP1. Taken together, our findings attempt to illuminate the specific interaction mechanism between SGs and PEDV, which will help us to elucidate the pathogenesis of PEDV infection in the near future.

Keywords: PEDV replication, stress granules, sodium arsenite, papain-like protease, interaction mechanism


INTRODUCTION

Porcine epidemic diarrhea (PED) caused by the porcine epidemic diarrhea virus (PEDV) variant is characterized by acute enteric infection and high mortality in suckling piglets and occasional endemics, leading to significant economic losses to the global swine industry (Lee, 2015; Niederwerder and Hesse, 2018). PEDV is an enveloped, single-stranded positive-sense RNA virus belonging to the genus Alphacoronavirus in the family Coronaviridae of the order Nidovirales (Li et al., 2012). The viral genome is ~28 kb and encodes at least seven open reading frames (ORFs). The two largest ORFs (ORF1a and ORF1b) located in the two-thirds of the genome downstream of the 5′UTR are further processed into 16 non-structural proteins, nsp1 to nsp16. The other one-third genome encodes the structural and accessory proteins including spike (S) glycoprotein, small envelope (E) protein, membrane (M) protein, nucleocapsid (N) protein, and accessory protein (ORF3). A better understanding of the interactions between PEDV and host might contribute to the development of more effective control measures (Guo et al., 2017).

Stress granules (SGs) are dynamic cytoplasmic protein-RNA structures that form in response to various stress conditions including viral infection (Anderson and Kedersha, 2009). The major components of SGs are untranslated mRNAs, mainly including Ras GTPase-activating protein-binding protein 1 (G3BP1), T-cell internal antigen 1 (TIA1), eukaryotic translation initiation factors (eIF), and TIA1-related protein (TIAR) (Panas et al., 2016). G3BP1 and TIA-1 are usually used as SGs markers to identify SGs formation. Accumulating evidence has shown that SGs play an important role in regulating viral replication. For example, several viruses, such as a respiratory syncytial virus (RSV), have been reported to benefit from SGs formation (Lindquist et al., 2010). However, SGs are also considered as an indication of an antiviral innate response to many viruses (Onomoto et al., 2014; Yoneyama et al., 2016). Many viruses have evolved strategies to overcome the antiviral effect of SGs by degrading or sequestering its key components, such as G3BP1 or TIA-1/TIAR to prevent the formation of SGs (Humoud et al., 2016; Le Sage et al., 2017). It was documented that Infectious Bronchitis Virus (IBV) antagonized the formation of SGs by nsp15 via reducing the viral dsRNA accumulation and sequestering/depleting the critical component of SGs (Gao et al., 2021). Foot-and-mouth disease virus (FMDV) leader protease cleaves G3BP1 and G3BP2 to inhibit SG formation (Visser et al., 2019). A previous study reported that PEDV infection induced caspase-8 mediated G3BP1 cleavage to subvert SG formation (Sun et al., 2021). However, in addition to the above-mentioned mechanisms, whether there is another mechanism to inhibit SG formation during PEDV infection remains largely unknown.

In the present study, we demonstrated that PEDV infection disrupted SA-induced SGs formation via downregulating G3BP1 expression. Further study indicated that PEDV papain-like protease could subvert SGs formation. Moreover, impairment of SG formation dramatically enhanced PEDV replication. Collectively, this study will lay the foundation for further investigation of PEDV infection and SG formation from the perspective of the protein encoded by the virus itself.



MATERIALS AND METHODS


Cells and Viruses

The kidney cell lines of the African green monkey, Vero-E6 cells, were cultured and maintained in Dulbecco's modified Eagle's medium (DMEM), supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA, USA), 100 U/mL penicillin, and 100 μg/mL streptomycin sulfate in a humidified 37°C, 5% CO2 incubator. The PEDV variant strain SDSX16 (Accession no. MH117940.1) was isolated from a suckling piglet with acute diarrhea in our lab.



Virus Infection

Vero cells were cultured for nearly 24 h for 80% confluence and washed twice with serum-free medium. Then, the cells were mock-infected or infected with PEDV at a multiplicity of infection (MOI) of 0.1 and incubated with serum-free DMEM containing 8 μg/mL trypsin (Invitrogen) for 12 h, and then were treated with 5 mM SA for 30 min.



Plasmid Construction

cDNA encoding PEDV PLP1, PLP2, and nsp5 were amplified by RT-PCR from total RNA of PEDV using specific primers (Table 1), and the three genes were cloned into pCAGGS-HA vector, respectively. All constructs were validated by DNA sequencing.


Table 1. Primer sequences used in this experiment.
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Reagent, siRNA, and Cell Transfection

Sodium arsenite (SA) was obtained from Sigma-Aldrich (St. Louis, MO, USA) and used at a concentration of 5 mM. The siRNAs targeting monkey G3BP1 gene or negative control siRNA were purchased from GenePharma and used at a concentration of 50 nM using Lipofectamine 3000 reagent (Invitrogen) according to the manufacturer's instructions. The siRNA sequences used in this study are listed in Table 2.


Table 2. siRNA sequences used in this experiment.
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Antibody

Rabbit poly antibodies (pAbs) against TIA1, G3BP1, eIF3B, mouse monoclonal antibody (mAb) against β-actin, horseradish peroxidase (HRP)-conjugated goat anti-rabbit, and HRP-conjugated goat anti-mouse IgG were all purchased from ABclonal Technology Co., Ltd. (Wuhan, China). Mouse mAb against HA-tag was purchased from Medical & Biological Laboratories Co., Ltd (MBL). Mouse mAb against PEDV S protein was generated by our laboratory. Alexa Fluor 488-conjugated goat anti-mouse IgG and Fluor Cy5-conjugated goat anti-rabbit IgG were obtained from Servicebio Biotechnology Co., Ltd. (Wuhan, China).



Confocal Fluorescence Microscopy

Vero cells were seeded on coverslips and transfected with PCAGGS-HA associated expression plasmids or G3BP1 siRNA, or were infected with PEDV alone for the indicated time points. The cells were then fixed with cold 4% paraformaldehyde for 10 min. After permeabilization and blocking, the cells were then incubated with mouse mAbs directed against the HA-tag or S protein, or rabbit pAbs against TIA1, G3BP1, and eIF3B, respectively for 1 h, and were then inoculated with Alexa Fluor 488-conjugated goat anti-mouse IgG or Fluor Cy5-conjugated goat anti-rabbit IgG antibody for 30 min. Cell nuclei were counterstained with 0.01% 4′,6-diamidino-2-phenylindole (DAPI, Invitrogen). The fluorescent images were examined under a confocal laser scanning microscope (LSM 510 Meta, Carl Zeiss, Munich, Germany).



Western Blot Assay

The PEDV-infected and mock-infected cells were harvested and lysed at 12 hpi. The protein concentration was quantified by the BCA protein assay kit, and equal amounts of protein samples from each sample were mixed with 5 × sample loading buffer and boiled for 10 min and then separated by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The proteins were electro-transferred to 0.45 μm PVDF membranes (Millipore, Mississauga, ON, Canada). Membranes were blocked with 5% (w/v) skim milk-TBST at room temperature for 2 h and then incubated overnight at 4°C with primary antibody to G3BP1 and mouse mAb against β-actin, respectively. The membranes were washed with TBST and then incubated with horseradish peroxidase (HRP) conjugated goat anti-rabbit IgG or goat anti-mouse IgG (ABclonal, Wuhan, China) at 37°C for 1 h. The protein bands were visualized using the Clarity™ Western ECL Blotting Substrate (Bio-Rad, Hercules, CA, USA). The protein blots were quantified by Image J software (National Institutes of Health, Bethesda, MD, USA).



Quantitative Real-Time PCR

Total RNA was extracted from PEDV-infected or mock-infected cells using Simply P Total RNA Extraction Kit (BioFlux, Europe) according to the manufacturer's protocol. A total of 1 μg RNA from each sample was subsequently reverse-transcribed to cDNA by using oligo (dT) as the primer (Roche, Mannheim, Germany). The relative quantitative real-time PCR was performed in an Applied Biosystems ViiA 7 real-time PCR system (Applied Biosystems, Foster City, CA, USA) as previously described (Guo et al., 2017). The primers are listed in Table 1.



Quantification of SGs Formation

For the quantification of SGs formation, more than 10 high-powered fields (HPFs) were randomly obtained for each sample. PEDV-S protein was used to detect PEDV infection. HA-tag was used to monitor the effective expression of PLP1, PLP2, and nsp5, respectively. The number of SG-positive cells was counted by the results of staining for the presence of G3BP1, TIA1, or eIF3B proteins. The relative percentage of cells with SGs was calculated by: cells positive with G3BP1, TIA1, or eIF3B individually, and PEDV-S or HA tag divided by cells positive with PEDV-S or HA tag ×100% (Zhou et al., 2017; Gao et al., 2021).



Statistical Analysis

Data of three independent experiments were expressed as the means with SEM. The student's t-test was applied for the statistical analyses. A p < 0.05 was considered as statistically significant.




RESULTS


PEDV Infection Does Not Trigger SGs Formation in Most Infected Cells

The immunofluorescence analysis of G3BP1 was performed to detect SGs formation. A monoclonal antibody specific for PEDV-S protein was used to detect PEDV infection. The SGs were examined at 12 h after PEDV infection. Cells treated with SA, a potent SG-inducer, served as the positive control. Meanwhile, the mock-infected cells were regarded as the negative control. Unsurprisingly, the percentage of SGs positive cells reached more than 80% in SA-treated cells, while no obvious SGs were observed in mock-infected cells (Figure 1A). The percentage of PEDV-infected cells containing SGs is nearly 20% (Figure 1B), which is consistent with a previous report (Gao et al., 2021). These data suggest that PEDV infection cannot effectively trigger SGs formation in most infected Vero cells.
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FIGURE 1. PEDV infection prevents SGs formation in most infected cells. (A) Vero cells were mock-infected or infected with PEDV for 12 h. Vero cells treated with 5 mM SA for 30 min served as the positive control. Then the cells were fixed and analyzed by confocal microscopy. Mouse mAb specific for PEDV S was used to detect PEDV infection (green). Rabbit pAb specific for G3BP1 (red) was used to detect SGs. Nuclei were stained with DAPI (blue). (B) The number of cells infected with PEDV and cells containing SGs were counted. The relative percentage of cells with SGs was calculated by: cells positive with G3BP1 and PEDV-S divided by cells positive with PEDV-S × 100%. The data were presented as mean ± SEM of three independent experiments (t-test, **p < 0.01).




PEDV-Infected Cells Are Resistant to SA Induced SGs Formation

To investigate whether PEDV-infection interferes with the formation of SGs induced by SA treatment, Vero cells were infected with PEDV for 12 h and then treated with SA for 30 min prior to immunofluorescence staining. As expected, SGs appeared in non-infected cells treated with SA, whereas PEDV-infected cells showed fewer SGs, and no specific SGs were detected by G3BP1 in syncytial cells. The percentage of cells with SGs was above 90% in mock-treated cells after SA treatment, while the percentage of SGs was below 40% in PEDV-infected cells (Figure 2A). In addition, the SGs' positive rate is close to 100% when only treated with SA and decreased to about 60% after PEDV infection detected by TIA1 (Figure 2B). Surprisingly, SGs formation treatment with SA detected by eIF3B was not influenced by PEDV infection (Figure 2C). In conclusion, it was proposed that PEDV infection could induce SGs, and PEDV-infected cells are resistant to SA-induced SGs formation.


[image: Figure 2]
FIGURE 2. PEDV replication inhibits SGs formation induced by SA treatment. (A–C) Vero cells were mock-infected or infected with PEDV for 12 h and then treated with SA for 30 min. Cells were fixed and analyzed by confocal microscopy. Rabbit pAb specific for G3BP1 (A: red), TIA1 (B: red) or eIF3B (C: red) were used to detect SGs. Nuclei were stained with DAPI (blue). The percentage of SGs-positive cells detected by G3BP1, TIA1 or eIF3B was quantified. Error bars show standard deviations. The data were presented as mean ± SEM of three independent experiments (t-test, **p < 0.01).




PEDV Papain-Like Protease Participate in Suppressing SGs Formation

To investigate how PEDV-infected cells are resistant to SA-induced SGs formation, PEDV protease PLP1, PLP2, and nsp5 were successfully expressed in Vero cells. We found that PEDV PLP1 or PLP2, which have L protease activities, suppressed the SGs formation induced by SA treatment, as demonstrated by the recruitment of SGs marker proteins, including G3BP1 and TIA1. Conversely, PEDV nsp5 which has 3C-like protease activities showed remarkable effect on SGs formation indicated by TIA1, not G3BP1 (Figures 3A,B). Meanwhile, we found that not only PEDV PLP1 and PLP2 but also nsp5 has inconspicuous effect on SGs detected by eIF3B (Figure 3C). These results indicated that PEDV proteases PLP1 and PLP2 play an important part in suppressing SA-induced SGs.
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FIGURE 3. PEDV papain-like protease participate in suppressing SGs formation. (A–C) Vero cells were respectively transfected with an expression vector containing PLP1, PLP2,or nsp5 for 24 h and then treated with 5mM SA for 30 min. Rabbit pAb specific for G3BP1 (A: red), TIA1 (B: red), or eIF3B (C: red) was used to detect SGs. Mouse mAb specific for HA-tag was used to detect protein expression. Nuclei were stained with DAPI (blue). The percentage of SG-positive cells detected by G3BP1, TIA1, or eIF3B was quantified. Error bars show standard deviations. The data were presented as mean ± SEM of three independent experiments (t-test, **p < 0.01).




PEDV Infection Disrupted SGs Formation by Downregulating G3BP1 Expression

It is well known that G3BP1 is proposed to be key for the nucleation of SG assembly. As shown in Figure 2A, a loss of G3BP1 has been found in PEDV-infected cells treatment with SA than non-infected. These data led us to further investigate whether PEDV infection could downregulate G3BP1 expression by western blot. As shown in Figure 4A, the content of G3BP1 was increased in mock-infected cells treatment with SA compared with no treatment, while the protein level of G3BP1 was decreased in PEDV-infected cells treatment with SA. Meanwhile, we found that PEDV papain-like protease could suppress SA-induced SGs formation. Next, we determined the expression of G3BP1 in cells transfected with PEDV papain-like protease. As expected, the expression of G3BP1 was also decreased in PLP1 or PLP2-containing cells treatment with SA compared with cells lacking PLP1 or PLP2 (Figure 4B). It was speculated that PEDV infection might subvert SGs formation by downregulating the expression of G3BP1, which might depend on PEDV papain-like protease.


[image: Figure 4]
FIGURE 4. PEDV infection disrupted SGs formation by downregulating G3BP1 expression. (A) Vero cells were infected with PEDV for 12 h and treated with SA for 30 min. (B) Vero cells were respectively transfected with an expression vector containing PLP1 or PLP2 for 24 h and then treated with 5 mM SA for 30 min. The level of G3BP1 was analyzed by western blot. The expression of β-actin served as a control. The relative value of G3BP1/β-actin was analyzed by using Image J Software.




Silencing G3BP1 Expression Had a Positive Influence on PEDV Replication

To assess whether SGs are associated with PEDV replication, we tried to impair SG formation by silencing G3BP1 expression. Specific siRNA was designed, and the knockdown efficiency was demonstrated by the results of real-time RT-qPCR and western blot assays (Figure 5A). The specific siRNA targeting G3BP1 was transfected into Vero cells, followed by PEDV infection. The formation of SGs monitored by immunostaining decreased by 50% in G3BP1-silenced cells compared with NC-treated cells, while the fluorescence signal of PEDV infection was enhanced in G3BP1-silenced cells (Figure 5B). These data indicated that the downregulation of G3BP1 can affect the formation of PEDV-induced SGs. Data from Figure 5C further demonstrated that the suppression of G3BP1 expression obviously increased the viral titer and virus copy number compared to the control group. All the aforementioned data prompted us to draw the conclusion that SGs formation had a negative influence on PEDV replication.
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FIGURE 5. Silencing G3BP1 expression had positive influence on PEDV replication. (A) Vero cells were transfected with siRNA G3BP1 or NC for 24 h. The resulting mRNA and protein level of G3BP1 were determined by qRT-PCR and western blot. (B) Vero cells were infected with PEDV for another 12 h after transfection with siRNA G3BP1 or NC for 24 h and then the cells were fixed and analyzed by confocal microscopy. Mouse mAb specific for PEDV S was used to detect PEDV infection (green). Rabbit pAb specific for G3BP1 (red) was used to detect SGs formation. Nuclei were stained with DAPI (blue). The percentage of SG-positive cells was quantified as described in the Materials and Methods. The data were presented as mean ± SEM of three independent experiments (t-test, **p < 0.01). (C) Vero cells were treated as (B). PEDV titer was determined by qRT-PCR and TCID50. The data was presented as mean ± SEM of three independent experiments (t-test, **p < 0.01).





DISCUSSION

Research on SGs induced by virus infection has rapidly advanced in recent years. Here, we observed that PEDV infection does not induce SGs formation in most infected Vero cells. Meanwhile, the downregulation of G3BP1 enhanced PEDV replication, which was consistent with previous studies (Pandey et al., 2019). It is proposed that SGs exert specific antiviral activities by providing a platform for interaction between antiviral proteins and non-self RNA (Gao et al., 2021). Similar observations were reported for other coronaviruses, including mouse hepatitis virus (MHV), transmissible gastroenteritis virus (TGEV), and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Raaben et al., 2007; Sola et al., 2011; Cascarina and Ross, 2020). Whether it is a common feature of coronaviruses to modulate SGs requires future works.

Stress granules subversion during virus infection is observed in many viruses. Different viruses disrupt SG-related proteins by various approaches. For example, the foot-and-mouth disease virus (FMDV) Lpro cleaves the known SG scaffold proteins G3BP1 and G3BP2 to inhibit SGs formation (Visser et al., 2019). Middle East Respiratory Syndrome Coronavirus (MERS-CoV) can inhibit SGs via accessory protein 4a and lead to efficient viral replication (Rabouw et al., 2016; Nakagawa et al., 2018). In this study, we found PEDV-infected cells were resistant to SA-induced SGs formation. Further research indicated that PEDV infection disrupted SGs formation by downregulating G3BP1 expression. It was reported that the activation of the antioxidant pathway by the virus might mediate the inhibition of SGs formation induced by SA treatment since virus infection typically induced both ROS and antioxidant response simultaneously (Basu et al., 2017; Pandey et al., 2019). Although current research reported that PEDV infection induced caspase-8 mediated G3BP1 cleavage and subverted SGs to promote viral replication (Sun et al., 2021), the concrete mechanism of PEDV to circumvent the formation of anti-viral SGs induced by SA treatment needs further investigation.

Previous studies showed that viral protease protein 3C protease (3Cpro) and L protease (Lpro) participated in SGs' disassembly (White et al., 2007; Visser et al., 2019). As is known, PEDV produces two proteases (Nsp3 papain-like protease and Nsp5 3C-like protease) (Wang et al., 2016; Sun et al., 2021). In the present study, we found that PEDV PLP1 or PLP2 which have L protease activities suppressed the SGs formation induced by SA treatment indicated by TIA1 or G3BP1, whereas nsp5 did not show such effect. It was well documented that PEDV impaired SG assembly by targeting G3BP1 via the host proteinase caspase-8. In addition, it was reported that coronaviruses antagonized the formation of SGs by nsp15 via reducing the viral dsRNA accumulation and sequestering/depleting the critical components of SGs (Gao et al., 2021). Our further research demonstrated that papain-like proteases suppressed SGs formation induced by SA treatment via downregulating G3BP1 expression. It is well-known that PEDV papain-like proteases have DUB activity and host interferon antagonistic activity in addition to protease activity (Xing et al., 2013; Chu et al., 2022). It has been reported that ubiquitination is not required for SA-induced SG formation (Gwon and Maxwell, 2021), and Vero cells are interferon-deficient cells (Emmott et al., 2010). Therefore, we speculate that papain-like proteases might inhibit SG formation by exerting its proteolytic function. The elaborate mechanisms of papain-like proteases in suppressing SGs induced by SA treatment are currently under investigation in our laboratory. It will be tremendously valuable to obtain the data about PEDV and SGs interaction from porcine intestinal epithelial cells (IPEC-J2), since Vero cells are not natural host cells for PEDV (Guo et al., 2016).

In conclusion, we provided convincing evidence that PEDV infection does not induce SGs formation in most infected Vero cells. Silencing G3BP1 significantly enhanced PEDV replication. Further research indicated that PEDV might subvert SGs formation via downregulating G3BP1 expression dependent on PEDV papain-like proteases. A better understanding of the molecular events involved in the formation of SGs and PEDV infection will undoubtedly help us to elucidate the molecular mechanism of PEDV pathogenesis.
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Severe influenza A virus infection leads to overwhelming inflammatory responses and cellular apoptosis, which causes lung injury and contributes to high mortality and morbidity. The gut microbiome altered in response to the infection might influence the disease progression and the treatment outcome. Cangma Huadu (CMHD) granules, an in-hospital preparation of traditional Chinese medicine, have been shown to be favorable in the clinical treatment of influenza. However, the effects and mechanisms of CMHD granules on severe influenza pneumonia and its mechanisms are not well-known. In this study, a lethal influenza A (H1N1) A/Puerto Rico/8/34 virus (PR8)-infected mice model was established, and the 16S ribosomal RNA (16S rRNA) V3–V4 region sequencing of the intestinal microbiome was conducted. We revealed that the oral administration of CMHD granules protects mice against higher mortality, enhanced weight loss, overwhelmed interferon-γ concentration, lung viral titers, and severe lung pathological injury in PR8-infected mice. CMHD granules’ administration downregulated the levels of interleukin (IL)-1β, tumor necrosis factor-α, and malondialdehyde, while it upregulated the levels of IL-10, superoxide dismutase, and glutathione peroxidase. Subsequently, it decreased the protein ratio of B-cell lymphoma-2/Bcl-2-associated X and the expression of cleaved caspase-3. The diversity and compositions of the gut microbes were altered profoundly after the administration of CMHD granules in PR8-infected mice. A higher abundance of Bifidobacterium, Parasutterella, Bacteroides, and Faecalibaculum was observed in the CMHD group, and a higher abundance of Lactobacillus and Turicibacter was observed in the positive drug Ribavirin group. The linear discriminant analysis effect size also revealed a higher proportion of Bacteroides and Bifidobacterium_pseudolongum characterized in the CMHD group. These results demonstrated that CMHD granules are a promising strategy for managing severe influenza and attenuating severe lung damage via reducing viral titer, inflammatory responses, and oxidative stress. The mechanisms are involved in repressed Bcl-2-regulated apoptosis and altered composition and diversity of the gut microbiome.
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Introduction

Over the past decades, RNA viruses have caused huge global impacts on economic chaos, global public health resources, and, most importantly, human health. Influenza is an acute contagious viral infection with both seasonal and pandemic modes in humans (Bridges et al., 2003; Morens and Taubenberger, 2019). It is reported that seasonal influenza affects up to 10% of the adult population and 20% of children annually and shows a substantial incidence (Peteranderl et al., 2016). The continuing challenges of the influenza A virus (IAV) pandemic include the emergence of the H1N1 pandemic in 2009, human infection with H7N9 avian influenza in 2013, and the sporadic infection of highly pathogenic H5N1 avian influenza. The IAV can affect organs and manifests as an acute febrile illness with variable degrees of systemic and respiratory symptoms (Krammer et al., 2018). Considering the disease progression of IAV infection, two outcomes should be given due attention. First, IAV enters host cells and causes acute lung injury, leading to hospitalization. Second, uncontrolled lung injury leads to secondary bacterial pneumonia, which turns the patient’s condition into a severe situation (Klomp et al., 2021). Although the IAV is one of the most deeply studied pathogens, the existing control schemes need further improvement. Influenza vaccines must be updated regularly because of the continuous antigen drift and sporadic antigen transfer in the virus surface glycoprotein. At present, IAV infection treatment is limited to neuraminidase inhibitors; therefore, there is an urgent need for new drugs and vaccine methods.

In terms of mechanism, infected epithelial cells started apoptosis and necroptosis, representing the primary form of damage to the epithelium during the early stages of IAV infection. Damaged cells in the apoptotic cascade promote the activation of caspases and further trigger immune and inflammatory response (Chung et al., 2006). Moreover, virus-infected epithelial cells release chemokines, which recruit a large number of myeloid and lymphoid cells to the lung tissue. The excessive inflammatory response in IAV-infected lungs can lead to acute respiratory distress syndrome, leading to severe lung injury and respiratory failure (Kalil and Thomas, 2019; Stegelmeier et al., 2019). Thus, modulating the apoptosis and inflammatory response can prevent the occurrence and development of lung injury. Traditional Chinese medicine (TCM) has been reported to elicit anti-inflammatory and anti-apoptosis effects in those who underwent diseases. Our previous studies reported that herbal treatment altered microglial polarization from M1 phenotype to M2 phenotype to reduce the pro-inflammatory cytokine production (Wang et al., 2020) and prevented apoptosis by suppressing endoplasmic reticulum- and mitochondria-associated pathways in animal models of lethal infection (Xu et al., 2018). The mechanisms of TCM in the treatment of viral infection have also been proved to be related to the reduction of cytokine storm caused by hyper-release of interferon (IFN), interleukins (IL), tumor-necrosis factors (TNF), chemokines, and cytokines (Huang et al., 2021).

The microbiota plays an essential role in the host disequilibrium transition from homeostasis to disease. Disrupted intestinal bacterial composition is associated with various diseases and dysfunctions, including autoimmunity, inflammatory disorders, and infectious diseases (Cho and Blaser, 2012). Accumulating evidence showed that balanced gut microbiota plays a protective role in the body against infections such as IAV (Stefan et al., 2020), Klebsiella pneumonia (Sequeira et al., 2020), Staphylococcus aureus (Hu et al., 2020), and Streptococcus pneumonia (Schuijt et al., 2016). The natural resistant mechanisms of the gut microbiota after IAV infection have been proved to be related to type I interferon signaling pathways (Steed et al., 2017; Bradley et al., 2019) and the activation of the inflammasome and T lymphocytes (Ichinohe et al., 2011). Gut commensal microbes are essential for the decomposition of nutritional products and critical producers of essential metabolites (Valdes et al., 2018). As one of the natural characteristics of TCM, only partial components can be absorbed directly into the blood; the secondary digestion and decomposition of the active ingredients by gut microbiota are indispensable (Wang et al., 2021a). TCM nutraceuticals, such as indigestive carbohydrates/polysaccharides, polyphenols, alkaloids, could pass through the stomach and reach the intestine and are frequently fermented or converted by the local gut microbiota to form bioactive and bioavailable metabolites (Lin et al., 2021). Therefore, exploring the interaction between TCM components and gut microbiota may better clarify its mechanisms under diseases.

Historically, TCM has worked well in treating infectious diseases (Huang et al., 2021). During the IAV pandemic in 2009, four anti-flu TCM prescriptions with outstanding clinical efficacy were recommended by the Chinese government to treat H1N1 influenza (Ge et al., 2010; Li et al., 2016). Cangma Huadu (CMHD) granules are a new TCM prescription approved in 2020 by the Beijing Food and Drug Administration (Z20200008000) for the clinical treatment of RNA virus infections, including influenza and SARS-CoV-2. We previously reported that CMHD granules protect mice from mild IAV infection (Cui et al., 2022). However, the underlying mechanism and molecular effects of CMHD granules on lethal influenza remain unclear. In this study, we established an animal model of IAV-induced lethal pneumonia, and the protective effects of CMHD granules on severe lung injury and excessive inflammatory response were investigated. Moreover, we assessed the regulation of CMHD granules on the microbiota of IAV-infected mice. Our findings provide evidence to support the use of CMHD granules for the treatment of IAV infection and gain insights into its underlying regulatory role in the host and microbe.



Materials and methods


Animals

Male ICR mice (18–22 g) were obtained from the Comparative Medicine Center of Yangzhou University [Jiangsu, China Certificate Number: SYXK(E)2017-0044]. All animals were housed under specific pathogen-free conditions (23 ± 1°C; 50 ± 10% humidity, 12 h light/dark cycle) with free access to standard food and water. All animal experiments were conducted under the Animal Care and Use Committee of Yangzhou University. All experimental animal ethics are approved by the Experimental Animal Ethics Committee of Yangzhou University (No. 202103-009).



Influenza A virus infection

The mouse-adapted A/Puerto Rico/8/34(H1N1) influenza virus strain (referred to as PR8) was preserved in the College of veterinary medicine, Yangzhou University, China. Mice were anesthetized with pentobarbital sodium (40 mg/kg) by intraperitoneal injection. When sufficient depth of anesthesia was confirmed and breathing occurred at 2–3-s intervals, mice were intranasally inoculated with 50 μL 104.4 EID50 PR8 virus.



Preparation of Cangma Huadu granules

Cangma Huadu granules contain 8 Chinese herbs, including 30 g Cangzhu (Rhizoma atractylodis) (30/106), 10 g Mahuang (Herba ephedra) (10/106), 10 g Huoxiang (Herba Agastache) (10/106), 15 g Shegan (Rhizoma belamcandae) (15/106), 10 g Shandougen (Radix sophora tonkinensis) (10/106), 10 g Ercha (Acacia catechu) (10/106), 15 g Jindenglong [Physalisalkengi L.var.franchetii (Mast.) Makino] (15/106), and 6 g Shenggancao (Glycyrrhiza uralensis Fisch) (6/106). All the herbs were provided by the pharmacy of Beijing Hospital of Traditional Chinese Medicine, China. A total of 106 g of crude drugs were soaked and decocted using distilled water for 30 min and then concentrated to a low dosage of 0.5 g/mL (CMHD-L groups), a medium dosage of 1 g/mL (CMHD-M groups), and a high dosage of 2 g/mL (CMHD-H groups) as final dosages.



Treatment protocols

The mice were randomized and divided into six groups as follows: the control (Con), the model (Mod), the CMHD low dosage (CMHD-L), the CMHD medium dosage (CMHD-M), the CMHD high dosage (CMHD-L), and the Ribavirin group (RBV). At 1 day post-infection (dpi), CMHD-L, CMHD-M, and CMHD-H groups were orally administrated with 0.2 mL decoction of 0.5, 1, and 2 g/mL CMHD granules, respectively, one time daily for seven continuous days. The mice in the RBV group were orally administrated with 0.2 mL of 0.075 g/kg Ribavirin (Zhejiang Chengyi Pharmaceutical Co., Ltd, Wenzhou, China) that dissolved in dd H2O, one time daily from 1 dpi for seven continuous days. Mice in the Con and Mod groups were orally administrated with 0.2 mL of dd H2O one time daily from 1 dpi for seven continuous days. The weight of mice in each group was monitored every day for 7 days. On 7 dpi, lung tissue and fecal samples of mice were collected for weighing, pathology, and 16S rRNA sequencing, respectively.



Lung index

Lungs were directly excised surgically and weighed. The lung index is the ratio of organ/body weight and was calculated according to the following formula: Lung index = (Lung weight/Body weight) × 100%.



Histopathological examination

For histopathological analysis, the lung tissues of mice were harvested, fixed in 4% formaldehyde for 24 h, embedded in paraffin, and then sliced into 4 μm-thick sections with a slicer (LEICA RM2255, Germany). The sections were stained with hematoxylin and eosin. An Olympus microscope (BX53F, Tokyo, Japan) was used for histological observation.



Lung viral titration

Lung viral titration was evaluated by the PR8 mRNA expression of Real-time quantitative polymerase chain reaction (Real-time PCR). Total RNA was extracted using Trizol (Vazyme, China) reagent according to the instructions. Its quantity was detected by the nanodrop spectrophotometer (Thermo Scientific, Wilmington, DE, United States), and cDNA was synthesized using Hiscript II QRT supermax (Vazyme, China). Finally, the real-time PCR was performed using a CFX96™ connected real-time PCR system (Bio-Rad, United States) with SYBR Green PCR Master Mix (Vazyme, China). The cycle conditions were as follows: an initial denaturation step at 95°C for 30 s, 40 cycles of denaturation for 5 s at 95°C, and annealing and extension for 30 s at 60°C. The quantification results were calculated using the 2−ΔΔCT method compared to GAPDH as the reference mRNA. Primers for real-time PCR were from Tsingke Biotechnology, China. Their sequences were listed below as follows: PR8: F-3′ TAGCATGCATGCTATCGGTACGT5′, R-3′TAGCTATCTAGC TAGCTAGCTA5′, and GAPDH: F-3′GGTGAAGGTCGGTG TGAACG5′, R-3′CTCGCTCCTGGAAGATGGTG5′.



Inflammatory cytokines and oxidative stress measurement

Mouse ELISA kits for IL-1β (RK00006), IL-10 (RK00006), TNF-α (RK00027), and IFN-γ (RK00019) were all purchased from ABclonal Biotechnology Co., Ltd., China. The oxidative stress kits of superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), and malondialdehyde (MDA) were all purchased from Nanjing Jiancheng Bioengineering Institute, China. All measurements were carried out according to the manufacturer’s instructions.



Western blotting analysis

The primary antibodies against B-cell lymphoma-2 (Bcl-2) (3498), Bcl-2-associated X (Bax) (2772), cleaved-caspase-3 (Asp175) (9661), and β-actin (4970) were all from Cell Signaling Technology (Danvers, MA, United States). Total protein was extracted from the left lower lobe using the ice-cold RIPA buffer (APPLYGEN). After protein was quantified with a BCA protein assay kit (Beyotime Institute of Biotechnology, China) and boiled with loading buffer (Solarbio, China), equal amounts of protein in each sample (100 μg) were prepared for electrophoresis on 8–12% SDS-PAGE and then electro-blotted onto PVDF membranes (Merck Millipore, United States). The membrane was incubated with 5% skim milk for 1 h at room temperature (RT), followed by incubation overnight with primary antibodies at 4°C (all antibodies were diluted following instructions). After the primary antibody was incubated, it was washed three times with TBST and then incubated with species-specific horseradish peroxidase-conjugated secondary antibodies (diluted 1:5,000) at RT for 1 h. After three washes with TBST, protein signal bands were visualized on a Chemidoc XRS (Bio-Rad, Marnes-la-Coquette, France) by an enhanced Chemiluminescence kit. Densitometry quantification of immunoblot signals was performed using ImageJ software. Each experiment was performed in triplicate.



DNA extraction and high-throughput 16S rRNA sequencing

Fresh fecal pellets were collected, stored in liquid nitrogen, and then immediately stored in a refrigerator at −80°C before extraction of total DNA. The 16S rRNA gene comprising V3–V4 regions was amplified using the standard primer pair and quality-controlled using the common primer pair and the microbial diversity analysis. Bacteria primers: 341F, CTAYGGGBRGCASCAG; 806R, GGACTACNNGGGTATCTAAT. Fungal ITS1-2 regions were sample barcodes and sequencing adaptors. Fungal primers: ITS1-1F-F, CTTGGTCATTTAGAGGAAGTAA; ITS1-1F-R, GCTGCGTTCTTCATCGATGC. Briefly, the raw sequences were quality-controlled using QIIME with default parameters and then demultiplexed and clustered into species-level (97% similarity) operational taxonomic units (OTUs). Species annotation analysis was performed using the Mothur method and SILVA138’s SSUrRNA database (set threshold 0.8∼1). α-Diversity and β-diversity analyses were performed using QIIME. Discriminative taxa were determined using LEfSe (LDA Effect Size). The 16S rRNA gene sequence of the entire prokaryote genome was extracted from the KEGG database and compared with the SILVA SSU Ref NR database (BLAST bitscore > 1500). The correlation matrix was established and the whole genome functional information of prokaryotes annotated by UProc and PAUDA in the KEGG database corresponded to the SILVA databases so that OTU clustering of functional annotation sequencing samples in SSU was achieved.



Statistical analyses

The experimental data were analyzed using SPSS 25.0 statistic software. Diagrams were performed by using GraphPad Prism 8.0 software. The results were compared using the one-way analysis of variance (ANOVA). The differences were considered significant at a P-value < 0.05. All the experimental data were presented as the mean ± SEM.




Results


Cangma Huadu granules reduced the mortality of influenza A virus infection

To verify the effects of CMHD granules on the mortality of lethal influenza, a nasal drip of a 50 μL 104.4 EID50 mouse-adapted influenza A/Puerto Rico/8/1934 H1N1 (PR8) lethal dose virus was used to establish a pneumonia model, and the mortality of animals in each group was observed for 7 days. As seen in Figure 1A, all sham animals survived throughout the 7 days. Compared with the control group, the mortality of mice in the model group was significantly higher (7-day mortality 0 vs. 40%, median death time > 7 days vs. 6.25 ± 0.92 days). Compared with the model group, low, medium, and high doses of CMHD granules significantly reduced the mortality of infected mice and prolonged the median death time to 7 days or more. As a positive drug control, Ribavirin significantly reduced the mortality of infected mice compared with the model group. There were no significant differences in mortality and median time of death between CMHD granules and Ribavirin administration.
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FIGURE 1
CMHD granules attenuated weight loss and virus titer after IAV infection. ICR mice were infected with 50 μL 104.4 EID50 influenza A/Puerto Rico/8/1934 H1N1 (PR8) virus following treatment with dd H2O (0.2 ml, oral administration) (Mod), CMHD granule (0.5 g/ml, 0.2 ml, oral administration) (CMHD-L), CMHD granule (1 g/ml, 0.2 ml, oral administration) (CMHD-M), CMHD granule (2 g/ml, 0.2 ml, oral administration) (CMHD-H), or Ribavirin (0.2 Ml, 0.075 g/kg, oral administration) (RBV) per day for seven consecutive days. Mice in the control group (Con) were not infected with a virus and perfused with dd H2O (0.2 ml, oral administration) per day for even consecutive days. (A) Kaplan–Meier curves for 7 days. (B) Body weight for 7 days. (C) Comparison of pulmonary viral load among different groups at 7 dpi. (D) Comparison of interferon–γ content in lung tissues among different groups at 7 dpi. Values are mean ± SEM of 10 animals per group. #Compared with Con, *compared with Mod, △compared with RBV. *p < 0.05, **p < 0.01, ***p < 0.001 of each symbol, respectively.




Cangma Huadu granules attenuated weight loss and virus titer after influenza A virus infection

To further verify the therapeutic effect of CMHD granules on lethal influenza pneumonia, the body weight and viral load of mice in each group were measured. As seen in Figure 1B, the weight of the control group mice increased slowly from 0 to 7 dpi. Compared with the control group, the weight in the model group turned and began to decrease at 3 dpi. Compared with the model group, the low, medium, and high doses of CMHD granules groups showed less weight loss. The body weight of the model group decreased significantly compared with the control group. The weight loss was significantly improved after the administration of low, medium, and high doses of CMHD granules compared to the model group. Ribavirin showed no effect on attenuating weight loss after IAV infection.

As seen in Figure 1C, the pulmonary viral load in the model group was significantly higher than that of the control group at 7 dpi. The viral load was significantly decreased after low, medium, and high doses of CMHD granules administration compared to the model group. Ribavirin showed the best effect on reducing the viral load among all the groups. The levels of IFN-γ, a key restriction component during IAV replication and transmission, were also detected (Figure 1D). The content of IFN-γ in the lung tissue of the model group increased significantly compared with the control group. Low, medium, and high doses of CMHD granules administration showed a similar effect as Ribavirin on decreasing the level of IFN-γ.



Cangma Huadu granules alleviated severe lung damage during influenza A virus airway infection

We further evaluated the effect of CMHD granules on lung damage after IAV infection. As the general morphology of lungs displayed in Figure 2A, significant changes, including larger volume, increased edema, and bleeding, were observed in mice after IAV infection compared to the control. Low, medium, and high doses of CMHD granules or Ribavirin administration significantly improved the lung injury after infection, including reduced volume, edema, and bleeding. The alternation of lung index was consistent with the trends of the general morphology (Figure 2B). Compared with the control group, the lung index in the model group was significantly higher. Different doses of CMHD granules or Ribavirin administration significantly reduced the lung index caused by infection. HE staining showed that the pathological morphology of lung tissue in the control group was normal. Compared with the control group, the alveolar structure of the model group was incomplete. Cell necrosis, expansion of airspaces, and infiltration of the inflammatory cells were displayed. After administration with different doses of CMHD granules or Ribavirin, the destruction of the alveolar structure was attenuated, with less necrosis and inflammatory cell infiltration than the model group (Figure 2C).
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FIGURE 2
CMHD granules alleviated severe lung damage during IAV airway infection. (A) The general morphology of lung tissue and (B) lung index in uninfected or infected mice following the administration of CMHD granules or Ribavirin at 7 dpi. (C) Histopathological injury of representative lung sections in each group at 7 dpi with 400 × magnification (Bar = 50 μm). The blue arrow indicates inflammatory cell infiltration and the red arrow indicates erythrocyte exudation. Values are mean ± SEM of 10 animals per group. #Compared with Con, ∗compared with Mod. ∗∗p < 0.01, ∗∗∗p < 0.001 of each symbol, respectively.




Cangma Huadu granules regulated the inflammatory cytokine secretion and oxidative stress upon influenza A virus infection

To better explore the mechanism of CMHD granules in reducing the mortality of infected mice, we detected the secretion of inflammatory cytokines and the alteration of oxidative stress in the lung tissue at 7 dpi. As seen in Figures 3A–C, IAV-infected mice demonstrated considerably higher levels of IL-1β and TNF-α and reduced levels of IL-10 compared to the control group. Different dosages of CMHD granules or Ribavirin administration showed similar effects in reducing the levels of IL-1β and TNF-α and increasing the level of IL-10 in lung tissue compared to the model group.
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FIGURE 3
CMHD Granules regulated the inflammatory cytokine secretion and oxidative stress upon IAV infection. Lung tissue levels of (A) Interleukin-1β (IL-1β), (B) interleukin-10 (IL-10), (C) tumor necrosis factor-α (TNF-α), (D) superoxide dismutase (SOD) activity, (E) malondialdehyde (MDA), and (F) glutathione peroxidase reactive (GSH-Px) activity detected from uninfected or infected mice following the administration of CMHD granules or Ribavirin at 7 dpi. Values are mean ± SEM of 10 animals per group. #Compared with Con*compared with Mod. *p < 0.05, **p < 0.01, ***p < 0.001 of each symbol, respectively.


As seen in Figures 3D,F, the SOD and GSH-Px activities of the lung tissue in the model group were significantly higher than that in the control group. The administration of CMHD granules or Ribavirin significantly improved the upregulation of SOD and GSH-Px activities caused by infection. As shown in Figure 3E, the MDA level in the lung tissue of the model group was significantly lower than that in the control group. The administration of CMHD granules or Ribavirin significantly reduced the MDA level compared to the model group. Therefore, CMHD granules have specific anti-inflammatory and anti-oxidative effects under IAV infection.



Effects of Cangma Huadu granules on the Bcl-2/Bax/caspase-3 signaling pathway in influenza A virus-infected mice

To further explore the mechanism of CMHD granule on lethal IAV infection, we detected the protein levels of the Bcl-2 family, including Bcl-2 and Bax, and the level of cleaved-caspase-3, which are related to the regulation of apoptosis in lung tissues (Figure 4A). Compared with the control, the relative protein expression of cleaved-caspase-3 and the ratio of Bax/Bcl-2 were significantly increased in the lung tissue of infected mice (Figure 4B,C). Compared with the model group, low, medium, and high doses of CMHD granule or Ribavirin administration significantly downregulated the protein expression of cleaved-caspase-3 and Bax/Bcl-2 ratio. These results revealed that CMHD administration might inhibit apoptosis after IAV infection in a manner associated with the regulation of the Bcl-2/Bax/caspase-3 signaling pathway.
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FIGURE 4
Effects of CMHD granules on the Bcl-2/Bax/caspase-3 signaling pathway in IAV-infected mice. (A) Representative Western Blots of B-cell lymphoma-2 (Bcl-2) family, including Bcl-2 and Bcl-2-associated X (Bax), and cleaved caspase-3 in lung tissues of uninfected or infected mice following the administration of CMHD granules or Ribavirin at 7 dpi. The same membranes were probed with β-actin. (B) Densitometric analysis of Bax/Bcl-2 ratio on protein levels, (C) and the expression of cleaved caspase-3. Values are mean ± SEM of 10 animals in each group. #Compared with Con, *compared with Mod. ***p < 0.001 of each symbol, respectively.




Cangma Huadu granules altered gut microbial structural diversity

The α-diversity, including Ace, Chao1, and Shannon, indexes were evaluated to determine the ecological diversity within a microbial community after CMHD granules or Ribavirin administration in IAV-infected mice. As seen in Figures 5A–C, ACE and Chao1 indexes in the model group tended to increase, but there was no significant difference in Ace, Chao1, and Shannon indexes of the model group compared with the control group. Ace and Chao1 indexes in the Ribavirin group were significantly higher than those in the control group. Compared with the model group, the Shannon index of the CMHD group was significantly higher. The ACE index in the Ribavirin group was higher than that in the CMHD group. The β-diversity was measured by the principal coordinate analysis (PCoA) (Figure 5D) and the non-metric multidimensional scaling (NMDS) analysis (Figure 5E). PCoA based on the Bray–Curtis dissimilarity index showed a significant difference among the control, the model, the CMHD, and the Ribavirin groups (ANOSIM P < 0.001). NMDS analysis intuitively reflected the difference in distance within and among the groups. The control group and the CMHD group were distributed below NMDS2 0.0, while the model group and the Ribavirin group were distributed above NMDSs2 0.0. The NMDA Stress is 0.12 (less than 0.2), which indicates that the model is reliable. Overall, CMHD granules or Ribavirin administration significantly altered the structural microbial diversity of the intestine in IAV-infected mice.
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FIGURE 5
CMHD granules altered fecal microbial diversity in IAV-infected mice. 16S rRNA sequencing of the fecal samples in the control (Con), the model (Mod), the CMHD granules administration (CMHD), and the Ribavirin administration groups (RBV) were detected at 8 dpi (5 animals per group). α-Diversity was evaluated based on the Ace (A), Chao1 (B), and Simpson (C) indices of the operational taxonomic unit (OTU) levels. ∗P < 0.05. β-Diversity was evaluated based on the principal coordinate analysis (PCoA) (D) and non-metric multi-dimensional scaling (NMDS) analysis (E) of the OTU levels.




Cangma Huadu granules altered the dominant bacteria after influenza A virus infection

As seen in Figure 6A, Bacteroidota, Firmicutes, Verrucomicrobiota, Proteobacteria, and unidentified Bacteria were the dominant phyla microbiota (relative abundance > 1%) in the four groups. In addition, Actinobacteria was a dominant phyla microbiota in the model, the CMHD, and the Ribavirin groups. Deferribacteres was a dominant phyla microbiota in the Ribavirin group. The average abundance of Bacteroidota and unidentified Bacteria showed significant differences among the four groups using one-way ANOVA.


[image: image]

FIGURE 6
CMHD granules altered the dominant bacteria and microbiota composition in IAV-infected mice. The percentage of community abundance at the phylum (A) and genus (B) levels in the control (Con), the model (Mod), the CMHD granules administration (CMHD), and the Ribavirin administration groups (RBV). Data were shown as relative abundance (%) of the top 10 abundant phylum and top 20 abundant genera in each group. (C–J) Significant different bacterium among the Con, Mod, CMHD, and RBV groups. Statistical analysis was performed using the one-way ANOVA. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗∗P < 0.0001.


As seen in Figure 6B, the top 3 predominant genera were Akkermansia (17.7%), Alistipes (13.4%), and Alloprevotella (8.8%) in the control group; Akkermansia (35.9%), Lactobacillus (10.4%), and Alistipes (9.0%) in the model group; Akkermansia (15.4%), Alistipes (12.3%), and Bacteroides (11.7%) in the CMHD group; and Akkermansia (16.9%), Lactobacillus (13.2%), and Alistipes (10.9%) in the Ribavirin group, respectively. The average abundance of Lactobacillus, Parasutterella, Turicibacter, Bacteroides, Faecalibaculum, and Bifidobacterium showed significant differences among the four groups using one-way ANOVA.



Cangma Huadu granules altered fecal microflora composition after influenza A virus infection

As seen in Figure 6C, in the phylum, the abundance of Bacteroidota decreased in the model group compared with the control group, increased in the CMHD group compared with the model group, and decreased in the Ribavirin group compared with the CMHD group, respectively. As seen in Figure 6D, the abundance of unidentified Bacteria increased in the model group compared with the control group. As seen in Figures 6E–J, in the genera, the abundance of bacterium including Bifidobacterium, Parasutterella, Bacteroides, and Faecalibaculum was increased in the CMHD group compared with the model group. The abundance of bacterium including Bifidobacterium, Parasutterella, Bacteroides, and Faecalibaculum was decreased, while the bacterium Lactobacillus and Turicibacter were increased in the Ribavirin group compared with the CMHD group.

Moreover, LEfSe was used to generate a cladogram to identify the specific bacteria in each group. Using a logarithmic LDA score cutoff of 3.5, we identified 40 bacteria as key discriminants (Figure 7). Higher proportions of bacterium including Bacteroidota, Alloprevotella, and Atopostipes were identified in the control group, while a higher proportion of Pseudomonadale was identified in the model group. A higher proportion of genera including Paeasutterlla, Bacteroides, and Bifidobacterium_pseudolongum were identified in the CMHD group, while a higher proportion of unidentified_Bacteria and Nitrospirota were identified in the Ribavirin group.
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FIGURE 7
Linear discriminant analysis (LDA) integrated with effect size (LEfSe). (A) The differences in abundance among the control (Con), the model (Mod), the CMHD granules administration (CMHD), and the Ribavirin administration groups (RBV). (B) Cladogram indicating the phylogenetic distribution of microbiota correlated with each group.





Discussion

The development of influenza infection into a severity situation is mainly caused by excessive lung injury and secondary pneumonia (Herold et al., 2015). Two factors are responsible for the exacerbation of the disease and mortality, including lung tissue damage and overwhelming inflammatory response (McCullers and Bartmess, 2003). We previously found that CMHD has therapeutic effects on mild IAV infection by using a non-lethal dose of 35 μL 14LD50 H1N1/FM1 virus infection mouse model (Cui et al., 2022). This study established a lethal influenza model using a dosage of 50 μL 104.4 EID50 H1N1/PR8 virus. According to our data, 7-day mortality of the pneumonia model is about 40%, indicating a lethal infection. Treatment with CMHD granules at different doses could decrease the mortality of infected mice. Besides, we noticed that CMHD granules attenuated the weight loss induced by a virus infection, indicating an improvement in the condition. Considering the severity of this model, CMHD granules possess a promising therapeutic effect on preventing severe pneumonia caused by IAV. Anti-viral drug Ribavirin showed similar therapeutic efficacy in the mice with lethal infections. However, based on our understanding, the anti-viral effect of TCM medicine is usually not as effective as designed in western medicine. Therefore, we detected the viral titer in mice of the model group and the treatment group. Not surprisingly, the direct anti-viral property of CMHD granules is inferior to Ribavirin. Taken above, we hypothesize that the curative effect of CMHD granules is associated with its regulatory role in either inflammatory response or lung injury.

Previous studies showed that TCM has anti-inflammatory and antioxidant effects in RNA virus infections. Yang et al. reported that different TCM compounds have inhibitory effects on the gene levels of the pro-inflammatory cytokine, including TNF-α, IL-6, CCL-2, and IFN-γ in coronavirus (SARS-CoV-2) infection (Runfeng et al., 2020; Ma et al., 2021). Our study demonstrated that CMHD granules inhibit the release of pro-inflammatory factors, including TNF-α, IL-1β, and IFN-γ, promote the release of anti-inflammatory factor IL-10, and reduce oxidative stress after IAV infection. The increased levels of inflammatory cytokines and reactive oxygen species after IAV infection activate apoptosis and autophagy in vivo (Mehrbod et al., 2019). Thus, the endogenous apoptosis pathways, which are strictly controlled by Bcl-2 gene family of proteins, were also evaluated in this study. We found that the ratio of cell death agonists, Bax, vs. cell death antagonists, Bcl-2, decreased after CMHD and Ribavirin administration, alongside the decreased level of executioner caspases, caspase-3. However, as a previous study pointed out that the gut bacteria are necessary for the initiation and maintenance of tissue repair but are unnecessary for the rapid drug-mediated apoptosis as a chemotherapeutic drug’s mechanisms (Rigby et al., 2016), and whether the regulation of apoptosis and gut bacteria after CMHD administration is in a parallel or causal relationship needs to be verified in the future.

The influence of the gut microbiota on the pathogenicity of the influenza virus is profound as it can not only affect viral infections in the gastrointestinal system but also produce metabolites or influence different lymphocytes to modulate influenza infections in the lung (Ivanov et al., 2009). Studies have proved the protective effects of gut microbiota against respiratory and systemic infection, especially after influenza virus infection (Brown et al., 2017). In our study, it is notable that the shifted microbiota diversity and composition after CMHD administration tended to be similar to the control. In contrast, the alternation after Ribavirin administration was similar to those in the model group, particularly in the NMDA analysis. We found no statistical difference in the α-diversity between infected and uninfected mice, which is consistent with previous studies. However, they have pointed out the reduction of commensal community richness (Yildiz et al., 2018) and the different α-diversity between the IAV infected-death and infected-survival mice (Zhang et al., 2020). Although the ACE index of α-diversity increased after Ribavirin compared with CMHD administration, this is likely due to the increased abundance of unidentified_Bacteria rather than the beneficial commensal community.

We identified a series of genera characteristics of gut microbes that are closely related to CMHD or Ribavirin administration in IAV-infected mice, including Bifidobacteria, Lactobacillus, Bacteroides, Parasutterella, Faecalibaculum, and Turicibacter. Bifidobacteria and Lactobacillus are common probiotic strains, which have been successfully applied in the food and pharmaceutical industries. Several of them confirmed to have protective effects on IAV infection, including Bifidobacterium animalis (Zhang et al., 2020), Bifidobacterium longum (Kawahara et al., 2015), and Lactobacillus rhamnosus (Villena et al., 2012). The gut population of endogenous B. animalis expanded to enhance host influenza resistance during lethal influenza infection. Oral administration of B. animalis alone or with B. pseudolongum combination significantly increased the survival rate of infected mice (Zhang et al., 2020). Li et al. demonstrated through fecal transplantation experiments that part of the mechanisms of immune regulation of TCM after influenza virus infection is via gut microbiota (Deng et al., 2021). Apparently, the significant upregulation of Bifidobacterium and Bifidobacterium_pseudolongum abundance by CMHD administration was beneficial, which might be one of its mechanisms in treating IAV infection. However, Ribavirin has a better effect on the upregulation of Lactobacillus abundance than CMHD. We also found a higher abundance of Bacteroides, Parasutterella, and Faecalibaculum after CMHD administration. Bacteroides are beneficial bacteria, which metabolize polysaccharides and oligosaccharides and provide nutrition and vitamins to the host (Zafar and Saier, 2021). A previous study reported preferentially deleted Bacteroides in IAV infection mice, which was speculated to be a reason for superinfection sensitivity following IAV infection (Yildiz et al., 2018). There are limited reports on the role of Parasutterella and Faecalibaculum in influenza infection. However, under other disease conditions, Parasutterella, as a succinate producer, played an important role in bile acid maintenance and cholesterol metabolism (Ju et al., 2019), and Faecalibaculum, as a short-chain fatty acids producer, reduced tumor growth (Zagato et al., 2020). The effect of Ribavirin on the increase of the bacterial abundance of Turicibacter was more significant than that of CMHD. Turicibacter is a common genus of Firmicutes, which is closely related to lipid and carbohydrate metabolism. As a potential beneficial genus, studies showed that Turicibacter protects the host from chronic and inflammatory diseases (Wang et al., 2021b). Based on these aforementioned findings, we speculated that the mechanism of CMHD granules is related to the alternation of the microbiota structure and some specific microbiota in the intestine.



Conclusion

Our study provided a novel and effective TCM compound, CMHD granules, for treating lethal influenza. Although the administration of the positive drug Ribavirin showed an excellent effect in reducing viral load, CMHD granules exhibited similar effects on reducing mortality and alleviating lung injury after IAV infection. Our study further underlined the crucial mechanisms of CMHD granules, including reducing virus load, overwhelmed inflammatory responses, oxidative stress, and apoptosis. In addition to these, CMHD granules displayed pronounced beneficial effects on regulating the diversity and composition of gut microbiota after IAV infection. Noteworthy, bacterium protecting hosts against extraintestinal infections, including Bifidobacterium, Bifidobacterium_pseudolongum, and Bacteroides, became more abundant after CMHD granules administration. Nevertheless, Ribavirin showed a better effect on up-regulating the abundance of Lactobacillus and some potentially beneficial bacteria, such as Turicibacter. In general, this promising example of TCM compound protected hosts against severe influenza, which is comparable to Ribavirin.
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Bovine herpesvirus 1 (BoHV-1) is an alphaherpesvirus that causes infectious bovine rhinotracheitis and infectious pustular vulvovaginitis in cattle. Ιnterferon-gamma (IFN-γ) is a pleiotropic cytokine with antiviral activity that modulates the innate and adaptive immune responses. In this study, we prepared high-purity bovine interferon gamma (BoIFN-γ) dimer protein using prokaryotic expression system and affinity chromatography. We subsequently investigated the effect of BoIFN-γ on BoHV-1 infection in Madin-Darby bovine kidney (MDBK) cells. The results showed that BoIFN-γ pre-treament not only decreased the production of BoHV-1 but also reduced the cytopathic effect of the virus. Differential gene expression profiles of BoHV-1 infected MDBK cells were then analysed through high-throughput RNA sequencing. The data showed that BoIFN-γ pre-treatment reduced lipid metabolism disorder and DNA damage caused by BoHV-1 infection. Furthermore, BoIFN-γ treatment upregulated the transcription of interferon regulatory transcription factors (IRF1 and GBP5) and interferon-stimulated genes (ISGs) of MDBK cells. Additionally, BoIFN-γ promotes expression of cellular protein involved in complement activation and coagulation cascades response as well as antigen processing and presentation process, while BoHV-1 infection dramatically downregulates transcription of these immune components including C3, C1r, C1s, PLAT, ITGB2, PROCR, BoLA, CD74, B2M, PA28, BoLA-DRA, and TAPBP. Collectively, our findings revealed that BoIFN-γ pre-treatment can improve host resistance to BoHV-1 infection and regulate transcription or expression of host protein associated with cellular metabolism and innate immune response. This provides insights into the development of prophylactic agents for prevention and control of BoHV-1 infection.
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 bovine herpesvirus 1, interferon-gamma, RNA-Seq, pathogen–host interactions, immune response


Introduction

Bovine herpesvirus-1 (BoHV-1), a member of the Alphaherpesvirinae subfamily, causes immunosuppression and rhinotracheitis, encephalitis and genital lesions and has led to significant economic loss to the cattle industry worldwide (Muylkens et al., 2007; Rola et al., 2017; Thakur et al., 2017). One key characteristic of BoHV-1 infection is the establishment of latency. Latent viruses are reactivated after cattle are exposed to natural stimuli or corticosteroid treatment. Although vaccination can offer effective protection against the clinical disease, it is difficult to prevent the excretion of recrudescent viruses from latent status (Biswas et al., 2013). BoHV-1 is a successful pathogen because it impairs intrinsic and innate immune responses through encoding genes related to immune-evasion (Jones, 2019). For instance, bICP0 encoded by the IEtu1 promoter plays a role as early interferon antagonist (Saira et al., 2007, 2009). bICP27 is manifested as an inhibitor of IFN-β promoter activation phenomenally (da Silva et al., 2012). Late protein VP8 is a potent IFN antagonist that can disrupt host innate immune responses in the absence of viral protein synthesis (Afroz et al., 2016). gG and UL49.5 would also further antagonise immune-recognition. Since BoHV-1 inhibits immune responses in hosts, it can result in secondary bacterial infection and vaccine breaks (Jones, 2019). Therefore, the severity of disease caused by BoHV-1 is more complicated than its clinical manifestation.

It has previously been demonstrated that the bovine immune response is crucial for the regulation of BoHV-1 latency reactivation (Jones, 2019). BoHV-1 infection stimulates innate and adaptive immune cells to secrete cytokines and antibodies (Decman et al., 2005). One of these is interferon-γ (IFN-γ) which induces or inhibits a number of cellular functions by directly affecting gene expression in many cell types. IFN-γ is important in immune modulation and broad-spectrum pathogen defence, and was originally identified as a secretory factor interfering with viral replication (Kang et al., 2018). Basic components of IFN-γ signalling pathway are defined, activation of IFN-γ signals mainly via the Janus kinase (JAK)—signal transducer and activator of transcription (STAT) intracellular signal transduction. Once IFN-γ binds to the receptor, the tyrosine kinases JAK1 and JAK2 phosphorylate the transcription factor (TF) signal transducer and activator of transcription 1 (STAT1), result in nuclear translocation and regulate transcriptions of IFN-γ-inducible genes (Muller et al., 1993; Hu et al., 2021). The activation of the JAK–STAT signalling pathway by IFNs leads to the upregulation of a series of interferon-stimulated genes (ISGs), many of which exert antiviral effect on infected cells (Ezeonwumelu et al., 2021). Increasingly, evidence confirms that IFN-γ acts as a pivotal factor in host defence against double-stranded DNA viruses. Host-derived IFN-γ interferes with viral replication by inhibiting transcription and translation of viral genes (Malmgaard, 2004; Schoenborn and Wilson, 2007). For example, in human papillomavirus (HPV) infection, IFN-γ reduces proteolysis of leucocyte L1 protein, leading to retention of the minor capsid protein L2/genome complex in the late endosome, subsequently inhibiting translocation of the dissociated L2/genome complex into the nucleus for genome replication (Day et al., 2017). Induction of nitric oxide synthase by IFN-γ, and consequent nitric oxide production, was shown to mediate the blocking of vaccinia virus replication after early gene expression (Harris et al., 1995). IFN-γ restricts herpes simplex virus type 1 (HSV-1) reactivation by direct and indirect mechanisms. IFN-γ inhibits HSV-1 mRNA accumulation and the subsequent steps of the viral life cycle including early and late gene expression, viral DNA synthesis and viral replication (Pierce et al., 2005). CD8+ T cells producing IFN-γ have been shown to directly suppress immediate early (IE) gene expression and prevent HSV-1 reactivation from latency in neurons (Decman et al., 2005). Accordingly, IFN-γ plays a protective role in acute infection with DNA viruses, especially herpesviruses, but little is known about the role of BoIFN-γ in BoHV-1 infection.

In the present study, we prepared and purified the BoIFN-γ protein in Escherichia coli and analysed how pre-treatment with recombinant BoIFN-γ affected BoHV-1 replication in MDBK cells. We further explored the antiviral mechanisms of BoIFN-γ by differential gene expression (DGE) profile to compare gene expression in BoHV-1 infected MDBK cells with and without IFN-γ pre-treatment. The results revealed that BoIFN-γ effectively alleviated MDBK cells from alteration of cellular proteins involved in DNA damage, lipid metabolism disorder and immunocompromise caused by BoHV-1 infection.



Materials and methods


High purity BoIFN-γ production

The Bovine IFN-γ (BoIFN-γ) gene encoding 122 amino acids was synthesised by Shenggong Life Technologies (Shanghai) according to the sequence released in GenBank (EU276066, nucleotides 24–390) and ligated into the pET-21a(+) vector (Novagen, Merck KGaA, Darmstadt, Germany) and transformed into Escherichia coli strain BL21 (DE3; Supplementary Table 1). The soluble Bovine IFN-γ protein was prepared as described previously with some modifications (Chen et al., 2010). The BoIFN-γ inclusion bodies were gradually dissolved in the refolding buffer (100 mM Tris–HCl, 2 mM EDTA, 400 mM l-arginine-HCl, 0.5 mM oxidised glutathione and 5 mM reduced glutathione pH 8.0). The soluble BoIFN-γ was purified by gel filtration using a Superdex 200 size exclusion column (GE Healthcare) and anion-exchange chromatography using Resource-Q (GE Healthcare).



Plaque reduction test of BoIFN-γ

MDBK cell was purchased from the American Type Culture Collection (Manassas, VA, United States). MDBK Cells seeded into 6-well plates at 1 × 106 cells/well were incubated overnight at 37°C, treated with BoIFN-γ in 0.5 μg/well for 12 h and infected with 2 ml BoHV-1 (400TCID50/ml) incubated at 37°C and 5% CO2 for 1.5 h. An agarose overlay was added to the infected cell monolayer after the virus mixture was removed. The cells were further incubated for 48 h after the layer solidified. When viral plaques became visible, 4% formaldehyde was added to the plate, and viral plaques were counted using 0.1% toluidine blue in saline.



Cytotoxicity of BoIFN-γ to MDBK cells

MDBK cells were seeded in 6-well plates and cultured to 70% confluency at 37°C for 18–24 h. Then, 1 ml of BoIFN-γ with different concentrations (10, 100, 1,000 U/ml) was added to the culture medium, respectively. Followed by cultivation at 37°C for 12 h, we change the medium containing BoIFN-γ to fresh maintenance medium. Cell proliferation was tested with the CellTiter 96 Aqueous One Solution Cell Proliferation Assay (MTS) Kit (Promega) according to the manufacturer’s instructions, and the OD490 values of the test wells were read with a microplate reader. All tests were performed in triplicate.



Antiviral activity of BoIFN-γ

The cytopathic inhibition assay was employed to test the antiviral activity of BoIFN-γ on the MDBK cell line. Briefly, Monolayers of MDBK cells were prepared in 96-well plates. The cells were pre-treated with tenfold serial dilutions of the purified BoIFN-γ and incubated 12 h at 37°C 5% CO2 with the maintenance medium (DMEM with 2% foetal bovine serum). The medium containing BoIFN-γ diluent was removed and cells were washed twice with the DMEM medium.100 TCID50 of BoHV-1 was added to cells and absorbed for 1.5 h at 37°C, then the inoculum was removed and cells were washed twice with PBS. And fresh maintenance medium was added to each well and incubated as before (37°C in a CO2 incubator) for 2–3 days. Subsequently, viral CPEs were observed and recorded under an inverted microscope. The unit of antiviral activity was calculated based on the highest dilution that 50% CPE in the cell sheet was inhibited. Each dilution of purified BoIFN-γ was determined in 8 repeats.



Replication dynamics of BoHV-1 in MDBK pre-treated by BoIFN-γ

After treated with different doses of BoIFN-γ for 12 h, the MDBK cells seeded in 6-well plates were infected with 2 × 105TCID50 of BoHV-1, and viral DNA was isolated from cell and supernatants at different time points. Each experiment was repeated three times. The fluorescence quantitative PCR (FQ-PCR) was performed to calculate DNA copy numbers of BoHV-1in cells using SYBR Green PCR master mix based on gB gene as template (gB PF: 5-GCGAGGAAGAGGAGGAGT-3; gB PR: 5-CATCGGAAGCTGCTGGTAC-3). Viral end-point titration was performed to measure progeny virus titre from supernatants. 50% tissue culture infective dose (TCID50) was determined by Reed–Muench method.



High-throughput RNA-sequencing

After pre-treatment with 1,000 U/ml BoIFN-γ for 12 h, MDBK cells seeded in 6-well plates were incubated with 2 × 105TCID50 BoHV-1 for 1.5 h and then cultured for 24 h in a maintained medium. Cells from four experimental groups were harvested at 24 h post BoHV-1 infection: Group MIV is infected with BoHV-1 only, group MgIV is pre-treated with BoIFN-γ for 12 h and then infected with BoHV-1, group Mg is pre-treated with BoIFN-γ without BoHV-1 infection and group Mock is control group. Following the instructions of TRIzol Reagent (Life Technologies; Carlsbad, CA, United States), total RNA was extracted from MDBK cells at 24 h post infection of BoHV-1, which were pre-treated with or without BoIFN-γ. The purity and fragment length of RNA was assessed using the NanoDrop spectrophotometer (Peqlab, United States) and Agilent 2,100 Bioanalyzer (Agilent Technologies; Böblingen, Germany). Oligo (dT) magnetic beads were used to enrich RNA. Following the first single strand of cDNA was synthesised, double-stranded cDNAs were purified and selected by AMPure XP beads (Beckman Coulter, Krefeld, Germany) and then construct the cDNA library. The insertion fragment size and the effective concentration were detected and accurately quantified by Agilent 2,100 Q-PCR to achieve the highest quality library standards. RNA-seq was obtained by using the Illumina high-throughput sequencing platform (NovaSeq 6,000) by the Beijing Allwegene Technology Company Limited (Beijing, China). Tophat2 software was utilised to compare the obtained sequence with the genome reference sequence. Fragments per kilobase of exon model per million mapped reads (FPKM) of each gene were analysed on the basis of length of the gene and read count mapped to this gene. Differential expression analysis was accomplished by employing DESeq. Each experiment was repeated 3 times.



Bioinformatics analysis of differentially expressed gene sets

GO enrichment analysis was performed by using Goseq software (v1.22). KEGG database (Kyoto Encyclopedia of Genes and Genomes)1 was applied to study genes and expression information as a whole network, which contains biochemical metabolic pathway and signal transduction pathway. The pathway enrichment analysis of DGEs was analysed by KOBAS software (v2.0) on the KEGG database.2



Relative quantification of differentially expressed genes by quantitative reverse transcriptase PCR

The RNA used for detecting DGEs was further reverse transcribed into cDNA utilising the FastKing RT Kit (with DNase). The target gene expression levels were normalised to the β-actin gene as reference. A detailed list containing primers for target genes and β-actin is shown in Supplementary Table 2. The quantitative PCR (qPCR) was performed with the following conditions utilising the iTaq universal SYBR Green Supermix and CFX96 real-time system (Bio-Rad): initial denaturation was performed at 95°C for 1 min, followed by 40 cycles of denaturation at 95°C for 15 s and annealing/extension at 60°C for 1 min, with endpoint melting-curve analysis.



Statistical analysis

The data were statistically analysed using GraphPad Prism. The results were expressed as the mean ± SD or the mean ± SEM, as indicated. Statistical significance between experimental groups was assessed by one-way ANOVA with unpaired two-tailed t test or one-way ANOVA, p-value significance codes: ***0.001, **0.01, or *0.05.




Results


BoIFN-γ inhibits the replication of BoHV-1 in MDBK cells

A total of 6.68 mg of protein was obtained after refolding a 50 mg BoIFN-γ inclusion body. The refolding efficiency of BoIFN-γ inclusion bodies was 10%–13%. Considering the molecular mass of the BoIFN-γ monomer (14.2 kDa), peak 1 (about 28.4 kDa) from size-exclusion chromatography corresponded to a BoIFN-γ dimer (Figure 1A). The protein was then purified by Resource-Q anion-exchange chromatography and the specific peak appeared at a NaCl concentration of 12%–15% (Figure 1A). About 12% SDS-PAGE gel analysis showed a single band corresponding to the expressed BoIFN-γ (14.2 kDa; Figure 1A, inset).
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FIGURE 1
 Preparation and antiviral activity of BoIFN-γ. (A) The expression and purification of BoIFN-γ, Left, Gel-filtration profile of the BoIFN-γ. Right, Results of further purification of the folded BoIFN-γ by anion-exchange chromatography. The protein was eluted at NaCl concentration of 12.0%–15.0%. Inset, reduced SDS-PAGE gel (15%) of the corresponding purified protein (14.2 kDa). Lane M contains molecular-weight markers (labelled in kDa). (B,C) Plaque reduction test of the BoIFN-γ. Mock represents uninfected MDBK cells, MIV represents MDBK cells infected with BoHV-1 and pre-treated with PBS, Mg represents MDBK cells pre-treated with BoIFN-γ only, MgIV represents MDBK cells infected with BoHV-1 and pre-treated with BoIFN-γ. Viral plaques were counted using 0.1% toluidine blue in saline, and reverse the colour to show plaques more clearly. The data were analysed using SPSS software and one-way ANOVA, and the graph was made using GraphPad Prism 5.0. *** represented statistically statistically diﬀerences (p < 0.001). ** represents statistically significant differences (p < 0.01). * represents statistically very significant differences (p < 0.05). (D) Replication curves of BoHV-1 in MDBK cells pre-treated with different doses of BoIFN-γ (10, 100, and 1,000 U/ml) detected use FQ-PCR. (E) Replication curves of BoHV-1 in MDBK cells supernatants pre-treated with different doses of IFN-γ (10, 100, and 1,000 U/ml) detected use TCID50. (F) Replication of BoHV-1 in MDBK cells at 24 h poster infection pre-treated with different doses of BoIFN-γ (10, 100, and 1,000 U/ml) detected use FQ-PCR. (G) Changes in cellular morphology at 24 HPI. MIV is MDBK infected with BoHV-1 only, MgIV is MDBK pre-treated 1,000 U/ml BoIFN-γ 12 h and then infected BoHV-1, Mg is MDBK pre-treated BoIFN-γ without BoHV-1 infection, Mock is MDBK cell control.


Results of plaque reduction test revealed that BoIFN-γ pre-treatment significantly reduced the number of plaques formed by BoHV-1 in MDBK cells (p < 0.01) (Figures 1B,C). The antiviral (BoHV-1) activity of BoIFN-γ in MDBK cells was 4.73 × 105 U/mg (Supplementary Table 3). When compared with the control group treated with phosphate-buffered saline (PBS), MDBK cells treated with three different concentrations of BoIFN-γ (10, 100, and 1,000 U/ml) displayed no obvious cytotoxicity (Supplementary Figure 1).

In order to investigate the replication dynamics of BoHV-1 when inhibited by different doses of BoIFN-γ, MDBK cells seeded in 6-well plates were pre-treated with BoIFN-γ or PBS and infected with 2 × 105TCID50 BoHV-1 for 48 h. Viruses were then isolated from cells and supernatants were obtained at different time points. We subsequently determined DNA copy numbers and titrations. As shown in Figures 1D,E, when compared with the control group, BoHV-1 replication trends were significantly reduced by BoIFN-γ in a dose-dependent manner, especially at 24 h post infection (Figure 1F). These results were verified by examination of the cytopathic effects under light microscopy (Figure 1G).



Evaluation of transcriptome sequencing data

At least 6.37 GB of clean data were obtained from each sample by transcriptome sequencing. After quality control, the data were further analysed for expression level by using the Illumina NovaSeq 6,000 platform. The Q30 percentages of clean data for all samples were higher than 91.54%, and the GC contents of the clean data for all samples ranged from 46.54% to 58.39% (Table 1). More than 41,496,306 clean reads were obtained from the Mock group, 45,106,246 clean reads from the MIV group, 35,438,468 clean reads from the MgIV group and 47,224, 594 clean reads from the Mg group. At least 92.43% of the clean reads from each panel without BoHV-1 and 63.15% from panels with BoHV-1 were successfully mapped to the bovine reference genome database. In addition, over 90.93% of the clean reads from each panel without BoHV-1 and 61.67% from panels with BoHV-1 were uniquely mapped to the bovine reference genome database. After FPKM standardisation, most of the unique clean reads show only 1 FPKM. Clean reads of more than 60 FPKM were 3–6% of each panel. The construction of DGE libraries is outlined in Table 2.



TABLE 1 Summary statistics for sequence quality control and mapped data of sample.
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TABLE 2 Statistical table of the number of genes in different expression levels (fpkm.stat).
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Identification of differentially expressed genes

Differentially expressed genes (DEGs) were identified from the different experimental panels (padj < 0.05, |Log2FC| > 1). BoHV-1 infection led to 3,566 upregulated and 3,328 downregulated genes compared to Mock. BoIFN-γ pre-treatment resulted in only 944 upregulated and 625 downregulated genes compared to Mock, and there were 2,925 DEGs in the MgIV to Mock comparison including 1,357 upregulated and 1,386 downregulated genes. When compared with BoHV-1 infection only, BoIFN-γ pre-treated BoHV-1 infection generated nine upregulated genes and only 1 downregulated gene. Meanwhile, there were 1,448 upregulated and only 1,942 downregulated genes detected in the MgIV and Mg comparisons (Table 3). 1,291 upregulated genes were conserved in the BoHV-1 infected cells with and without BoIFN-γ pre-treatment, and 2,275 upregulated genes were specific for BoHV-1 infected, whereas only 66 upregulated genes were specific for the MgIV group. Correspondingly, 1,483 downregulated genes were shared by both samples with and without BoIFN-γ pre-treatment, 1,845 downregulated genes were specific for MIV group and only 85 downregulated genes were specific for MgIV group. Furthermore, 148 upregulated genes and 164 downregulated genes were common to the experimental groups MgIV and Mg. About 1,290 upregulated genes and 1,404 downregulated genes were specific for the experimental group MgIV and 796 upregulated genes and 461 downregulated genes were specific for the Mg group (Figure 2).



TABLE 3 Number of differentially expressed genes of samples.
[image: Table3]

[image: Figure 2]

FIGURE 2
 Volcano plot and Venn image of global DEGs in different comparison groups. Volcano plot of global DEGs in different comparison groups. (A) MIV vs. Mock. (B) MgIV vs. Mock. (C) Mg vs. Mock. (D) Venn diagrams representing the genes in common among treatment groups. (The statistical criteria are padj < 0.05, |Log2FC| > 1.)




Enrichment analysis of GO terms and KEGG pathway

To determine the functions related to DEGs, we analysed both the GO terms and KEGG pathways. GO classification revealed that the gene expressions altered by BoHV-1 infection were involved in many metabolic processes and cellular components including metabolic process, organic substance metabolic process, cellular metabolic process, organelle organisation, cytoplasm, nucleus, nucleoplasm, mitochondrion, and protein complexes associated with energy supply, such as the inner mitochondrial membrane protein complex and respiratory chain complex and other cellular components-related classifications (Figure 3A). This suggests that viral replication severely affects normal cell metabolism and composition, which is consistent with the cytopathic changes observed. DEGs in the MgIV group significantly enriched not only in metabolic processes and cellular components but also in many of the defence-related processes responsible for maintaining a steady state. These include the regulation of metabolic processes, responses to stress, apoptotic processes, the oxidation–reduction process and responses to cytokine and cellular respiration (Figure 3B). Although BoIFN-γ pre-treatment reduced visible cytopathic changes of MDBK caused by BoHV-1, cell metabolism and cellular component disorders still exist. As expected, regulated DEGs of the Mg group are almost all involved in the host defence-related response, including regulation of the stress response, response to stress, immune system process, response to external stimulus, immune response, innate immune response, interspecies interaction between organisms, extracellular region and major histocompatibility (MHC) protein complex, etc. (Figure 3C). In the comparison between MgIV and Mg groups, not only the metabolism-related processes and cellular components (i.e., metabolic process, organic substance metabolic process, cellular metabolic process, intracellular, organelle and intracellular organelle) were changed, but also many biological processes and cellular components associated with immune responses such as antigen processing and presentation, antigen processing and presentation of peptide antigen, MHC protein complex and MHC class II protein complex. The variety of processes may be seen in Figure 3D. Notably, in the comparison MIV group, MgIV primarily regulated GO terms related to cell cycle-related biology processes such as cell cycle, cell cycle process, mitotic cell cycle and regulation cell cycle process (Figure 3E).
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FIGURE 3
 GO enrichment analysis of DEGs in different comparison groups. (A) MIV vs. Mock. (B) MgIV vs. Mock. (C) Mg vs. Mock. (D) MgIV vs. Mg. (E) MgIV vs. MIV. p < 0.05; |Log2FC| > 1. GO terms are on the y-axis. Enrichment ratio of genes shown as GO terms for BP, CC and MF. * means GO categories with significant enrichment.


The analysis of KEGG pathways revealed that the host response pathways were considerably (p value <0.05) affected in all comparison groups 24, 24, 31, 36, and 27 significantly DEG-enriched KEGG pathways were identified in comparison groups MIV vs. Mock, MgIV vs. Mock, Mg vs. Mock, MgIV vs. Mg, and MgIV vs. MIV, respectively, (Supplementary Tables 4–8). The MIV vs. Mock comparison group mainly consisted of pathways focusing on thermogenesis, taste transduction, ribosome biogenesis in eukaryotes, ribosome, propanoate metabolism, phagosome, oxidative phosphorylation, non-alcoholic fatty liver disease (NAFLD), Parkinson disease, metabolism, fatty acid metabolism, carbon metabolism and fatty acid metabolism, lysosomes, eukaryotic ribosome biogenesis, cellular senescence, valine, leucine and isoleucine degradation and antiviral defence pathway including toxoplasmosis, herpes simplex virus 1 and human T-cell leukaemia virus 1 infection (Figure 4A; Supplementary Table 4). The comparison group MgIV vs. Mock pathways primarily included valine, leucine and isoleucine degradation, toxoplasmosis, ribosome biogenesis in eukaryotes, propanoate metabolism metabolic, metabolic pathways, melanoma, fatty acid metabolism, glutathione metabolism, carbon metabolism and some antiviral defence pathways such as the MAPK signalling pathway, FoxO signalling pathway and human T-cell leukaemia virus 1 infection (Figure 4B; Supplementary Table 5). The Mg vs. Mock comparison group primarily included pathways associated with viral myocarditis, type I diabetes mellitus, toxoplasmosis, Th1 and Th2 cell differentiation, staphylococcus aureus infection, rheumatoid arthritis, phagosome, leishmaniasis, antigen processing and presentation, allograft rejection, inflammatory bowel disease, herpes simplex virus 1 infection, human T-cell leukaemia virus 1 infection and toxoplasmosis complement and coagulation cascades, the p53 and NOD-like receptor signalling pathways (Figure 4C; Supplementary Table 6). The MgIV vs. MIV comparison group pathways primarily included staphylococcus aureus infection, leishmaniasis, phagosome, asthma, antigen processing and presentation, Th1 and Th2 cell differentiation, herpes simplex virus 1 infection, cell adhesion molecules and complement and coagulation cascades (Supplementary Table 7). The MgIV vs. Mg comparison group pathways included antigen processing and presentation, graft-versus-host disease, lysosome, valine, leucine and isoleucine degradation, phagosome, metabolic pathways, Epstein–Barr virus infection, type I diabetes mellitus and some immune-related pathways such as Th1 and Th2 cell differentiation, Th17 cell differentiation, human T-cell leukaemia virus 1 infection and p53 signalling pathway (Supplementary Table 8). The KEGG pathways that were significantly enriched in both BoHV-1 infection groups (MgIV and MIV) included metabolic pathways, lysosomes, eukaryotic ribosome biogenesis, carbon metabolism, fatty acid metabolism, valine, leucine and isoleucine degradation and human T-cell leukaemia virus 1 infection. In the BoIFN-γ pre-treated groups (MgIV and Mg), the significantly enriched KEGG pathways included glutathione metabolism, toxoplasmosis and human T-cell leukaemia virus 1 infection.
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FIGURE 4
 KEGG Pathway enrichment analysis of DEGs in different comparison groups. (A) MIV vs. Mock. (B) MgIV vs. Mock. (C) Mg vs. Mock. The name of KEGG pathways are on the y-axis. q-value (range 0–1) is the p-value that was corrected by multiple hypothesis tests. The closer the q-value is to zero, the more significant the enrichment of the KEGG pathway.




Differential expression of representative functional genes

According to Go and KEGG analysis results, the metabolic response of host cells was significantly disturbed during BoHV-1 infection. Combined with differences in gene transcription levels, we found some DEGs associated with lipid synthesis and metabolism, including ACSS2, FDFT1, HMGCS1, SERBF2, SQLE, FADS1, and FADS2, were significantly downregulated in both comparison group MIV vs. Mock and comparison group MgIV vs. Mock, but transcriptional inhibition of these genes was less in the MgIV group. The results showed that the lipid metabolism disorder caused by virus infection could be improved by BoIFN-γ pre-treatment and the remission of cell cytopathic effects (Figure 5A). Additionally, the genes (BRCA1, BRCA2, ATM, BRIP1, CLSPN, ZBTB1, RAD51, and RAD54L) involved in DNA damage were upregulated in the MIV group, indicating that this occurred as a result of BoHV-1 infection. However, upregulation of these genes in the MgIV group was less with BoIFN-γ pre-treatment, possibly due to inhibition of viral DNA replication by BoIFN-γ (Figure 5B). Compared with the Mock group, BoHV-1 infection (MIV) drastically reduced the transcriptional levels of the gene coding for complement components C3, C1r, C1s, PLAT (TPA), ITGB2 (CD18), and PROCR (EPCR), but gene transcriptional was significantly induced by BoIFN-γ treatment (Mg). Simultaneously, BoIFN-γ pre-treated cells (MgIV) demonstrated significant resistance to negative regulation of these complement-associated genes by BoHV-1 infection (Figure 5C). Furthermore, expression of the BoLA, CD74, B2M, PA28, BoLA-DRA, and TAPBP genes involved in the antigen presentation process of the acquired immune response was suppressed by BoHV-1 infection but also improved by BoIFN-γ pre-treatment (Figure 5D). As expected, transcription of interferon stimulated genes (ISGs), including MX1, OAS1Y, OAS1X, ADAR, BST2, HNRNPA0, and EIF2AK2, was increased by both BoIFN-γ treatment and BoHV-1 infection. Daxx and Sp100, important components of PML-nuclear bodies, were also upregulated both directly by BoIFN-γand indirectly by viral infection (Figure 5E). Furthermore, both cGAS and IRF7 were upregulated in MIV and MgIV groups, suggesting that the type 1 interferon pathway was activated due to the transcription of cGAS and IRF7 triggered in response to viral infection. Meanwhile, the NF-κB pathway was activated by BoHV-1 infection and the transcription of pro-inflammatory cytokines IL6, IL12, and TNF-α was upregulated in the MIV group (Figure 5F).
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FIGURE 5
 Expression level of genes related to lipid metabolism, DNA damage and repair, interferon stimulation genes, complement and coagulation signalling cascades, antigen processing and presentation, interferon regulatory factors and pro-inflammatory cytokines. ACSS2, FDFT1, HMGCS1, SQLE, BACA1, BACA2, ATM, BRIP1, CLSPN, ZBTB, RAD51, RAD54L, C3, C1S, ITGB2, BoLA, CD74, B2M, PA28, BoLA-DRA, TAPBP, MX1, ADAR, EIF2AK2, TNF, IL6, and IL6R validated by RT-qPCR. (A) Expression level of genes related to lipid metabolism. (B) Expression level of genes related to DNA damage. (C) Expression level of genes related to complement and coagulation signalling cascade. (D) Expression level of antigen processing and presentation. (E) Expression level of genes related to interferon stimulated genes. (F) Expression level of genes related to some interferon regulatory factors and pro-inflammatory cytokines. β-actin gene was used as an internal control and relative quantity of gene expression (fold change) of each gene was calculated with the comparative 2−ΔΔCT method. Values (RT-qPCR) shown were mean with SD.




Quantitative real-time PCR analysis

Comparisons of transcriptome sequencing data revealed that BoHV-1 infection caused cell metabolism disorder, DNA damage and immunosuppression, while BoIFN-γ pre-treatment enhanced expression of the genes responsible for immune defence and partially inhibited the gene expression involved in apoptosis. To validate the DEGs from our transcriptome sequencing, real-time PCR (RT-qPCR) was used to quantitatively measure the mRNA transcription of 34 selected genes related to lipid metabolism, DNA damage and repair, complement and coagulation signalling cascade responses, antigen processing and presentation, interferon stimulation genes, some cytokines and chemokines and some other immune-related genes, including ACSS2, FDFT1, HMGCS1, SQLE, BACA1, BACA2, ATM, BRIP1, CLSPN, ZBTB, RAD51, RAD54L, C3, C1S, ITGB2, BoLA, CD74, B2M, PA28, BoLA-DRA, TAPBP, MX1, ADAR, EIF2AK2, TNF, IL6, IL6R, ERN1, BCL2L11, GADD34, MAPK8, MAP3K5, ATF4, and CXCL3 (Figure 5; Supplementary Figure 2).

The correlation between RNA-Seq and RT-qPCR results was measured by a scatter plot of the log2 fold-changes. RNA-Seq results were highly correlated with RT-qPCR data, with a correlation coefficient (R2) as high as 0.8243 (Figure 6). In summary, RT-qPCR analysis validated the transcriptional changes of the DEG data from RNA-Seq.

[image: Figure 6]

FIGURE 6
 Correlation of fold change analysed by data obtained using RT-qPCR (x-axis) with RNA-Seq platform (y-axis). Correlation analysis was performed using GraphPad software 6.0 (San Diego, CA).





Discussion

BoHV-1 is a tactical pathogen with various strategies to impair innate and adaptive immune responses throughout productive infection (Jones, 2019). IFN-γ, a pleiotropic cytokine that modulates both innate and adaptive immune networks, was first discovered as a soluble macromolecule with antiviral activity. IFN-γ not only indirectly inhibits virus replication by inducing type I IFNs but also displays type I IFN-independent antiviral activity (Kropp et al., 2011; Hwang et al., 2012; Prestwood et al., 2012). As MDBK cell lines have been widely used to investigate interactions between the host and BoHV-1 and to evaluate novel antiviral approaches, a BoHV-1/MDBK system was employed in this study to investigate the anti-BoHV-1 activity of BoIFN-γ (Wang et al., 2021). The results showed that purified BoIFN-γ significantly reduced the cytopathic effect of productive BoHV-1 infection (Figures 1B,C,G). Furthermore, we evaluated the replication kinetics of BoHV-1 in MDBK cells pre-treated with BoIFN-γ and found that BoIFN-γ halted the replication speed of BoHV-1 in a dose-dependent manner (Figures 1D–F). In order to determine the molecular mechanisms by which BoIFN-γ helps establish an antiviral state in the host, we analysed the differences in gene expression between groups of MDBK cells by RNA-Seq. Transcriptome analysis of MDBK cells revealed that BoHV-1 infection destroyed many biological processes leading to cell death, such as lipid metabolic processes and DNA damage processes. Furthermore, BoHV-1 infection suppressed the transcriptions of these immune components related to complement activation and coagulation cascades response as well as antigen processing and presentation process. However, BoIFN-γ pre-treated cells (MgIV) displayed clearly alleviative injury caused by BoHV-1 infection, which suggests that BoIFN-γ pre-treatment strengthened the resistance of MDBK to BoHV-1 infection.

Replication and infectivity of viruses rely on obtaining all energy and raw materials from the host cell (Cvirkaite-Krupovic et al., 2015). Herpesviruses such as HCMV and HSV-1 actively hijack the metabolic pathways of host cells to create suitable intracellular microenvironments for their life cycle (Vastag et al., 2011; Strating and van Kuppeveld, 2017). In this study, results of enrichment analysis of GO terms and KEGG pathway demonstrated that BoHV-1 infection led to severe metabolic dysfunction. Combined with DEGs significant difference and pathway enrichment analysis, we found that expressions of the genes ACSS2, FDFT1, HMGCS1, SERBF2, SQLE, FADS1, and FADS2, all related to lipid metabolism, were significantly downregulated during BoHV-1 infection. However, these genes were downregulated to a lesser degree by viral infection in BoIFN-γ pre-treated cells (Figure 5F). HMGCS1 is a key ketogenesis enzyme for regulating sterol biosynthesis and cholesterol metabolism and, together with ACSS2, plays an important role in cell growth and progression and cattle growth performance (Wang et al., 2016; Xu et al., 2018). SQLE and SCD are considered rate-limiting enzymes in lipid metabolism that catalyse the synthesis of monounsaturated fatty acids (MUFAs) and inhibitors of the cell death process of ferroptosis (Trapani et al., 2012; Yuan et al., 2020). FDFT1 synthesises squalene via condensation of two molecules of farnesyl pyrophosphate, and is critical for metabolic reprogramming, cell proliferation and virus propagation (Park et al., 2014; Ha and Lee, 2020). SREBP2 maintains lipid homeostasis by regulating cholesterol and fatty acid metabolism (Song et al., 2017). Thus, dramatic downregulation of these gene transcriptions indicates that host lipid metabolism was disturbed by BoHV-1 infection, making the normal cell cycle difficult to maintain. Nevertheless, such injuries can be significantly lessened by BoIFN-γ pre-treatment.

As part of the host’s immune surveillance, viral replication is recognised by infected cells as DNA damage leading to apoptosis. In the process of DNA virus replication, exogenous viral DNA structures trigger DNA damage and repair responses in cells (Afroz et al., 2018). In our study, DEGs involved in DNA damage and repair, including BRCA1, BRCA2, BRIP1, ZBTB1, RAD51, RAD54L, ATM, and CLSPN, were significantly upregulated by BoHV-1 infection, but regulation of these genes was relatively improved in group MgIV (Figure 5D). BRCA1 and BRCA2 are required for maintaining chromosomal stability to protect the genome from damage and to transcriptionally regulate some of the genes involved in DNA repair (Yoshida and Miki, 2004). BRIP1 interacts with numerous proteins associated with the regulation of DNA damage responses and signal checkpoints which are vital for retaining chromosomal and genomic constancy (Khan and Khan, 2021). ZBTB1 is a critical upstream regulator of translesion DNA synthesis and promotes chromatin remodelling and translesion DNA for DNA repair (Kim et al., 2014; Zhang et al., 2020). RAD51 and RAD54 are key elements in homologous recombination which is a versatile DNA damage repair pathway. The strand exchange protein RAD51 promotes genome stability by repairing DNA double strand breaks and damaged replication forks. RAD54L acts with RAD51 to promote recombinational DNA repair (Mason et al., 2015; Mun et al., 2020). Upregulation of RAD51 mRNA expression inhibits the STING-mediated innate immune response (Bhattacharya et al., 2017). As a primary regulator in the DNA damage response, ATM activates many signal pathways associated with cell cycle checkpoints, DNA damage repair, transcription regulation, immune response and metabolism (Jackson and Bartek, 2009; Afroz et al., 2018; Xiao et al., 2019). Additionally, ATM has a positive role in V(D)J-recombination through end-tethering and end-processing, ensuring proper end-joining. There is some evidence that ATM promotes survival in developing lymphocytes undergoing V(D)J-recombination (Weitering et al., 2021). Our results demonstrated that BoHV-1 infection upregulated ATM expression leading to activation of the acquired immune response by V(D)J-recombination. Thus, upregulation of gene transcription in the MIV group is sufficient to indicate that BoHV-1 infection can induce DNA damage and further upregulates programmed cell death. The transcriptional levels of these genes in the MgIV group were more like those of the Mock group than those of the MIV group, suggesting that BoIFN-γ pre-treatment not only inhibited viral replication but also alleviated cellular DNA damage. The mechanism by which BoIFN-γ ameliorates DNA damage caused by BoHV-1 infection remains to be further studied.

C1r, C1s and C1q together form C1, the complex which triggers the classical complement pathway. The downregulated expression of C1 and C3 can inhibit activation of the complement system (Flyvbjerg, 2017). C3, C1r, C1s, PLAT (TPA), ITGB2 (CD18), and PROCR (EPCR), which are enriched in complement and coagulation cascade pathways, were downregulated during BoHV-1 infection but exhibited normal levels with BoIFN-γ pre-treatment (Figure 5C). These findings showed that BoHV-1 inhibits the complement system, facilitating replication during the early stages of infection. The same result, that the expression levels of genes belonging to the complement and coagulation signalling cascades were downregulated during BVDV infection, has been previously reported (Liu et al., 2019). However, this inhibitory effect was greatly reduced in our study via BoIFN-γ pre-treatment. This suggests that BoIFN-γ can activate innate immunity by inducing the complement system to inhibit virus replication in the early stages of BoHV-1 infection.

Additionally, DEG analyses revealed that BoHV-1 infection significantly inhibited transcription of genes in the antigen processing and presentation pathway including BoLA, BoLA-DRA, TAPBP, CD74, B2M, and PA28. However, this negative regulation caused by BoHV-1 infection is very mild in MDBK pre-treated with BoIFN-γ. It has been reported that BoHV-1 can inhibit antigen processing and presentation in many ways. Koppers’ research show that BoHV-1 interferes with TAP-dependent peptide transport and intracellular trafficking of MHC class I molecules to inhibit CD8+ T cell responses in human cells (Koppers-Lalic et al., 2003; Jones, 2009). BoHV-1 glycoprotein B can also affect CD4+ cell activation by retarding HLA-DR export to the plasma membrane (Grabowska et al., 2020). Previous study reported that IFN-γ could enhance the cytotoxicity of peripheral blood mononuclear leukocytes from immune cattle to BoHV-1-infected cells in vitro cytotoxic activity, which is in concert with our transcriptional data that BoIFN-γ initiated transcription of genes in the antigen processing and presentation pathway to CD8+ T cells through MHC I molecule (Campos et al., 1989). Moreover, similar to our results, Fu’s work indicated that transcription of MHC I and II molecules was stimulated by IFN-γ in PK15, suggesting that IFN-γ may strengthen CD4, CD8 and NK cell responses in vivo (Fu et al., 2016). This is the first report of BoHV-1 suppressing antigen processing and presentation by inhibiting transcription of related genes in MDBK, although further experiments are required to confirm the effect in vivo.

ISGs products, including OAS1, OAS2, MX1, ADAR, and EIF2AK2, are major players in innate immune defence against viral infection. Their expression was upregulated by both BoHV-1 infection and BoIFN-γ pre-treatment in the present study (Figure 5B), indicating that BoIFN-γ provoked the transcription of ISGs to confront BoHV-1 replication in MDBK cells. The type 1 interferon pathway was activated due to the transcription of cGAS and IRF7 triggered in response to BoHV-1 infection. Therefore, transcription of ISGs is activated in experimental groups treated with BoIFN-γ and MDBK infected BoHV-1. Interferon regulatory transcription factors, IRF1 and GBP5, were activated by BoIFN-γ stimuli rather than BoHV-1 infection (Supplementary Figure 2). The transcription level of IRF1 was significantly higher in group MgIV than in group MIV. Previous studies have shown that IRF1 is an early-target gene downstream of IFN-γ signalling and plays a crucial antiviral role in HSV-1 infection (Irving et al., 2020). GBP5 functions as an activator of NLRP3 inflammasome assembly and is important to the innate immune system and in pathogen-inhibiting inflammation (Krapp et al., 2016). Positive regulation of IRF1 and GBP5 transcription in BoHV-1 infected MDBK cells pre-treated with BoIFN-γ was more pronounced than in group MIV. The promoter of IRF1 contains a GAS element which could be activated by STAT1 homodimers induced by the binding of IFN-γ to its receptor (Feng et al., 2021). IRF1 is an activating factor in pathogen defence and contributes to the activation of innate immune responses induced by pathogen sensors such as RLRs, TLRs, or cGAS. As described by IRF1 promotes the innate immune response to viral infection and exhibits antiviral activity both in DNA and RNA virus infection (Wang et al., 2020; Feng et al., 2021). GBP5 is mainly induced by IFN-γ and is involved in innate immunity against a wide variety of microbial pathogens. GBP5 is reported as the major effector of the anti-RSV activity of IFN-γ treatment and potently restricts HIV-1 and other retroviruses (Krapp et al., 2016; Li et al., 2020). Considering the above evidence, we speculate that the activation of IRF1 and GBP5 may play an important role in BoIFN-γ inhibition of viral replication and cytopathic effect relief. Transcription of pro-inflammatory cytokines TNF-α, IL6, IL6 receptor (IL6R) and IL12 was upregulated by BoHV-1 infection, whereas transcription of these genes is almost unaffected by BoIFN-γ treatment (Supplementary Figure 2). However, these pro-inflammatory cytokines still play critical roles in the host antiviral response.



Conclusion

In this study, we found that pre-treatment with BoIFN-γ significantly inhibits the replication and cytopathic effects of BoHV-1 in MDBK. Tanscriptome analysis revealed that BoIFN-γ upregulated ISG transcriptions and interferon regulatory transcription factors IRF1 and GBP5 associated with the host immune response against BoHV-1 infection. In addition, BoIFN-γ promotes expression of cellular components involved in complement activation and coagulation cascades response as well as antigen processing and presentation process. Furthermore, BoIFN-γ significantly alleviated the disorder of gene transcription involved in metabolism and DNA repair caused by BoHV-1 infection. Taken together, BoIFN-γ pre-treatment can improve host cell resistance to BoHV-1 infection, probably due to regulation of gene transcriptions related to cellular metabolism and innate immune response. Although further studies are needed to confirm whether these regulatory effects of BoIFN-γ directly or indirectly inhibit BoHV-1 replication, our findings provide insights into the development of prophylactic agents for prevention and control of BoHV-1 infection.
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Coxsackievirus B (CVB), a member of Enterovirus genus of Picornaviridae, is the leading pathogen of viral myocarditis and dilated cardiomyopathy. The pathogenesis of CVB-induced myocarditis has not been completely elucidated, and no specific antiviral measurement is available presently. Circular RNAs (circRNAs) have been reported to be able to modulate viral replication and infection through bridging over non-coding RNAs (ncRNAs) and coding messenger RNAs (mRNAs). To date, the role of circRNAs in CVB infection is largely unknown. In this study, we found that hsa_circ_0076631 (circ_0076631) significantly promoted CVB type 3 (CVB3) replication. Further study showed that the underneath mechanism was circ_0076631 indirectly interacting with CVB3 through sponging miR-214-3p, which targeted the 3D-coding region of CVB3 genome to suppress viral translation. Knocking down circ-0076631 caused a suppression of CVB3 infection; thus, circ-0076631 may be a potential target for anti-CVB therapy.
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Introduction

Coxsackievirus group B (CVB) belongs to the human Enterovirus B species of Picornaviridae (Garmaroudi et al., 2015). Six serotypes have been identified in CVB (CVB1—CVB6). Among them, CVB1—CVB5 are the major pathogens of human viral myocarditis and dilated cardiomyopathy (DCM), and CVB3 is frequently used serotype for studying myocardial pathogenesis of CVB (Tian et al., 2018). CVB is also the pathogen of pancreatitis and aseptic encephalitis (Ye et al., 2013). Currently, there are no specific measurement to treat and prevent CVB infection. CVB genome is a positive single-strand RNA (+ssRNA). The genome is about 7.4 kb in length, including three functional regions: 5′ untranslated region (5′-UTR), a long open reading frame (ORF), and 3′-UTR (Souii et al., 2013; Honkimaa et al., 2020). The ORF is translated into a large polyprotein, which is cleaved into four structural and seven non-structural proteins by the viral proteinases 2A and 3C (Ben M’hadheb et al., 2015; Huang et al., 2017). The non-structural protein 3D plays as RNA-dependent RNA polymerase (RdRp) and is vital for CVB replication (Turkki et al., 2020).

The interaction between viral components and host cellular factor plays a key role in the pathogenesis of CVB (Kim et al., 2022). MiRNAs have been implicated in many viral infections via their mRNAs binding action (Trobaugh et al., 2017). Our previous studies showed that a variety of miRNAs can affect CVB pathogenesis. For example, miR-10a* can promote CVB replication (Tong et al., 2013), while miR-146a modulates the inflammatory response to CVB infection (Fei et al., 2020). Pyroptosis is a cell death process that is induced by proinflammatory signals. Our previous study demonstrated that pyroptosis is involved in the pathogenesis of CVB3 infections (Wang Y. et al., 2018).

Circular RNAs (circRNAs) are highly conserved non-coding RNAs in mammals with a length varied from fewer 100 to thousands of nucleotides (nt) (Pamudurti et al., 2017). CircRNA does not own 5′-cap structure and 3′-poly(A) structures and usually forms a closed circle (Beermann et al., 2016). CircRNA can bind to and “sponge” miRNA, and relieve the suppression of the miRNA on its target mRNAs and thereafter the gene expression (Beermann et al., 2016). Studies have shown that circRNAs are involved a variety of diseases, including cancer, inflammation, fibrosis, and viral infection (Memczak et al., 2013; Zhang H. D. et al., 2018; Zhang Z. et al., 2018; Yang et al., 2019; Xie et al., 2021). CircRNAs have been shown to regulate viral replication, viral pathogenesis, and antiviral immune response and thus may be candidate biomarkers and antiviral target for viral infection (Chen et al., 2017; Li et al., 2017; Sekiba et al., 2018; Tagawa et al., 2018; Wang S. et al., 2018; Yu et al., 2019; Zhao et al., 2019; Lu et al., 2020; Zhang and Wang, 2020). To date, the involvement of circRNAs in CVB replication remains unknown. Only hsa_circ_0000367 (circSIAE) has been reported to inhibit CVB3 replication by targeting cellular TAOK2 (thousand and one amino-acid kinase 2) through sponge adsorption of miR-331-3p (Yang et al., 2022).

Circ_0076631 has been reported to regulate the pyroptosis process of diabetic cardiomyopathy (Yang et al., 2019). In the present study, we found that circ_0076631 could promote the biosynthesis and replication of CVB3 by sponging miR-214-3p, suggesting that circ_0076631 may be a potential therapeutic target against CVB3 infection.



Results


Circ_0076631 abundance increases siginificantly in the CVB3-infected cells

As previously noted, circ_0076631 regulated caspase-1 to mediate pyroptosis of diabetic cardiomyopathy (Yang et al., 2019). According to our previous study, pyroptosis is involved in the pathogenesis of both CVB3 and enterovirus A71 (EV-A71) (Wang Y. et al., 2018). Therefore we speculated that circ_0076631 may play role in regulating CVB3 replication. To clarify the source of hsa_circ_0076631 in human genome (hereafter simplified as circ_0076631), sequence analysis showed that circ_0076631 was originated from the transcript RNA of SLC29A1 between 155 nt (exon 3) and 1264 nt (exon 12) (Figure 1A). Ring formation validation indicated that circ_0076631 could form a ring, as indicated by the amplification curve and dissolution curve (Figure 1B). Upon real-time quantitative PCR (RT-qPCR) detection in the CVB3-infected cells for 6 h, the levels of circ_0076631 were increased, suggesting that circ_0076631 may be involved in CVB3 infection (Figure 1C).
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FIGURE 1
The source of circ_0076631 and association with CVB3 infection. (A) The genomic location of circ_0076631 in the transcript of SLC29A1 gene. (B) Ring formation by circ_0076631 was performed on the basis of the amplification curve and dissolution curve, which are shown. (C) HeLa cells were infected with CVB3 (MOI = 10) and incubated for 6 h. Circ_0076631 levels were analyzed by RT-qPCR. n = 3, ***P < 0.01.




Circ_0076631 knockdown reduces CVB3 replication

To evaluate the role of circ_0076631 in CVB3 infection, three siRNA against circ-0076631 (si-1, si-2, and si-3) were designed to knock down circ_0076631. RT-qPCR showed that three siRNAs worked out to knock circ_0076631 and si-2 demonstrated the highest efficiency (Figure 2A). In the cells transfected with si-2, after infection with CVB3 (MOI = 10) for 6 h, RT-qPCR (Figure 2B), immunofluorescence staining (Figures 2C,D), and western blotting (Figure 2E) showed that the levels of CVB3 3D RNA and protein were both decreased, suggesting that inhibition of circ_0076631 reduces CVB3 replication.
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FIGURE 2
Circ_0076631 knockdown suppresses CVB3 replication. (A) HeLa cells were transfected with circ_0076631 siRNA (si-1, si-2, si-3) and cultured for 24 h. The abundance level of circ_0076631 was assayed by RT-qPCR. n = 3. *P < 0.05, ***P < 0.001. (B–E) HeLa cells were transfected separately with si-NC and si-circ-0076631 for 24 h. After infection with CVB3 (MOI = 10) for 6 h. (B) The relative abundance level of circ_0076631 and CVB3 3D-coding RNA detected by RT-qPCR. (C,D) Immunofluorescence staining was performed to detect the level of CVB3 3D protein. (E) The relative level of CVB3 3D protein was detected by western blotting. n = 3. **P < 0.01, ***P < 0.001 compared with the si-NC. #P < 0.05, ##P < 0.01, ###P < 0.001 compared with the si-NC + CVB3 group.




Bioinformatics prediction of circ_0076631-binding miRNAs

To elucidate the mechanism of circ_0076631 regulating CVB3 replication, we searched for miRNAs that is capable of binding to circ_0076631 in the ENCORI database1 and found that 38 miRNAs could bind to circ_0076631 and the top 20 miRNAs were shown in Figure 3A. Then, we searched for miRNAs related to the inflammatory pathway and viral infection in the miRNAs database and mirPath v.32 (Figures 3B,C). Three miRNAs were at the intersection of circ_0076631 binding, inflammation, and viral infection (Figure 3D). The detection of these miRNAs in HeLa cells infected with CVB3 showed that these miRNAs downregulated. Among them, miR-214-3p decreased most significantly (Figure 3E).
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FIGURE 3
Prediction of miRNAs that may bind to targeting circ_0076631. (A) Screening the potential miRNAs that may bind to circ_0076631. (B,C) Screening of the miRNAs related to the inflammatory pathway and viral infection. (D) Comprehensive analysis of the three aforementioned screening results. (E) HeLa cells were infected with CVB3 (MOI = 10) for 6 h, and the abundance of miRNAs was measured by RT-qPCR. n = 3. *P < 0.05, **P < 0.01, ***P < 0.001.




Circ_0076631 can interact with miR-214-3p

To detect the effect of CVB3 infection on the cellular localization of circ_0076631 and miR-214-3p, induced by CVB3, fluorescence in situ hybridization (FISH) assay demonstrated that circ_0076631 was in nucleus and cytoplasm, while miR-214-3p was in the cytoplasm of the non-infected cells. However, the distribution of circ_0076631 in the nucleus increased, while the distribution of miR-214-3p in cytoplasm of the CVB3-infected cells decreased (Figure 4A). To verify the interaction between circ_0076631 and miR-214-3p, the circ_0076631 cDNA was inserted into the 3′-UTR of Renilla luciferase (Rluc) gene of plasmid psiCHECK-2, denoted as WT-circ_0076631. Another plasmid with a mutated circ-007631 in which miR-214-3p-targeting site was removed was also prepared similarly and denoted as Mut-circ_0076631. HEK293T cells were transfected with the two plasmids respectively. Dual luciferase assay showed that the relative Rluc/Luc ratio was significantly decreased in the cells transfected with WT-circ_0076631 + miR-213-3p mimic, and increased in the cells transfected with WT-circ_0076631 + AMO-214-3p. No apparent change was observed in the cells with Mut-circ_0076631 treated with mimic or antisense miR-214-3p (AMO-214-3p), confirming that circ_0076631 can interact with miR-214-3p (Figure 4B).
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FIGURE 4
Verification of miR-214-3p binding to circ_0076631. (A) FISH assay was performed to observe the cellular localization of circ_0076631 in HeLa cells with CVB3 infection. Circ_0076631, 18S rRNA, U6 are showed in red. Nuclei are stained with DAPI (blue). (B) The miR-214-3p-binding sequence in wild-type circ_0076631 and the mutated circ_0076631. Plasmids expressing Renilla luciferase (Rluc) fused with wide-type circ_0076631 (containing miR-214-3p-targeting site, WT-circ_0076631) or with mutated circ_0076631 (without miR-214-3p-targeting site, Mut-circ_0076631) sequence were co-transfected with miR-214-3p mimic (miR-214-3p), miR-NC, AMO-miR-214-3p (AMO-214-3p), or AMO-miR-NC (AMO-NC) into HEK293T cells, respectively. Luciferase activity was detected with dual luciferase assay. The activity of Rluc was normalized with luciferase (Luc). n = 3. ***P < 0.001.




MiR-214-3p can target the 3D-coding sequence of CVB3

Using miRNA target prediction tool RNAhybrid, miR-214-3p showed a strong binding capability to the 3D-coding sequence of CVB3 based on the minimum free energy hybridization (Figure 5A). Strong binding capability to the 3D-coding sequences of CVB1, CVB2, CVB3, CVB4, CVB6, and EV-A71 was also predicted (Figure 5A). According to the binding sequence, we constructed two dual luciferase reporter plasmids fused with a wildtype (WT-CVB3-3D) or a mutant (Mut-CVB3-3D) 3D-coding sequences of CVB3, respectively (Figure 5B). In the HEK293T cells transfected with WT-CVB3-3D, the relative Rluc/Luc ratio was significantly reduced when miR-214-3p mimics (miR-214-3p) was co-transfected, whereas the relative Rluc/Luc ratio remarkably increased when AMO-214-3p was given. The relative Rluc/Luc ratio remained no obvious change in the cells with Mut-CVB3-3D + miR-214-3p or Mut-CVB3-3D + AMO-214-3p (Figure 5B). To verify the target of miR-214-3p in the 3D-coding sequence of CVB3, HEK293T cells were co-transfected with miR-214-3p and a 3D-expressing plasmid (denoted as EGFP-3D) or a miR-214-3p binding-site mutated 3D-expressing plasmid (denoted as EGFP-3Dmut). The EGFP-3D expression was almost invisible in the cells transfected with miR-214-3p, while EGFP-3Dmut expression was not affected by miR-214-3p transfection (Figure 5C).
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FIGURE 5
Prediction and verification of miR-214-3p tergetig CVB3 genomic RNA. (A) Identification of the potential miR-214-3p-binding sites in CVB3 genomic RNA by RNAhybrid. The binding ability of miR-214-3p with CVB1- CVB6 3D and EV-A71 3D sequence. (B) The miR-214-3p-binding sequence in the CVB3 3D-coding sequence and the mutated CVB3 3D sequence. Wide-type CVB3 3D sequence (containing miR-214-3p-binding sequence, WT-CVB3-3D) or mutated CVB3 3D sequence (without miR-214-3p-binding sequence, Mut-CVB3-3D) was cloned into a luciferase-expressing plasmid. The plasmid was co-transfected separately with miR-214-3p, miR-NC, AMO-214-3p, or AMO-NC into HEK293T cells, respectively. The luciferase activity was detected with dual luciferase assay. The acitivity of Rluc was normalized with Luc. n = 3. ***P < 0.001. (C) HEK293T cells were co-transfected with pEGFP-CVB3-3D (EGFP-3D) or pEGFP-CVB3-3Dmut (EGFP-3Dmut) and miR-214-3p for 24 h. Immunofluorescence staining was performed to detect the expression level of the CVB3 3D protein.




Circ_0076631 facilitates CVB3 infection through interacting with miR-214-3p

To evaluate the effect of circ_0076631 on CVB3 infection through miR-214-3p, HeLa cells were transfected with si-2 and infected with CVB3 (MOI = 10) for 6 h, RT-qPCR (Figures 6A–C), immunofluorescence staining (Figures 6D,E) and western blotting (Figure 6F) showed that the levels of CVB3 RNA and 3D protein were both decreased. The downregulation effect of si-2 could be mostly reversed by introducing AMO-214-3p. The data suggest that circ_0076631 facilitates CVB3 infection through interacting with miR-214-3p.
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FIGURE 6
Circ_0076631 knockdown suppresses CVB3 replication through miR-214-3p targeting 3D-coding sequence. (A) HeLa cells were transfected separately with si-NC + AMO-NC, si-2 + AMO-NC, and si-2 + AMO-214-3p for 24 h, and infected with CVB3 (MOI = 10) for 6 h. (A–C) The relative abundance level of circ_0076631, miR-214-3p, and CVB3 3D was detected by RT-qPCR. (D,E) Immunofluorescence staining was performed to detect the level of the CVB3 3D protein. (F) The relative level of CVB3 3D protein was detected by western blotting. n = 3. ***P < 0.001 compared with the si-NC + AMO-NC group. ##P < 0.01, ###P < 0.001 compared with the CVB3 + si-NC + AMO-NC group. $P < 0.05, $$$P < 0.001 compared with the CVB3 + si-2 + AMO-NC group.





Discussion

CircRNAs play critical roles in various disorders, including cancer, inflammation, fibrosis, and viral infection (Memczak et al., 2013; Zhang H. D. et al., 2018; Zhang Z. et al., 2018; Yang et al., 2019; Xie et al., 2021). Although there are studies reported that circRNAs participate in regulating viral infections (Chen et al., 2017; Li et al., 2017; Sekiba et al., 2018; Tagawa et al., 2018; Wang S. et al., 2018; Yu et al., 2019; Zhao et al., 2019; Lu et al., 2020; Zhang and Wang, 2020), it is unknown whether circRNA directly involves in regulating CVB infection. In this study, we found that circRNA circ_0076631 can promote CVB3 infection by interacting with miR-214-3p, possibly through miRNA sponging mechanism.

Over thousands of circRNAs have been identified in cells (Pamudurti et al., 2017; He et al., 2021). It is hard to select a single circRNA which may be functional in certain types of viral infections from such a large body of non-coding RNAs. In this study, we selected circ_0076631 based on our previous identification of circ_0076631 as a regulator of pyroptosis in diabetic cardiomyopathy (Yang et al., 2019).

Recent studies demonstrate that miRNAs are highly associated with CVB infection. MiR-10a*, miR-342-5p, miR-142-3p, miR-23b, and miR-296-5p can directly target enterovirus genomic RNA to promote or inhibit enterovirus replication (Kelly et al., 2010; Wang et al., 2012; Tong et al., 2013; Wen et al., 2013; Zheng et al., 2013). MiRNAs can also indirectly affect CVB infection, for example, miR-155 is recognized as a proinflammatory factor in CVB infection, knocking down miR-155 can improve the survival rate and cardiac function of the CVB-infected mice (Corsten et al., 2012). MiR-21 and miR-146b also participate in CVB infection, knocking down miR-21 and miR-146b can alleviate the CVB infection-related cardiac injury by decreasing the proportion of Th17 cells (Liu et al., 2013). We recently recognized miR-146a as an anti-inflammatory miRNA. MiR-146a expresses increasingly upon CVB infection and works as a host’s negative regulator on inflammation so as to restrain the inflammatory injury to an adequate scale (Fei et al., 2020). In this study, we found that miR-214-3p could directly interfere CVB3 replication by targeting the 3D-coding region. Though the target site is not in the 3′UTR, which miRNAs target most frequently, our loss-of-function test validated it as a viable target for miR-214-3p. Given that miR-10a*, miR-324-5p, miR-142-3p, and miR-296-5p, miR-23b are all target the coding region of enterovirus genome, it seems a common feature for enteroviruses that the coding region of enterovirus genome can be effectively targeted by miRNAs.

According to this study and a miRNA expression profiling we did previously (data not shown), miR-214-3p abundance undergoes a conversion from high abundant in the normal control cells to low abundant in the CVB-infected cells. Given the suppressing role of miR-214-3p to CVB, the conversion will favor CVB to replicate in the host cells. On the other hand, if the abundance of miR-214-3p can be artificially elevated, it may work as a therapeutic strategy against CVB infection.

The decrease of miR-214-3p abundance in the CVB-infected cells can be an outcome of failures such as downregulated transcription of primary miRNA, impedimental maturation process, and removal by degradation or sponge absorption. CircRNAs can sponge miRNAs to reduce their availability and thus reduce their binding to target mRNAs. The possibility of sponge absorption led us to probe the potential role of circRNAs. Through a bioinformatics searching for circRNAs that may interact with miR-214-3p, circ_0076631 was selected because it owns an 8-nt complemental sequence to miR-214-3p, and it became abundant in the cells with CVB3 infection. Our further evaluation supported that miR-214-3p can bind to circ_0076631. Knockdown of circ_0076631 could inhibit CVB3 infection. The inhibition could be relieved by AMO-214-3p. Taken together, we hypothesize that CVB3 infection upregulates the expression of circ_0076631, which then sponges miR-214-3p to relieve its suppression on CVB3 biosynthesis by targeting the 3D-coding sequence. To date, little is known about the association between circRNAs and enterovirus infection. CircSIAE is an exception that it can act as a sponge for miR-331-3p and inhibit CVB3 infection indirectly by up-regulating host’s TAOK2 expression (Yang et al., 2022). Our finding provides another example of circRNA interfering enterovirus infection in a much more direct way. Furthermore, the target site of miR-214-3p is available in CVB1, CVB2, CVB3, CVB4, CVB6, and EV-A71, the regulation of circ_0076631/miR-214-3p is likely applicable to most serotypes of CVB and other enteroviruses. On the basis of the aforementioned data, a putative mechanism is summarized in Figure 7.


[image: image]

FIGURE 7
The putative mechanism of circ_0076631 regulating CVB3 infection by sponging miR-214-3p. At the early stage of CVB3 infection, miR-214-3p is abundant and can suppress viral biosynthesis by targeting the 3D-coding sequence (black lines). Later, CVB3 infection can somehow trigger circ_0076631 generation. Circ-0076631 facilitates CVB3 replication through sponging miR-214-3p and relieving its suppression on CVB3 biosynthesis (red lines).


There is limitation in this study. The conclusion about the interaction between circ_0076631/miR-214-3p and CVB infection is based solely on in vitro data. Considering that CVB is the major pathogen of human viral myocarditis and DCM (Tian et al., 2018), it is a shortage of the study that the role of circ_0076631 in the myocardial pathogenesis of CVB has not been evaluated. In vivo investigation is needed to address the question. Unfortunately, mouse model with circ_0076631 knockdown or knockout is not available presently. In addition, only one serotype (CVB3) has been evaluated experimentally, the interaction between circ_0076631 and other serotypes of CVB is yet to be observed.

In summary, circ_0076631 may play a supportive role in CVB3 infection. Circ_0076631 facilitates CVB3 infection by sponging miR-214-3p. Knocking down circ_0076631 or giving miR-214-3p may be a potential approach to treat CVB3 infection.



Materials and methods


Cell culture

Human cell lines including HeLa, HEK-293T were cultured in Dulbecco’s modified Eagle medium (DMEM) (HyClone, Logan, UT, United States) containing 10% fetal bovine serum (FBS; Gibco, Scoresby VIC, Australia), penicillin (100 U/mL) and streptomycin (0.1 mg/mL). The cells were incubated at 37°C in 5% CO2 and passaged every 48 h.



Viruses and viral infection

CVB3 Woodruff strain was cultured in HeLa cells. The virus titer was measured by the plaque-forming unit (pfu) as described previously (Tong et al., 2013). The titer of CVB3 was 1 × 108 pfu/mL and a multiplicity of infection (MOI) of 10 was used to infect cells.



Transfection

Nucleotides, including short interfering RNA (siRNA) of circ_0076631, miR-214-3p mimic (miR-214-3p), AMO-214-3p (mAmCmUmGmCmCmUmGmUmCmUmGmUmGmCmCm UmGmCmUmGmU), miR-mock, and AMO-mock were synthesized by RiboBio (Guangzhou, China). HEK293T cells were transiently transfected with the aforementioned nucleotides using X-Treme GENE transfection reagent (Roche, Mannheim, Germany) according to the manufacturer’s instructions. In brief, cells were cultured in 12-well plates until they reached 60–75% confluence. The culture medium was then replaced with serum-free medium and transfected with 50 μL of transfection mixture. After incubation for 4 h, the transfection mixture was discarded, and fresh medium with 10% FBS and antibiotics were added to the cells and maintained at 37°C with 5% CO2.



Construction of mutant 3D-expressing plasmid

A plasmid expressing CVB3 3D with a mutated miR-214-3p-binding site was constructed based on pEGFP-3D, a plasmid expressing CVB3 3D fused with enhanced green fluorescence protein (EGFP) engineered previously in our lab. Briefly, mutant pEGFP-3D was prepared with the mutation of nt6977-nt6985 in CVB3 genome by overlapping PCR. The restriction sites of Hind III and Xba I were added to both ends of pEGFP-3D with specific primers. After digestion with (TaKaRa, Otsu, Shiga, Japan), the mutant 3D fused with EGFP was inserted to the multiple cloning site of pEGFP-C1 and designated as pEGFP-3Dmut.



Reverse transcription and real-time quantitative PCR

Total RNA samples were extracted with TRIzol (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s instructions. After detecting the purity and concentration of the RNA with a NanoDrop2000 spectrophotometer (Thermo Fisher, Waltham, MA, United States), 1 μg of total RNA was used as a template with PrimeScript RT Enzyme Mix I (TaKaRa, Otsu, Shiga, Japan) in a reverse transcription system. RT-qPCR was performed on a LightCycler 96 (Roche, Basel, Switzerland) using SYBR Premix Ex Taq II (TaKaRa, Otsu, Shiga, Japan) mixed with 1 μL of the synthesized cDNA and sense/antisense primers to a final volume of 25 μL. The primer sequences used in this study are listed in Table 1. The relative gene expression of the circRNAs, miRNAs and mRNAs level was calculated by the 2–ΔΔCt method (Livak and Schmittgen, 2001). The expression of circ_0076631, miR-214-3p was normalized to that of U6, and the expression of the other sequences was normalized to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH).


TABLE 1    PCR primer sequences.
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Western blotting

Total protein was extracted with RIPA lysis buffer (Thermo Scientific, Rockford, United States) mixed with phenylmethane sulfonyl fluoride (PMSF). The protein samples were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and the proteins were transferred onto the PVDF membrane (Millipore, Billerice, MA, United States). Then, the membrane was blocked with 5% non-fat milk dissolved in TBST for 1 h at room temperature and subsequently incubated with the corresponding primary antibodies overnight at 4°C, followed by HRP-conjugated secondary antibodies for 1 h at room temperature. The membranes were imaged with FluorChem M CCD camera (ProteinSimple, Santa Clara, CA). GAPDH was used as the internal control. The primary antibody against GAPDH was purchased from ZSGB-BIO (Beijing, China). A polyclonal antibody against 3D protein of CVB3 was generated in our laboratory.



Immunofluorescence staining

Cells plated on coverslips were fixed with 4% paraformaldehyde in PBS for 30 min at room temperature. Then, the cells were permeabilized with 0.1% Triton X-100 for 1 h followed by blocking with 500 μL of goat serum for 2 h at 37°C. Then cells were incubated with primary antibodies against 3D (1:200) at 4°C overnight. After three washes, the cells were incubated with FITC-conjugated secondary antibody (1:1,000) for 1 h at 37°C. Then, the nuclei were stained with DAPI (Beyotime, Shanghai, China) for 20 min. Images were collected with a fluorescence microscope (AxioVert 200, Zeiss).



MiRNA target prediction and verification

To predict the targets of miRNAs, we used RNAhybrid 2.23 and selected the potential binding sites according to the minimum free energy (mfe) of complementary base sequences. A luciferase reporter was constructed with the putative target sequences of miR-214-3p to verify the target effects (RiboBio, Guangzhou, China).



Luciferase assays

The corresponding linear sequence of circ_0076631 was obtained with circBase software, and dual-luciferase plasmids including circ_0076631 with miR-214-3p-binding sites (WT-circ_0076631) or with a mutated sequence to remove miR-214-3p-binding site (Mut-circ_0076631) were constructed by RiboBio. Similarly, dual-luciferase plasmids including CVB3 3D sequence with with miR-214-3p-binding sites (WT-CVB3-3D) or a mutated sequence to remove miR-214-3p-binding site (Mut-CVB3-3D) were constructed. The wild-type or mutated plasmids with miR-214-3p or AMO-214-3p were transfected into HEK293T cells by Lipofectamine 2000, respectively. Luciferase activity was tested using a Dual-Luciferase Reporter assay (Promega).



Fluorescence in situ hybridization

To observe the location of circ_0076631, HeLa cells were cultured in 12-well plates for 24 h until they reached 60–70% confluency. Cells with or without CVB3 infection were fixed in 4% paraformaldehyde and permeabilized in 0.5% Triton X-100. The cell samples were treated with re-hybridization solution and incubation. A hybridization buffer containing a Cy3-labeled FISH probe for detecting circ_0076631 and the internal controls 18 s and U6 were used to replace re-hybridization solution and added into cell samples which were incubated at 37°C overnight in the dark. After washing with sodium citrate (SCC) and PBS, DAPI was added to the samples for nuclear staining. Then, the samples were treated with a mounting medium and observed by fluorescence microscope (AxioVert 200, Zeiss).



Statistical analysis

All data in this study are presented as the means ± standard deviation (SD) and determined via GraphPad Prism 7 software to perform statistical analysis. Student’s t-test or one-way ANOVA was used to evaluate the significance of difference. All experiments were repeated at least three times.
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1     https://starbase.sysu.edu.cn/agoClipRNA.php?source=lncRNA

2     https://dianalab.e-ce.uth.gr/html/mirpathv3/index.php?r=mirpath
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Long-interspersed element 1 (LINE-1) is an autonomous non-LTR retrotransposon. Its replication can cause mutation and rearrangement of host genomic DNA, which may result in serious genetic diseases. Host cells therefore developed defense strategies to restrict LINE-1 mobilization. In this study, we reported that CCHC-type zinc-finger protein ZCCHC3 can repress LINE-1 retrotransposition, and this activity is closely related to its zinc-finger domain. Further studies show that ZCCHC3 can post-transcriptionally diminish the LINE-1 RNA level. The association of ZCCHC3 with both LINE-1 RNA and ORF1 suggests that ZCCHC3 interacts with LINE-1 RNP and consequently causes its RNA degradation. These data demonstrate collectively that ZCCHC3 contributes to the cellular control of LINE-1 replication.
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 ZCCHC3, LINE-1, retrotransposon, restricting factor, RNA


Introduction

Long-interspersed element 1 (LINE-1) is a non-LTR (long terminal repeat) retrotransposon that can move its sequences from one site in the genome to the other through an RNA intermediate (Goodier and Kazazian, 2008). The human genome contains more than 500,000 copies of LINE-1 among which ~80–100 copies are capable of retrotransposition (Brouha et al., 2003). Of all transposons in the human genome, including DNA transposons, LTR retrotransposons, and non-LTR retrotransposons, including LINEs and SINEs (short interspersed elements), LINE-1 is the only active autonomous transposon in the human genome. Moreover, LINE-1 also supports the retrotransposition of SINES including Alu and SVA that do not encode their own proteins (Goodier and Kazazian, 2008; Richardson et al., 2015).

The full-length LINE-1 transcript is ~6,000 nucleotides in length, which includes a 5′ untranslated region (5′ UTR) harboring an active promoter, two open reading frames (ORF1p and ORF2p), and a 3′ UTR (Kazazian and Moran, 2017). ORF1p is a 40-kDa RNA-binding protein bearing nucleic acid chaperone activity (Martin, 2006, 2010; Martin et al., 2008), and ORF2p is a 150-kDa protein with endonuclease and reverse transcriptase activities (Feng et al., 1996; Alisch et al., 2006). Both ORF1p and ORF2p proteins show a strong cis-preference, and they associate with the LINE-1 RNA to form a ribonucleoprotein particle (RNP) in the cytoplasm (Kulpa and Moran, 2006). LINE-1 RNP is then imported into the nucleus, where the LINE-1 RNA is reverse transcribed into cDNA and subsequently incorporated into the host genome through a process termed target-primed reverse transcription (TPRT) (Luan et al., 1993; Cost et al., 2002).

The transposition of LINE-1, Alu, and SVA can cause genetic instability and induce dozens of genetic diseases (Volkman and Stetson, 2014; Hancks and Kazazian, 2016; Burns, 2017; Mita et al., 2020). To avoid the deleterious effects of LINE-1 transposition on the structure and function of the host genome, various strategies have been described to safeguard the host against LINE-1. One mechanism involves DNA methylation and histone modification, which suppresses LINE-1 RNA transcription (Garcia-Perez et al., 2010; Goodier, 2016; Ishak et al., 2016; Fukuda and Shinkai, 2020). Noncoding RNA (ncRNA)-based RNA interference machinery, including siRNA, miRNA, and piRNA, represent another controlling mechanism against these transposable elements (TEs) (Obbard et al., 2009; Newkirk et al., 2017; Teixeira et al., 2017; Fung et al., 2019). Moreover, in recent years, many interferon-inducible host proteins, such as APOBEC3 proteins, MOV10, SAMHD1, and ZAP, also have been found to process inhibitory activities against LINE-1 retrotransposition (Yu et al., 2015; Goodier, 2016).

The CCHC-type zinc-finger protein ZCCHC3 is a CCHC-type zinc-finger protein, which was recently discovered to involve in antiviral innate immune responses. Specifically, ZCCHC3 promotes the interaction between viral nuclear acid and pattern recognition receptors, including cGAS, RIG-I-like receptor, and Toll-like receptor 3, thus positively regulating IFN signaling triggered by RNA and DNA virus (Lian et al., 2018a,b; Zang et al., 2020). Besides, ZCCCH3 was also found to interact with SARS-CoV-2 Nucleocapsid Protein (Zheng et al., 2021), indicating its multifunctional roles in antiviral response. Endogenous retroelement LINE-1 is quite similar to exogenous viruses, which can still replicate itself in our genome and has also been reported to trigger innate immune responses. Therefore, it might be interesting to identify whether ZCCCH3 also involves in LINE-1 retrotransposition.



Materials and methods


Plasmids and antibodies

The LINE-1-firefly-luciferase reporter pWA367 and LINE-1-5′UTR promoter-luciferase reporter L1-FL were described earlier (Esnault et al., 2000; Athanikar et al., 2004; Xie et al., 2011). The Myc-ORF1p, Flag-ZCCHC3, and Flag-ZCCHC3-dc truncation cDNA sequences were cloned into the pcDNA3.0 expression vector (Invitrogen) by standard molecular biology techniques.

Flag-tag (D6W5B) Rabbit mAb (14793), Flag-tag (9A3) Mouse mAb (8146), Myc-Tag (71D10) Rabbit mAb (2278), Myc-Tag (9B11) Mouse mAb (2276), LINE-1 ORF1p (D3W9O) Rabbit mAb (88701), and ZCCHC3 Rabbit antibody (65321) were purchased from the Cell Signaling Technology. Flag-tag Goat antibody (ab95045) was purchased from Abcam. LINE-1-ORF1p Rabbit polyclonal antibody was a kind gift from Fei Guo (Hu et al., 2015). G3BP1 (H-10) Mouse mAb (sc-365338) was purchased from Santa Cruz.



Cell culture and transfection

The human embryonic kidney 293T cells and HeLa cells were purchased from ATCC and were grown in DMEM supplemented with 10% fetal bovine serum (Invitrogen). Cells were transfected with Lipofectamine (Invitrogen) and VigoFect (Vigorous Biotechnology) according to the manufacturer's instructions.



LINE-1 retrotransposition assay

Cells were seeded in six-well plates and transected with pWA367 plasmid and the Relina luciferase control plasmid pGL4.73 with a ratio of 20:1 and ZCCHC3 or empty vector reporter DNA. Twenty-four hours after transfection, puromycin (Sigma) was added in a complete medium at a 2.5 mg/ml final concentration. Cells were harvested 4 days post-transfection and lysed with Cell Culture Lysis Reagent (Promega). Luminescence was measured using the Dual-Luciferase Reporter Assay System (Promega) following the manufacturer's instructions.



LINE-1 promoter-luciferase assay

Cells were seeded in six-well plates 1 day before transfection with 1 ug of the LINE-1 promoter-Luc reporter L1-FL and ZCCHC3 or empty vector reporter DNA. Forty-eight hours after transfection, cells were lysed with 5 × Cell Culture Lysis Reagent (Promega), and luciferase activity was quantified using Promega Luciferase Assay Kit (Promega) on a Berthold microplate reader.



Quantitative real-time–PCR

Cells were transected with pWA367 and ZCCHC3 or empty vector reporter DNA. For detecting LINE-1 mRNA, cells were harvested 2 days post-transfection for analysis, and total RNA was extracted with TRIzol reagent (Invitrogen). An equal amount of total cellular RNA was treated with DNase to remove the potential contamination DNA and reverse transcribed with M-MLV Reverse Transcriptase (Promega) using the oligo dT primer. Q-PCR was performed using the SYBR Green Master Mix (Roche) and the ABI Quant-Studio 1. For detecting the LINE-1 integration, genomic DNA was extracted using QIAamp DNA Blood Mini Kit (Qiagen) 4 days post-transfection. Q-PCR was performed using Premix Ex Taq™ (Takara) and the ABI Quant-Studio 1. The following primer was used in detecting LINE-1, IFNB1, CXCL10, and the housekeeping gene GAPDH (Xie et al., 2011).

GAPDH forward 5-CCCACTCCTCCACCTTTGAC-3,

GAPDH reverse 5-TGTTGCTGTAGCCAAATTCGTT-3,

GAPDH probe 5-AAGCTCATTTCCTGGTATGA-3;

Fluc forward 5-GCAAAAGAAGCTACCGATCATACA-3,

Fluc reverse 5-GAAGCTCTCGGGCACGAA-3,

Fluc exon-exon junction probe 5-CTTCCCACCTGCCACC-3.

IFNB1 forward 5-TTGTTGAGAACCTCCTGGCT-3

IFNB1-reverse 5-TGACTATGGTCCAGGCACAG-3

CXCL10 forward 5-GGTGAGAAGAGATGTCTGAATCC-3

CXCL10 reverse 5-GTCCATCCTTGGAAGCACTGCA-3



Western blotting

Cells were lysed in RIPA buffer [0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate, 150 mM NaCl, 10 mM Tris (pH 7.5), and 1 mM EDTA]. Equal amounts of cell lysates were separated in SDS-10% PAGE. Proteins were transferred onto PVDF membranes (Whatman), blocked in 5% milk in TBST buffer, and then probed with antibodies as indicated. The same samples were used to detect the bands of different proteins using different gels in one panel because the molecular weights of ZCCHC3 (~46 kD), ORF1p (~40 kD), and Tubulin (~55 kD) are close.



Co-immunoprecipitation

Cells were transfected with plasmids expressing FLAG-tagged ZCCHC3 and pWA367 or Myc-tagged LINE-1 ORF1p. Forty-eight hours after transfection. The transfected cells were lysed with NETN buffer (20 mM Tris–HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA, and 0.5% NonidetP-40) and supplemented with a protease inhibitor cocktail (Roche). Insoluble material was pelleted at 13,000 g for 30 min, followed by RNase (Thermo) or not for 30 min at 37°C. Equal amounts of supernatant were incubated with 5 ul of anti-flag antibody (Abcam, mouse) or anti-Myc antibody (Abcam, mouse) for 16 h at 4°C, followed by the addition of protein A+G Sepharose (Beyotime Biotechnology) for 2 h. Beads were washed three times with NTEN buffer, boiled in 2 × SDS loading buffer, followed by Western blot analysis.



RNA immunoprecipitation

Cells were transfected with 1,000 ng pWA367 with 500 ng ZCCHC3 DNA or empty vector. The cells were collected 48 h post-transfection and then lysed in 350 μl of TNT buffer (20 mM Tris. HCl, pH 7.5, 200 mM NaCl, and 1% Triton X-100) with RNase inhibitor (Takara) at a final concentration of 1 U/μl. The expressed ZCCHC3 was immunoprecipitated with an anti-flag antibody as described above. The RNA associated with the precipitated complex was extracted with TRIzol agents (Invitrogen) and subjected to RT–PCR using primers that amplify the luciferase as described above.



Immunofluorescence microscopy

Cells were transfected with plasmids expressing FLAG-tagged ZCCHC3 and pWA367 or Myc-tagged LINE-1 ORF1p. Forty-eight hours after transfection. The cells were fixed with 4% paraformaldehyde (in 1phosphate-buffered saline) for 10 min at room temperature and permeabilized with 4% paraformaldehyde and 0.1% Triton X-100 for 10 min at room temperature. The cells were then stained for 2 h at room temperature with antibodies against FLAG (1:500 dilution, mouse) and Myc (1:500 dilution, rabbit). After being washed with 1 phosphate-buffered saline, the cells were incubated with either Alexa Fluor 488-conjugated secondary anti-mouse antibody or Alexa Fluor 594-conjugated secondary anti-rabbit antibody (1:2,000 dilution; Invitrogen). The images were recorded using the Zeiss Pascal laser scanning confocal microscope.



siRNA knockdown

siRNA against ZCCHC3 (final concentration 50 nM) or non-targeting control (JTS scientific) was transfected to 293T cells using Lipofectamine RNAiMax (Invitrogen) according to the manufacturer's protocol. Forty-eight hours after the transfection, cells were used for experiments.



Statistical analysis

All data are presented as means ± standard deviations (SD). The significance of differences is indicated in the figures. Statistical analyses were performed with a two-tailed, unpaired Student's t-test, using the GraphPad Prism software (*P < 0.05; **P < 0.01; ***P < 0.001; ns., not significant.).




Results


ZCCHC3 inhibits LINE-1 retrotransposition

As ZCCCH3 was reported to positively regulate virus-triggered IFN production, we first investigated whether ZCCHC3 also plays a role in the LINE-1-induced IFN pathway, which was believed to contribute to the auto-immune response under the circumstance of non-infection of the exogenous virus (Volkman and Stetson, 2014; De Cecco et al., 2019; Saleh et al., 2019; Simon et al., 2019). We transfected LINE-1 DNA with different amounts of ZCCHC3 expression plasmid into the HEK293T cells, and then detected the ability of ZCCHC3 to regulate the LINE-1-induced IFN pathway. Unexpectedly, ectopically expressed ZCCHC3 decreased the production of LINE-1 stimulated Interferon Beta1 (IFNB1) and interferon-γ-inducible protein 10(CXCL10) significantly, and it seems that the expression of 1 ug ZCCHC3 plasmid has reached its saturation concentration for affecting IFNB1 or CXCL10 level in cells, and the effect of more ZCCHC3 DNA(2ug) transfection is not obvious (Figure 1A). Collectively, these data indicated that ZCCHC3 negatively regulates the LINE-1-triggered innate response.
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FIGURE 1
 ZCCHC3 inhibits LINE-1 retrotransposition. (A) ZCCHC3 inhibits LINE-1-induced IFN production. HEK293T cells were transfected with pWA367 and ZCCHC3 DNA. Two days post-transfection, total RNA was extracted for IFNB1 (left panel) and CXCL10 RNA analysis using real-time PCR, and the RNA level was normalized to GAPDH (medial panel). Expression of the LINE-1 ORF1p and Flag-ZCCHC3 were analyzed by immunoblot, and Tubulin was detected as an internal control (right panel). (B) Diagrams of the LINE-1 reporter pWA367 plasmid and Rluc plasmid. pWA367 bears an intron-containing firefly luciferase gene in its 3′ UTR. This design ensures that the firefly luciferase will only be produced from the reverse transcribed LINE-1 DNA in the host genome, in which the intron should have been removed during RNA splicing. (C) Overexpression of ZCCHC3 inhibits LINE-1 retrotransposition. HEK293T cells were transfected with pWA367, pGL4.73, and either empty vector or increasing amounts of vector encoding ZCCHC3. Four days post-transfection, cell lysates were analyzed for luminescence activity (left panel). Expression of the Flag-ZCCHC3 was analyzed by immunoblot, and Tubulin was detected as an internal control (right panel). (D) Knockdown of ZCCHC3 increases LINE-1 retrotransposition. HEK293T cells were transfected with pWA367, pGL4.73, and the siRNA targeting ZCCHC3. Four days post-transfection, cell lysates were analyzed for luminescence (left panel). Expression of the ZCCHC3 was analyzed by immunoblot, and Tubulin was detected as an internal control (right panel). Data are representative of at least three independent experiments, values are expressed as means ± SD, and representative blots and images are shown.


It has been reported that cytoplasmic LINE-1 RNA and cDNA can trigger the IFN-I response (Lagisquet et al., 2021). We therefore speculated that ZCCHC3 may repress LINE-1 elements replication and retrotransposition, which might directly diminish the accumulation of RNA or cDNA derived from LINE-1 elements, thus diminishing LINE-1-triggered innate response. To investigate the effect of ZCCHC3 on LINE-1 retrotransposition, we utilized the established LINE-1 luciferase reporter pWA367 (Xie et al., 2011), which bears an intron-containing firefly luciferase gene in its 3′ UTR. This design ensures that the firefly luciferase will only be produced from the reverse transcribed LINE-1 DNA in the host genome, in which the intron should have been removed during RNA splicing, and therefore, the luciferase activity reflects the events of LINE-1 retrotransposition. Furthermore, a control plasmid encoding Rluc was co-transfected to normalize the expression of the firefly luciferase gene (Figure 1B).

We transfected the pWA367 plasmid with or without ZCCHC3 DNA into the HEK293T cells, followed by a luciferase activity detection assay. Although we did not observe any significant effect of ZCCHC3 ectopic expression on the viability of cells or the Rluc activity, which most likely excludes the possibility that ZCCHC3 might impair luciferase expression or lead to cellular cytotoxicity, the transient expression of ZCCHC3 diminished the luciferase activity by ~50, 70, and 80% (p < 0.05), according to different ZCCHC3 expression levels (Figure 1C), indicating that overexpression of ZCCHC3 can inhibit LINE-1 retrotransposition in a dose-dependent manner. We next depleted the endogenous ZCCHC3 in HEK293T cells using siRNA oligos to investigate how LINE-1 activity was affected. The activity of luciferase which represents LINE-1 retrotransposition increased ~2-fold when ZCCHC3 was depleted with siRNA (Figure 1D), suggesting that endogenous ZCCHC3 also has the LINE-1 inhibitory activity. Together, these data indicated that ZCCHC3 can restrict LINE-1 retrotransposition.



ZCCHC3 reduces the LINE-1 insertion

To assess LINE-1 repression by ZCCHC3 independently of reporter gene expression, we imposed TaqMan probe real-time PCR to determine the relative copy number of the novel LINE-1 integrates, which were quantified in triplicate with primers and an exon-exon junction probe specific to the firefly luciferase gene to confirm the intron-removal form of LINE-1 insertions (Figure 2A). The result showed that ectopically expressed ZCCHC3 significantly reduced the copy number of the non-intron luciferase gene (Figure 2B), while knocking down the endogenous ZCCHC3 increased the LINE-1 insertion ~3-fold (Figure 2C), thus confirming the repression of LINE-1 by ZCCHC3 independently of luciferase reporter gene expression
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FIGURE 2
 ZCCHC3 decreased LINE-1 insertions. (A) Diagrams of Taqman real-time PCR to detect novel LINE-1 integrates. The real-time PCR was performed with two primers and one probe across the intron to detect the integrated novel LINE-1. (B) Overexpression of ZCCHC3 decreased novel LINE-1 integrates. HEK293T cells were transfected with pWA367 and ZCCHC3 DNA. Four days post-transfection, genomic DNA was extracted and analyzed for Taqman real-time PCR (top panel). Expression of the Flag-ZCCHC3 was analyzed by immunoblot, and Tubulin was detected as an internal control (bottom panel). (C) Knockdown of ZCCHC3 increased novel LINE-1 integrates. HEK293T cells were transfected with pWA367 together with the siRNA targeting ZCCHC3. Four days post-transfection, genomic DNA was extracted and analyzed for Taqman real-time PCR (top panel). Expression of the ZCCHC3 was analyzed by immunoblot, and Tubulin was detected as an internal control (bottom panel). Data are representative of at least three independent experiments, values are expressed as means ± SD, and representative blots and images are shown.




ZCCHC3 decreases LINE-1 RNA level

We next set up to investigate in which step of the LINE-1 life cycle ZCCHC3 plays a crucial role. For LINE-1 RNA both serve as mRNA for protein expression and templates to produce new cDNA copies. LINE-1 RNA levels affected the copy numbers of LINE-1 DNA. We therefore next examined the effect of ZCCHC3 on LINE-1 RNA. We transfected pWA367 plasmid with or without ZCCHC3 DNA into the HEK293T cells, and then detected the effect of ectopically expressed ZCCHC3 on LINE-1 RNA using RT–qPCR. The result showed that the transient expression of ZCCHC3 can diminish the LINE-1 RNA level at a similar level as it inhibits LINE-1 retrotransposition, suggesting that the inhibitory activity of ZCCHC3 may be derived from diminishing LINE-1 RNA level (Figure 3A).
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FIGURE 3
 ZCCHC3 diminished LINE-1 RNA and ORF1p. (A) Overexpression of ZCCHC3 decreases LINE-1 RNA and ORF1p. HEK293T cells were transfected with pWA367 and ZCCHC3 DNA. Total RNA was extracted for Taqman real-time PCR analysis, the RNA level was normalized to GAPDH (left panel). Expression of the LINE-1 ORF1p and Flag-ZCCHC3 were analyzed by immunoblot, and Tubulin was detected as an internal control (right panel). (B) Knockdown of ZCCHC3 increases LINE-1 RNA and ORF1p level. HEK 293T cells were transfected with pWA367 together with the siRNA targeting ZCCHC3. Total RNA was extracted for Taqman real-time PCR analysis, the RNA level was normalized to GAPDH (left panel). Expression of the LINE-1 ORF1p and ZCCHC3 were analyzed by immunoblot, and Tubulin was detected as an internal control (right panel). (C) ZCCHC3 does not affect the activity of the LINE-1 5′UTR promoter. HEK293T cells were transfected with the L1-FL reporter plasmid and ZCCHC3 DNA. Cell lysates were analyzed for luminescence (left panel). Expression of the ZCCHC3 was analyzed by immunoblot, and Tubulin was detected as an internal control (left panel). (D) The detection of RNA stability. HEK293 cells were co-transfected with pWA367 and either ZCCHC3, MOV10 DNA, or pcDNA3.0. Twenty-four hours post-transfection, the cells were treated with actinomycin D, and then detected LINE-1 RNA levels at various times as indicated by Taqman real-time PCR, the RNA level was normalized to GAPDH (left panel). Expression of the ZCCHC3 and MOV10 were analyzed by immunoblot, and Tubulin was detected as an internal control (left panel). Data are representative of at least three independent experiments, values are expressed as means ± SD, and representative blots and images are shown.


For LINE-1 RNA serves as mRNA for protein expression, we also detected the LINE-1 ORF1p expression level using immunoblotting and found that ZCCHC3 can reduce the LINE-1 ORF1p expression level as well (Figure 3A). Similarly, when we silenced the expression of endogenous ZCCHC3, LINE-1 RNA, and ORF1p levels increased ~2-fold (Figure 3B), indicating that both exogenous and endogenous ZCCHC3 can decrease LINE-1 RNA levels.

We speculated that ZCCHC3 decreases the LINE-1 RNA level might through affecting its transcription or influence its stability. We first examined whether ZCCHC3 affected LINE-1 RNA transcription. It has been reported that the 5′-UTR of LINE-1 serves as an internal promoter to drive LINE-1 RNA production (Goodier and Kazazian, 2008). We therefore used another reporter DNA construct, L1-FL, which only bears the LINE-1 5′-UTR sequence upstream of the firefly luciferase reporter gene (Athanikar et al., 2004) to detect the influence of the ZCCHC3 upon the LINE-1 internal promotor. We transfected this reporter DNA into HEK293T cells together with ZCCHC3 DNA, and then detected the luciferase activity. The presence of ZCCHC3 did not negatively affect the luciferase activity according to our results (Figure 3C), suggesting that ZCCHC3 did not influence LINE-1 RNA transcription driven by the 5′-UTR internal promoter, which indicates ZCCHC3 modulates LINE-1 RNA expression at the post-transcriptional stage. To test whether ZCCHC3 influences LINE-1 RNA stability, we used actinomycin D (5 μg/ml) to block the transcription from RNA polymerase II and measure the decay kinetics of LINE-1 RNA with overexpressed ZCCHC3. As shown in Figure 3D, the expression of ZCCHC3 diminished the amount of LINE-1 RNA to ~50% of that in the control cells at time 0. This phenomenon is similar to that of another host factor MOV10, which was reported to mediate the rapid degradation of LINE-1 RNA (Li et al., 2013; Choi et al., 2018). These results suggested that ZCCHC3 might also promote the rapid degradation of LINE-1 RNA as MOV10 did.



ZCCHC3 interacts with LINE-1

ORF1p and ORF2p proteins associate with the LINE-1 RNA to form LINE-1 RNP in the cytoplasm. Although the role of LINE-1 RNP is still unclear, it protects LINE-1 RNA from degradation by different kinds of host machinery (Taylor et al., 2016). Therefore, it is tempting to speculate that ZCCHC3 might target the components of LINE-1 RNP to destabilize LINE-1 RNA. We therefore performed Immunofluorescence and co-immunoprecipitation (co-IP) to identify whether there is an association between LINE-1 and ZCCHC3. The image showed that ZCCHC3 was mainly presented in the cytoplasm, and co-located with LINE-1 ORF1p (Figure 4A). The co-IP results also indicated that ZCCHC3 is associated with LINE-1 ORF1p (Figure 4B). For LINE-1 ORF1p and ORF2p usually associate with the LINE-1 RNA as an RNP form in the cytoplasm, ZCCHC3 may interact directly with ORF1p or mediated by LINE-1 RNA. Indeed, the interaction between ZCCHC3 and LINE-1 ORF1p seems to be RNA dependent, for the interaction was lost after RNase treatment (Figure 4C), suggesting that the interaction between ZCCHC3 and ORF1p might be mediated by LINE-1 RNA. The RNA immunoprecipitation assay result also confirmed that there was an interaction between ZCCHC3 and LINE-1 RNA (Figure 4D). These results indicated that the interaction between ZCCHC3 and ORF1p was mediated by LINE-1 RNA.
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FIGURE 4
 ZCCHC3 interacts with LINE-1 in the cytoplasm. (A) ZCCHC3 is co-located with LINE-1 ORF1p. Hela cells were transfected with pWA367 plasmid and Flag-ZCCHC3 DNA. Forty-eight hours post-transfection, LINE-1 ORF1p and Flag ZCCHC3 were detected by indirect immunofluorescence staining. (B) ZCCHC3 interacts with LINE-1 ORF1p. HEK293T cells were transfected with pWA367 plasmid and Flag-ZCCHC3 DNA. The cells were collected and lysed 48 h post-transfection. Equal amounts of supernatant were incubated with Flag antibody or lgG (mouse), LINE-1 ORF1p, and Flag-ZCCHC3 were analyzed by Western blots using antibodies against ORF1p and Flag (rabbit). (C) The interaction between ZCCHC3 and LINE-1 ORF1p is RNA-dependent. HEK293T cells were transfected with Flag-ZCCHC3 and Myc-ORF1p DNA. Forty-eight post-transfection, the cells were collected and lysed, and then treated with RNase at 37°C for 30 min, equal amounts of supernatant were incubated with Flag or Myc antibody (mouse) and then analyzed by Western blots using antibodies against Myc or Flag (rabbit). (D) ZCCHC3 binds to LINE-1 RNA. HEK293T cells were co-transfected with pWA367 DNA and ZCCHC3 DNA. Forty-eight hours later, an equal amount of cell lysis was used to detect LINE-1 RNA by RNA-IP. LINE-1 RNA pulled down by ZCCHC3 was quantified by RT–qPCR. These experiments were repeated three times and representative blots and images are shown.




The Zinc-Finger domain is necessary to repress LINE-1 retrotransposition

The RNA-dependent interaction between ZCCHC3 and LINE-1 ORF1p suggested the potential role of RNA binding in LINE-1 repression by ZCCHC3. ZCCHC3 bears three tandem zinc finger domains in its c-terminal region (301-404aa), which was reported to have RNA binding activity (Lian et al., 2018a,b; Zang et al., 2020). We generated a c-terminal truncation mutant of ZCCHC3 and ZCCHC3-dc, which lacks the zinc-finger region, to elucidate whether the zinc-finger domains are necessary for its LINE-1 inhibitory function (Figure 5A). LINE-1 retrotransposition assay showed that ZCCHC3-dc almost completely lost the activity to restrict LINE-1 retrotransposition (Figure 5B). Correspondingly, ZCCHC3-dc also lost the activity to diminish LINE-1 mRNA and ORF1p protein in HEK293T cells (Figure 5C), indicating that the zinc-finger domain is important for ZCCHC3 to restrict LINE-1 elements. Furthermore, the co-IP and RIP results confirmed that ZCCHC3-dc lost the ability to interact with LINE-1 RNP (Figures 5D,E). Immunofluorescence results also showed that, although ZCCHC3-dc is still localized in the cytoplasmic, it lost the association with LINE-1 ORF1p in Hela cells (Figure 5F). To correspond to previous experiments, we also confirmed the same results in 293T cells (Supplementary Figure 1). We speculated the deletion of the zinc-finger made ZCCHC3 lose the ability to bind RNAs and appear in a more diffused distribution in the cytoplasm. These results suggest the important role of the zinc-finger domain for ZCCHC3 to interact with LINE-1.
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FIGURE 5
 The zinc-finger domain is essential for ZCCHC3-mediated LINE-1 restriction. (A) The illustration of ZCCHC3 truncation. (B) ZCCHC3 dc does not inhibit LINE-1. HEK293T cells were transfected with pWA367 and either empty vector, Flag-ZCCHC3 or Flag-ZCCHC3-dc. 4 days post-transfection, cell lysates were analyzed for luminescence. (C) ZCCHC3 dc does not diminish LINE-1 RNA and ORF1p. Two days post-transfection, total RNA was extracted and LINE-1 RNA was normalized by the GAPDH and analyzed for Taqman real-time PCR (left panel). Expression of the LINE-1-ORF1p and Flag-ZCCHC3 were analyzed by immunoblot, and Tubulin was detected as an internal control (right panel). (D) ZCCHC3 dc does not interact with LINE-1 ORF1p. HEK293T cells were transfected with Myc-ORF1p and Flag-ZCCHC3 or Flag-ZCCHC3-dc. The cells were collected and lysed 48 h post-transfection. Equal amounts of supernatant were incubated with Myc antibody(mouse), Myc-ORF1p, and Flag-ZCCHC3 or Flag-ZCCHC3-dc and were analyzed by Western blots using antibodies against Myc and Flag(rabbit). (E) ZCCHC3 dc does not bind to LINE-1 RNA. HEK293T cells were co-transfected with pWA367 DNA and ZCCHC3-WT or ZCCHC3-dC DNA. Forty-eight hours later, an equal amount of cell lysis was used to detect LINE-1 RNA by RNA-IP. LINE-1 RNA pulled down by ZCCHC3 was quantified by RT–qPCR. (F) ZCCHC3 dc is not located with LINE-1 ORF1p. Hela cells were transfected with an empty vector or vector encoding Flag-ZCCHC3 or Flag-ZCCHC3-dc and Myc-ORF1p. Forty-eight hours post-transfection, Myc-ORF1p and Flag ZCCHC3 or Flag-ZCCHC3-dc were detected by indirect immunofluorescence staining. Data are representative of at least three independent experiments, values are expressed as means ± SD, and representative blots and images are shown.





Discussion

ZCCHC3 possesses three tandem zinc finger domains in its C-terminal region. Zinc finger proteins are primarily considered to be DNA binding transcription factors, However, certain classes of zinc finger proteins can also interact with RNA, and are involved in the regulation of multiple steps of RNA metabolism, such as mRNA splicing, polyadenylation, transportation, translation, and decay (Fu and Blackshear, 2017; Wang et al., 2017). As a CCHC-type zinc finger protein, ZCCHC3 was recently reported to bind viral dsRNA and dsDNA and positively regulate virus-triggered induction of type I IFNs in cGAS, RIG-I, and TLR3-mediated innate immune responses (Lian et al., 2018a,b; Zang et al., 2020). However, in the absence of exogenous microbial infection, endogenous retroelements LINE-1 was believed to be a potential source of immunogenic cytoplasmic nucleic acids in the context of sterile inflammation. Cytoplasmic LINE-1 can trigger IFN-I response through RIG-I- and MDA5-mediated RNA sensing pathways (Zhao et al., 2018; Tunbak et al., 2020) and cGAS-mediated DNA sensing pathways (De Cecco et al., 2019; Simon et al., 2019; Gamdzyk et al., 2020), especially during cellular senescence, when LINE-1 become transcriptionally derepressed.

In this study, we first investigate the role of ZCCHC3 in the IFN-I response of LINE-1. According to our results, ZCCHC3 activated the IFN pathway, especially the expression of CXCL10, which corresponds with the results of Shu's reports (Lian et al., 2018a,b). But unexpectedly, ZCCHC3 negatively regulates LINE-1 triggered IFN production, which is different from the process of the exogenous virus. Our result indicated that ZCCHC3 represses the LINE-1 element retrotransposition by directly diminishing the RNA level of LINE-1. It is plausible that ZCCHC3 negatively regulates LINE-1 triggered IFN production by decreasing the LINE-1 cDNA and RNA levels, which are the source of triggering LINE-1 mediated IFN production.

The association between ZCCHC3 and LINE-1 was confirmed by the observation of the co-localization of ZCCHC3 with ORF1p in the cytoplasm and was further supported by the immunoprecipitation result. However, LINE-1 ORF1p and ORF2p are usually associated with the LINE-1 RNA as an RNP form in the cytoplasm, and the loss of the association between ZCCHC3 and ORF1p upon RNase treatment suggests that ZCCHC3 interact with LINE-1 ORF1p in an RNA-dependent manner, or ZCCHC3 directly bind the LINE-1 RNA but not ORF1p. On the other hand, zinc finger domains in ZCCHC3 were reported to have RNA binding activity. When we deleted the zinc finger domains of the ZCCHC3, it lost the association with LINE-1, further supporting the notion that ZCCHC3 might directly bind to LINE-1 RNA. Indeed, ZCCHC3 was reported to directly bind to viral dsDNA or dsRNA in previous studies, and the double-strand structure is necessary for the binding (Lian et al., 2018a,b). However, LINE-1 RNA is quite similar to cellular single-strand mRNA. It is worth investigating how ZCCCH3 binds to LINE-1 RNA in the future. A possible explanation would be the stem-loop structure in LINE-1 mRNA, which remains for further exploration.

Our result indicated that the inhibitory activity of ZCCHC3 may be derived from diminishing LINE-1 RNA, although the exact mechanism is still not clear. For immunofluorescence assay showed that ZCCHC3 is a cytoplasmic protein, which is unlikely to affect the transcription of LINE-1 in the nucleus. We also confirmed that ZCCHC3 did not influence LINE-1 RNA transcription driven by the 5′-UTR internal promoter. These results suggested a possibility that ZCCHC3 might induce LINE-1 RNA degradation in the cytoplasm. Indeed, the RNA stability analysis suggests a rapid degradation of LINE-1 RNA caused by ZCCHC3. This phenomenon is also observed in MOV10-induced RNA degradation (Li et al., 2013). We noticed that, upon overexpression of ZCCHC3, ORF1p formed large foci in the cytoplasm, in which ZCCHC3, ORF1p, and stress granule (SG) marker protein, G3bp1, were co-localized (Supplementary Figure 2), which suggests that ZCCHC3 causes sequestration of LINE-1 ORF1p in large stress granules. It is reported previously that endogenous or over-expressed ORF1p can spontaneously aggregate in SGs, in the absence of external stress (Goodier et al., 2007). Several host factors, such as Zinc-Finger Antiviral Protein (ZAP) (Gao et al., 2002), MOV10 (Goodier et al., 2012; Li et al., 2013), and The SAM domain and HD domain-containing protein 1 (SAMHD1) (Hu et al., 2015) were found to co-localize with LINE-1 RNP in SGs and induced the LINE-1 RNA degradation. In another study, Martin Brouha et al. also purified and identified 37 high-confidence host factors, including both MOV10 and ZCCHC3, form LINE-1 RNP complexes using affinity proteomics methods (Taylor et al., 2013). Based on the important role of SG in RNA metabolism, it is not surprising that these proteins co-localize in SGs with LINE-1 RNP and limited LINE-1 mobility. Stress granules might provide a platform to orchestrate the innate immune response to fight the exogenous and endogenous viruses attack, and the exact mechanism needs further investigation.
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Liver Spleen
Phosphoglucomutase (PGM) 217 2.69
Hexokinase (HK) 3.01 2.05
glucose-6-phosphate isomerase (GPI) / 2,37
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) -0.37 -0.32
phosphoglycerate kinase (PGK) / 2,97
pyruvate kinase (PK) 4.96 2.13
pyruvate dehydrogenase E1 component (PDH) -0.42 -0.27
L-lactate dehydrogenase (LDH) 24.61 8.92
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Primer name®

Sequence (5'-3')¢

~1994/203-F
~1678/203-F
-985/203-F
~24/203-F
~1994/203-R
AAP-1-F
AAP-1-R
AAP-1-F;d
AAP-1-R;®
ASP1-F
ASP1-R
ASP1-F;
ASP1-R;
ACREB-F
ACREB-R
ACREB-F;
ACREB-R;
CONA1-F
CON1-R

CGGGGGTACCTGGATAACAGAGGCAGAA (Konl)
CGGGGTACCCTGTGTACATGTTGGGC (Konl)
CGGGGTACCACTGGAATCTGGTTTG (Kpnl)
CGGGGTACCTCCGCCGGCCCATATAA (Kpnl)
CTAGCTAGCAAGACGCCAACAAGCT (Nhel)
CGGGGTACCTGGATAACAGAGGCAGAAAAATGTTAA (Konl)
CTAGCTAGCAAGACGCCAACAAGCT (Nhel)
TCCCGGAGAACTCCCCGCGTTCGTTTCCTCTC
GCGGGGAGTTCTCCGGGATTCCTCACGGATACAGGA
CGGGGTACCTGGATAACAGAGGCAGAAAAATGTTAA (Konl)
CTAGCTAGCAAGACGCCAACAAGCT (Nhel)
CTCGCGACCCTCCAACCACCATCACCACCATCACA
TGGTTGGAGGGTCGCGAGGTCCAGTTCAGAACTTTG
CGGGGTACCTGGATAACAGAGGCAGAAAAATGTTAA (Konl)
CTAGCTAGCAAGACGCCAACAAGCT (Nhel)
GCAACACGCGGCGCCTCCGCCGGCCCATATAAAA
GCGGAGGCGCCGCGTGTTGCTCTGTCTGCGCGTT
TAGAATTCCGCCACCATGAGCTCCCGCATCGC (EcoRl)
CCGCTCGAGGCGTCCCTAAATTTGTGAATGT (Xhol)

aNucleotide 1 represents the site of transcription initiation of the CCN1 promoter.
bF forward primer; R, reverse primer.

CCCN1 promoter gene sequences were downloaded from GenBank.
d-eIntermediate primer fragment for overlapping PCR overfapping PCR.
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Primer name? Sequence (5'-3')

SICCN1-1-F GGCAGACCCUGUGAAUAUADTDT
siCCN1-1-R UAUAUUCACAGGGUCUGCCDTDT
SiICCN1-2-F GGGAAAGUUUCCAGCCCAADTDT
siCCN1-2-R UUGGGCUGGAAACUUUCCCDTDT
SiICCN1-3-F CCCGAAUCAGUUAGGUUUADTDT
SiCCN1-3-R UAAACCUAACUGAUUCGGGDTDT
siNC-F UUCUCCGAACGUGUCACGUTT

siNC-R ACGUGACACGUUCGGAGAATT

aF, forward primer; R, reverse primer.
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Primer? Sequence (5'-3')°

PEDV (N)-F AGATCGCCAGTTTAGCACCA
PEDV (N)-R GGCAAACCCACATCATCGT
CCN1-F ACGAGGATAGTGTCAAGGACC
CCN1-R CAGGGAGCCGCTTCAGT
c-Jun-F CAGACAGTGCCCGAGATG
c-Jun-R CCTCATGCGCTTCCTCT
c-Fos-F TGTGCAACCCACCCTCA
c-Fos-R CCACTGCTGTAGCCACTCAT
IFN-B-F ACGGCTCTTTCCATGAGCTAC
IFN-B-R GTCAATGCAGCGTCCTCCTT
TNF-a-F TCTGTCTGCTGCACTTTGGAGTGA
TNF-a-R TTGAGGGTTTGCTACAACATGGGC
IL-6-F TTACTACAGTGGCAACGAGGATG
IL-6-R GGAATCAAGGTGCTCAGGTCAT
IL-8-F GGAACCATCTCGCTCTGTGTAA
IL-8-R GGTCCACTCTCAATCACTCTCAG
ISG15-F CACCGTGTTCATGAATCTGC
ISG15-R CTTTATTTCCGGCCCTTGAT
B-actin-F CTTAGTTGCGTTACACCCTTTC
B-actin-R TGTCACCTTCACCGTTCCA

aF, forward primer; R, reverse primer.

PMonkey —gene  sequences and PEDV  gene  sequences  were

downloaded from GenBank.
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Viruses (Genera)

PEDV (Alphacoronavirus)
PDCoV (Deltacoronavirus)

TGEV (Alphacoronavirus)

SADS-CoV (Alphacoronavirus)

Year of emergence

1970s
2009

1946

2016

Mortality in neonatal piglets

Almost 100%

50%-100%

Upto 100%

More than 90 in pigs <5 days
of age

Pathogenicity for other
species

No report
Humans, Calves, chickens, and

turkeys
No report

No report

Clinical symptoms

Vomiting, watery diarhea,
dehydration, and weight loss
Vomiting, watery diarhea,
dehydration, and weight loss
Vomiting, watery diarhea,
dehydration, weight loss, and
abortion

Acute diarthea, acute vomiting,
and acute death
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Characteristic Total COVID-19 patients Healthy persons

(N =170) (N =20)

1-2.5 months 10-11 months 17-18 moths
(N =43) (N =62) (N = 45)

Admission/discharge Inpatients Convalescents Convalescents NA
Sex, n (%)
Male 75 (44.1) 22 (51.2) 21 (29.4) 25 (55.6) 7 (35.0)
Female 95 (65.9) 21 (48.8) 41 (70.6) 20 (44.5) 13 (65.0)
Age, years, median (IQR) 53 (42.5, 63) 59.5 (36.5, 70) 55.0 (30, 86) 55.4 (33, 85) 38 (27, 42)
Age (year)
<60, n (%) 110 (64.7) 22 (51.2) 42 (67.7) 28 (62.2) 18 (90.0)
>60, n (%) 60 (35.3) 21 (48.8) 20 (32.3) 17 (37.8) 2(10.0)
Severity of COVID-19, n (%)
Mild 85 (56.7) 15(34.9) 34 (54.8) 36 (80.0) NA
Severe 65 (43.3) 28 (65.1) 28 (45.2) 9(20.0)
The median time between symptom 50 (21,76) days 10-11 months 17-18 months NA

onset to blood sampling (min, max)

IQR, interquartile range; NA, not available.
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Sequence
Sequence
Sequence
Sequence
Sequence
Sequence

% Rank_EL

3.402
4.592
65
13.027
8.205
60
1.812
1.516
52.143
3.802
13.068
50.286
3.417
0.48
42.8
13.719
4.84
41.25

Bind level

Pos, Residue number (starting from 0) of the peptide in the protein sequence. MHC, specified MHC molecule/allele name. Peptide, amino acid sequence of the potential
ligand. Core, the minimal 9 amino acid binding core directly in contact with the MHC. Of, the starting position of the Core within the Peptide (if > 0, the method predicts
a N-terminal protrusion). Gp, position of the deletion, if any. Gl, length of the deletion, if any. Ip, position of the insertion, if any. ll, length of the insertion, if any. Icore,
interaction core. This is the sequence of the binding core including eventual insertions of deletions. Identity, Protein identifier, i.e., the name of the FASTA entry. Score_EL,
The raw prediction score. % Rank_EL, Rank of the predicted binding score compared to a set of random natural peptides. This measure is not affected by inherent bias
of certain molecules toward higher or lower mean predicted affinities. Strong binders are defined as having % rank < 0.5, and weak binders with % rank < 2. We advise
to select candidate binders based on % Rank rather than score bind level: (SB, strong binder; WB, weak binder). The peptide will be identified as a strong binder if the %
Rank is below the specified threshold for the strong binders (by default, 0.5%). The peptide will be identified as a weak binder if the % Rank is above the threshold of the
strong binders but below the specified threshold for the weak binders (by default, 2%). The bold value indicates that HLA-C*04:01 is a strong binder (SB) for the screened

9-mers peiptde.
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Sample Rawreads Raw  Clean  Clean Error Q20 Q30  GC Total  Multiple  Uniquely
bases  reads  bases  rate (%) (%) content mapped mapped  mapped

Mockl 45480366 682G 44378466 666G 0.03% 9795 9385  5130% 43026488 555,090 42,471,398
(96.95%) (1.25%) (95.7%)
Mock2 43060072 647G 41496306 622G 0.03% 9789 9364 5056%  40,053918 552,862 39,501,056
(96.52%) (133%) (95.19%)
Mock3 4746074 671G 42915262 644G 0.03% 9780 9338 4654% 41,087,942 608,852 10,479,090
(95.74%) (1.42%) (9432%)
MIVI 5,031,662 768G 45106246 677G 003% 9753 9365  5306% 32,950,636 407,372 32,543,264
(73.05%) (0.90%) (7215%)
MIV2 61096760 916G S84I8608 876G 003% 9656 9182 5074% 50,157,320 581,446 49,575,874
(85.86%) (1.00%) (84.86%)
MIV3 66870482 1003G 59595576 894G 003% 9741 9322 5L08% 44,931,266 537,322 44,393,944
(75.39%) (0.90%) (74.49%)
Mgl 48128268 721G 472 708G 003% 9680 954 4BIS% 43,649,800 709,602 42940198
(92.43%) (1.50%) (90.93%)
Mg2 56131542 841G 55139968 827G 0.03% 9774 9341 SL71% 52950122 886,668 52063454
(96.03%) (1.61%) (94.42%)
Mg3 51216264 7.68G 50164130 752G 0.03% 9776 9343 SL75% 48275374 787,168 47,488,206
(96.23%) (1.57%) (94.67%)
MgIV1 48724732 730G 45307390 680G 0.03% 9675 9200  S380%  35637.234 460,964 35,176,270
(78.66%) (1.02%) (77.64%)
MgIV2 50299172 754G 45154366 677G 0.03% 9688 9241 5428% 34538518 167,382 34,071,136
(76.49%) (1.04%) (75.45%)
MgIV3 42525070 637G 35438468 532G 0.03% 9680 9279 5839% 22380332 526234 21,854,098

(63.15%) (1.48%) (61.67%)
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FC (fold changes) is the difference multiple.
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