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Editorial on the Research Topic 


Editorial: Virology today in Spain. Selected topics from Spanish virology


The field of virology plays a pivotal role in our understanding of “One Health”, encompassing animals, humans and the environment, influencing from public health strategies to advancements in medical treatments. This editorial introduces a series of 10 articles that delve into various aspects of virology, providing readers with a comprehensive and up-to-date overview of the field in this area. It includes interesting original articles about MERS-CoV, West Nile, Usutu, hepatitis C and African swine fever virus, between others, but also includes timely reviews on Coronaviruses (CoV), the origin of pediatric severe acute hepatitis, and antivirals against COVID-19 and human respiratory viruses.

Article by Barrado-Gil et al. investigates the intricate interplay between viruses and their hosts at the molecular level uncovering lipid host factors that influence endocytosis for African swine fever virus infection. Also, an article by García-Crespo et al. explores the mechanisms driving hepatitis C virus (HCV) evolution and adaptation, focusing on the HCV-fitness dependent implications in virus-host interactions and liver disease.

This Research Topic also examines the dynamics of emerging viral threats and discuss the strategies to anticipate and monitor such risks for health.

A clinical threat to the healthcare system was the occurrence of several cases of severe acute hepatitis (not A-E) in 37 countries in July 2022 that the article by Rodríguez-Frias et al. reviews. Their conclusions pointed out that it was caused by Adeno-associated virus 2 (AAV2) infection, associated with a helper virus, and coincident with a determined genetic profile.

The emergence of the largest number of human cases of West Nile virus (WNV) infection occurred in Extremadura, Spain, with six human cases, is reported by Macias et al. These cases occurred in areas were WNV infections have been previously reported, suggesting the definition of an endemic area. Surveillance with early detection methods is encouraged in such regions.

Another research article by Llorente et al., communicates the experimental results regarding the susceptibility of certain bird species, such as red-legged partridges, to WNV strains, while being not competent for transmission of Usutu virus strains.

A review from Luis Enjuanes laboratory, summarizes the current knowledge of human CoV accessory proteins emphasizing their relevant contribution to pathogenesis (Hurtado-Tamayo et al.). Besides, Labiod et al., discuss on the role of DC-SIGN in MERS-CoV dissemination and pathogenesis.

Another study by Fernández-García et al., involved metagenomic sequencing, molecular characterization, and phylogenetics of the vaccine-derived poliovirus strain that caused disease in a patient in Senegal. It was confirmed to be an imported circulating type.

The Research Topic “Vaccines and Antiviral Therapies” was also covered by two reports in the antiviral activity of the HRA2pl fusion peptide against paramyxoviruses by Meza et al., and pneumoviruses by and another in the use of Plitidepsin in adult patients of COVID-19 by Varona et al.

This special issue reflects the immense diversity and quality of the research presented and discussed during the congress of the Spanish Society of Virology. Additionally, it serves as a small yet significant example of virology research conducted in Spain, actively promoted by the SEV.
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Introduction

The APLICOV-PC study assessed the safety and preliminary efficacy of plitidepsin in hospitalized adult patients with COVID-19. In this follow-up study (E-APLICOV), the incidence of post-COVID-19 morbidity was evaluated and any long-term complications were characterized.



Methods

Between January 18 and March 16, 2022, 34 of the 45 adult patients who received therapy with plitidepsin in the APLICOV-PC study were enrolled in E-APLICOV (median time from plitidepsin first dose to E-APLICOV enrollment, 16.8 months [range, 15.2–19.5 months]). All patients were functionally autonomous with regard to daily living (Barthel index: 100) and had normal physical examinations.



Results

From the APLICOV-PC date of discharge to the date of the extension visit, neither Common Terminology Criteria for Adverse Events version 5.0 (CTCAE v5) grade 3-4 complications nor QT prolongation or significant electrocardiogram (EKG) abnormalities were reported. Five (14.7%) patients had another COVID-19 episode after initial discharge from APLICOV-PC, and in 2 patients (5.9%), previously unreported chest X-ray findings were documented. Spirometry and lung-diffusion tests were normal in 29 (85.3%) and 27 (79.4%) patients, respectively, and 3 patients needed additional oxygen supplementation after initial hospital discharge. None of these patients required subsequent hospital readmission for disease-related complications.



Discussion

In conclusion, plitidepsin has demonstrated a favorable long-term safety profile in adult patients hospitalized for COVID-19. With the constraints of a low sample size and a lack of control, the rate of post-COVID-19 complications after treatment with plitidepsin is in the low range of published reports. (ClinicalTrials.gov Identifier: NCT05121740; https://clinicaltrials.gov/ct2/show/NCT05121740).





Keywords: plitidepsin, COVID-19, SARS-CoV-2, long COVID, post-COVID-19 complications



Introduction

As of 2 October 2022, the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic has resulted in more than 615 million infections and 6.5 million deaths, at significant costs to healthcare systems and societies worldwide (World Health Organization, 2022). Though initial public health responses focused on reducing the acute burden of coronavirus disease 2019 (COVID-19), it has become increasingly apparent that SARS-CoV-2 infection can also provoke longer-term mental and physical health consequences, thus heightening the concern of the healthcare systems (Greenhalgh et al., 2020; National Institute for Health and Care Research, 2020; National Institute for Health and Care Excellence, 2020). The persistence of symptoms –such as fatigue, dyspnea, chest pain, cognitive disturbances, or arthralgia – 3 months after SARS-CoV-2 infection is referred to as post-COVID-19 disease or “long COVID” (National Institute for Health and Care Excellence, 2020). Between 10 and 25% of patients will experience long COVID, resulting in a significant limitation of daily activities, an increase in long-term sick leave from work, and the appearance of sequelae that may continue for more than one year (Carfì et al., 2020; Augustin et al., 2021).

Post-COVID-19 sequelae in patients who required hospitalization due to a severe SARS-CoV-2 infection are generally a consequence of structural damage to different organs by the infection itself and/or associated complications. Various studies point to sequelae not only restricting the respiratory apparatus but also affecting the cardiovascular system, the kidneys and the central and peripheral nervous system (Carfì et al., 2020; Salehi et al., 2020; Vindegaard and Benros, 2020; Ojha et al., 2020; Sudre et al., 2021; Huang et al., 2021). Psychiatric and psychological sequelae have also been documented (Vindegaard and Benros, 2020).

Risk factors for post-COVID-19 sequelae include the severity of acute COVID-19 infection, age, biological sex and sex hormones, and the presence of pre-existing conditions (Koc et al., 2022). Furthermore, it has been reported that viral load during acute COVID-19 may correlate with the severity of long COVID manifestation, and a rapid drop in the viral load of patients with acute COVID-19 infection may be protective from long COVID responses (Koc et al., 2022). Treatments that facilitate rapid resolution of the acute infection could therefore be protective against the effects of long COVID.

The APLICOV-PC proof-of-concept study (NCT04382066) assessed the safety and preliminary efficacy of 3 dose levels of plitidepsin (1.5 mg, 2.0 mg and 2.5 mg) administered for three consecutive days in hospitalized adult patients with COVID-19 (Varona et al., 2022). The trial met the primary endpoint of safety and feasibility of the 3 plitidepsin doses administered. In addition, results from APLICOV-PC suggested that plitidepsin was associated with reductions of viral load (mean 3.25-log10 reduction in baseline viral load by Day 15), inducing recovery (87% of the patients had moderate to severe illness when they entered the study; by Day 15, 82% of the patients had been discharged), and providing relevant impact on lymphocyte reconstitution and other inflammatory parameters (Varona et al., 2022).

The E-APLICOV study (NCT05121740) described herein was designed to evaluate whether plitidepsin treatment in patients hospitalized for COVID-19 could have a relevant impact on the emergence of long-term sequelae resulting from SARS-CoV-2 infection.



Methods


Study design and participants

APLICOV-PC was conducted in 10 hospital centers in Spain between May 12, 2020 and November 26, 2020 (second COVID-19 pandemic wave). Details and results of the study have been previously published (Varona et al., 2022). This multi-site extension of the APLICOV-PC clinical study (ran from January 18, 2022 to March 16, 2022) invited patients who received previous therapy with plitidepsin for COVID-19. Patients were enrolled after signing informed consent to participate in this extension study. The patients included in the extension study received no treatment whatsoever in relation to the study.



Procedures

The sites participating in the study were supervised by monitors appointed by the sponsor. Monitors performed periodic visits to the site before, during and at the end of the trial, or failing that, by telephone contact or written communication. Remote verification of source data were performed in agreement with the participating centers.

Data were collected through electronic case report forms (eCRFs) from each center participating in the study, and were provided by the Clinical Research Organization (CRO). The data was collected and processed with the appropriate precautions to guarantee confidentiality and compliance with the current legislation regarding data privacy (EU Regulation 2016/679 of the European Parliament and of the Council of 27 April 2016 on the protection of natural persons with regard to the processing of personal data and on the free movement of such data and with Organic Law 03/2018 on protection of personal data and guarantee of digital rights).



Study objective

The main objective of this study was to evaluate the incidence of post-COVID-19 morbidity and characterize the profile of complications in patients who participated in the APLICOV-PC study, assessing the incidence of post-COVID-19 complications after exposure to therapeutic intervention with plitidepsin at flat doses of 1.5, 2.0, and 2.5 mg/day, for 3 consecutive days as a 90-min IV infusion (Varona et al., 2022).

To complete this objective, the following information was gathered for the time spanning from the patient’s last visit in the APLICOV-PC study through the end of the extension study: 1) readmissions to hospitals and their causes; 2) the need for oxygen therapy and duration of the same; and 3) the incidence of complications (See Supplementary Table 1).



Statistical analysis

All data has been analyzed with the SAS statistical analysis system, version 9.4. All analyses have been carried out mainly by descriptive statistical methods. Continuous endpoints have been described using maximum, minimum, Q1 and Q3, mean, median and standard deviation. Categorical endpoints have been described with frequencies and percentages as well as the exact 95% confidence interval of the relevant study variables. All demographic and patient characteristics are reported using the initiation of the E-APLICOV study as baseline unless otherwise noted.




Results

Of the 45 adult patients who received therapy with plitidepsin in the APLICOV-PC study, 34 were enrolled into this extension (Figure 1). Of those included in E-APLICOV, 5 (14.7%), 19 (55.9%) and 10 (29.4%) patients had mild, moderate, and severe COVID-19 (FDA criteria), respectively, at the time of treatment with plitidepsin (Table 1). A median of 16.8 months (range 15.2 – 19.5 months) had elapsed from the time patients received their first dose of plitidepsin to the start of this extension (Table 1). Most patients were male (23 patients, 67.6%) and Caucasian (23 patients, 67.6%) (Table 1). Their median age was 53 years (range: 33-72 years) and their median body-mass index (BMI) was 29.7 kg/m2 (range: 18.4-46.2 kg/m2) (Table 1). Obesity (BMI > 30 kg/m2) was observed in 16 (47%) patients. Sixteen (47.1%) patients had two or more co-morbidities at randomization (Table 1). Eighty-five percent of patients had received some form of pharmacological treatment at E-APLICOV study entry. Thirty-eight percent of all patients were treated with lipid modifying agents and 35.3% with drugs used in diabetes. Analgesics (23.5% of patients) and anti-inflammatory and antirheumatic products (23.5% of patients) were also among the most frequently used medications for patients included in the study (See Supplementary Table 2). There was only 1 (2.9%) unvaccinated patient at the start of E-APLICOV, whereas 6 (17.6%), 21 (61.8%), and 6 (17.6%) patients, respectively, had received 1, 2, and 3 doses of a COVID-19 vaccine since the conclusion of the initial study (Table 1). A total of 3 patients were seronegative (8.8%) at entry into the extension study (Table 1). The median values of analytical parameters relevant to COVID-19 at study entry are shown in Supplementary Table 3. Patients in this analysis had a median total lymphocyte count of 1.98 x109 cells/L (interquartile range [IQR], 1.56–2.56), C-reactive protein [CRP] of 1.36 mg/dL (IQR, 0.9–2.9) and D-dimer of 240.5 ng/mL (IQR, 201–343).




Figure 1 | Flowchart of exclusions.




Table 1 | Demographic and baseline characteristics for the 34 patients included in the E-APLICOV study.



At study entry, none of the patients showed functional limitations for their daily living activities (Barthel index: 100) and there were no reports of physical and neurological abnormalities. There were no CTCAE v5 grade 3–4 complications from the date of APLICOV-PC discharge to the date of the extension visit. Nearly 15% of patients (n=5) were diagnosed with COVID-19 after the completion of the APLICOV-PC study (approximately 13-15 months after the last patient inclusion in the APLICOV-PC study). Among the post-COVID-19 complications occurring in the patients analyzed in the study (See Supplementary Tables 4, 5), the investigators found the following events, reported as grade 2 disease-related complications, in one patient each (2.9%): alopecia, cough, diabetic metabolic decompensation, hyperglycemia, and interstitial lung disease. Grade 2 asthenia was described in 2 patients (5.9%) (Table 2). There were no reports on clinically relevant abnormalities in hematological parameters. None of the patients experienced a thromboembolic event.


Table 2 | Summary of post-COVID-19 complications, related to study disease, overall. Worst grade per patient.



Two patients (5.9%) presented chest X-ray findings (hilar adenopathies and bilateral micronodules, impingement of the left lateral costophrenic sinus and calcified atheromatosis of the aortic arch) not reported previously. Electrocardiogram (EKG) abnormalities (e.g., atrial fibrilation, left axis deviation or sinus tachycardia) were found in 5 patients (14.7%) but were not judged as clinically significant. No QT prolongation was described in any of the 34 patients.

Spirometry and lung-diffusion tests were normal in 29 (85.3%) and 27 (79.4%) patients, respectively, at study entry (Table 3). The pre-test 6-minute walk test scored 0–2 (no or slight dyspnea) in all patients (Borg scale). After the test, 24 (70.6%) patients had scores of 0–2, 6 (17.6%) patients of 2.5–4 (moderate dyspnea), and 4 (11.8%) patients had severe dyspnea (Supplementary Table 6). Only 2 patients, 1 with moderate COVID-19 and 1 in the severe group, stopped or paused during the test and none of the patients experienced symptoms at the end of the exercise.


Table 3 | Pulmonary function assessment.



Subsequent hospital readmission for disease-related complications was not required for any of the patients. Three patients (8.82%, 2 with severe and 1 with moderate COVID-19 disease) required additional oxygen supplementation, via nasal cannula or Venturi mask, after initial hospital discharge.



Discussion

Treatments to manage or prevent the development of sequelae arising from acute SARS-CoV-2 infection are urgently needed. Growing evidence suggests that the pathophysiologic model underlying post-COVID-19 sequelae stems from a dysregulated immune system that, after acute infection, continues releasing aberrantly high levels of proinflammatory cytokines that lead to chronic low-grade inflammation and multiorgan symptomatology (Buonsenso et al., 2022). Further, the hypothesis that a rapid reduction in SARS-CoV-2 viral load during acute infection may reduce the risk of post-COVID-19 complications is increasingly gaining strength (Rajan et al., 2021).

The previous APLICOV-PC proof-of-concept study confirmed plitidepsin safety in adult COVID-19 patients requiring hospital admission. Data gathered suggested that treatment of hospitalized patients with plitidepsin could sharply reduce SARS-CoV-2 viral load, promote recovery, and positively impact on the absolute lymphocyte counts and other inflammatory parameters (Varona et al., 2022). This trend toward increasing the total number of lymphocytes is of utmost importance given that the depth of lymphopenia may be associated with poor prognosis, including higher COVID-19 mortality (Lee et al., 2021). To the best of our knowledge, an increase in lymphocyte counts has not been reported with other antiviral therapies (Barratt-Due et al., 2021).

Due to plitidepsin’s putative effect on rapidly reducing the SARS-CoV-2 viral load and normalizing certain immune system parameters, we sought to characterize the incidence of post-COVID-19 morbidity and long-term complications in patients who participated in APLICOV-PC. As the last patient in the APLICOV-PC study was enrolled in November 2020, there was already an extensive margin of follow-up time of almost 12 months to evaluate these parameters in this study. Despite the relatively high severity of COVID-19 (85% were graded as moderate to severe in the original study) and prevalence of comorbidity (85% of patients had ≥1 comorbidity), we observed few long-term complications in this group of patients previously treated with plitidepsin. None of the patients included in the E-APLICOV study had experienced functional restrictions in performing physical actions needed in everyday life. Reports of neurological Grade 1 post-COVID-19 complications, deemed to be related to study disease, included attention deficit (n=5; 14.7%), memory lapses (n=4; 11.8%), low mood (n=3; 8.8%), headaches (n=3; 8.8%), and anxiety (n=2; 5.9%). These low rates are in contrast with reports from an electronic follow-up record of 236,379 patients during the first six months following COVID-19 diagnosis, in which neuropsychiatric complications emerged in 34% of cases, not including headache. The most commonly reported complications include mood and anxiety disorders and psychoses (24%), neuropathies (2.1%), and dementia (0.67%) (Taquet et al., 2021). On the other hand, the most frequent neurological symptoms are headache and cognitive changes, described in up to 68% and 81% of patients, respectively, with some sort of neurological symptoms after week 12 following acute infection (Graham et al., 2021).

In patients who present with severe COVID-19, the main sequelae is the development of pulmonary fibrosis. According to a recent meta-analysis, approximately 30% of patients hospitalized with pneumonia due to SARS-CoV-2 have shown fibrotic changes that persist for the first 12 months after discharge from the hospital (Fabbri et al., 2022). In this study, grade 1 COVID-19 pneumonia was reported in only 1 patient (2.9%) and only 2 patients (5.9%) presented chest X-ray findings, which were not suggestive of pulmonary fibrosis. None of the patients experienced a pulmonary embolism.

Finally, it should be highlighted that the dose range proposed in the APLICOV-PC study, which was based on pharmacokinetic/pharmacodynamic modeling, anticipated that antiviral concentrations of plitidepsin would be reached in distal anatomical compartments. In-vivo biodistribution of plitidepsin confirms that key organs in SARS-CoV-2 are exposed to therapeutic concentrations. Considering that SARS-CoV-2 infection is a systemic process that goes beyond affecting the respiratory tract, the biodistribution of plitidepsin might result in a widespread reduction of organ dysfunction, potentially protecting SARS-CoV-2-affected organs (Machhi et al., 2020; Rajan et al., 2021). Indeed, data from the COVERSCAN study conducted in the United Kingdom, which carried out serial Magnetic Resonance Imaging (MRI) scanning in a sample of 201 generally-healthy, middle-aged individuals, with COVID-19, showed evidence of mild organ impairment of the heart (32%), lungs (33%), kidneys (12%), liver (10%), pancreas (17%), and spleen (6%) (Rajan et al., 2021). Significant heart injuries, including myocarditis with reduced systolic function and arrhythmias, have been documented in patients with severe forms of COVID-19. Myocardial injury has been reported, which may be due to direct damage to the cardiomyocytes, systemic inflammation, myocardial interstitial fibrosis, and hypoxia (Babapoor-Farrokhran et al., 2020). Due to significant myocardial injuries in patients with severe COVID-19 symptoms, the morbidity and lethality of the illness could be high (Aggarwal et al., 2020; Clerkin et al., 2020; Bansal, 2020). Moreover, it has been shown that right ventricular abnormalities can occur after SARS-CoV-2 infection and likely reflect the consequences of COVID-19-associated severe pneumonia (Singh et al., 2022). It should be noted, however, that no clinically significant functional heart abnormalities were found in patients of the E-APLICOV study. At the E-APLICOV study entry, spirometry and lung-diffusion tests were abnormal in only 14.7% and 20.6% of the patients, respectively, percentages below the COVID-19-derived lung dysfunction rates previously described in the literature (Rajan et al., 2021).

In summary, considering the absence of CTCAE v5 grade 3-4 complications and of clinically significant EKG abnormalities, as well as the low rate of disease-related complications, chest X-ray findings and requirement of oxygen supplementation in patients included in this study, plitidepsin has demonstrated long-term safety in adult patients hospitalized for COVID-19. Despite the limitations of a low sample size and a lack of control group in APLICOV-PC, the rate of post-COVID-19 complications after treatment with plitidepsin appears to be in the lower limit of the 95% confidence interval of the prevalence of post-COVID-19 complications reported in a recent meta-analysis [80% (95% CI 65–92)] (Lopez-Leon et al., 2021).
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Introduction

Cellular epigenetic modifications occur in the course of viral infections. We previously documented that hepatitis C virus (HCV) infection of human hepatoma Huh-7.5 cells results in a core protein-mediated decrease of Aurora kinase B (AURKB) activity and phosphorylation of Serine 10 in histone H3 (H3Ser10ph) levels, with an affectation of inflammatory pathways. The possible role of HCV fitness in infection-derived cellular epigenetic modifications is not known.





Methods

Here we approach this question using HCV populations that display a 2.3-fold increase in general fitness (infectious progeny production), and up to 45-fold increase of the exponential phase of intracellular viral growth rate, relative to the parental HCV population.





Results

We show that infection resulted in a HCV fitness-dependent, average decrease of the levels of H3Ser10ph, AURKB, and histone H4 tri-methylated at Lysine 20 (H4K20m3) in the infected cell population. Remarkably, the decrease of H4K20m3, which is a hallmark of cellular transformation, was significant upon infection with high fitness HCV but not upon infection with basal fitness virus.





Discussion

Here we propose two mechanisms ─which are not mutually exclusive─ to explain the effect of high viral fitness: an early advance in the number of infected cells, or larger number of replicating RNA molecules per cell. The implications of introducing HCV fitness as an influence in virus-host interactions, and for the course of liver disease, are warranted. Emphasis is made in the possibility that HCV-mediated hepatocellular carcinoma may be favoured by prolonged HCV infection of a human liver, a situation in which viral fitness is likely to increase.





Keywords: virus-host interaction, histone modification, viral quasispecies, hepatocellular carcinoma, viral fitness, hepatitis C virus, aurora kinase B





Introduction

Epigenetic modifications modulate gene expression programs, with implications that have been extensively studied for the phenotypic profile of cancer cells, and their functional heterogeneity [reviewed in (Ilango et al., 2020; Ramon et al., 2020)]. Host cell epigenetic signatures are also altered during infection by DNA and RNA viruses, with consequences for viral persistence and latency (Milavetz and Balakrishnan, 2015; Lynch et al., 2019). Hepatitis C virus (HCV) participates of the double branch of epigenetic implications since they may affect the course of the infection itself, and the development of post-infection sequels such as hepatocellular carcinoma (HCC), often linked to progression of liver cirrhosis. Epigenetic changes that involve aberrant methylation of genes and post-transcriptional histone modifications occur frequently, and some of them are being exploited for the development of molecular diagnostic signatures for HCC (Lin et al., 2015; Zheng et al., 2019).

Several studies have addressed the interference of HCV-encoded proteins exerted on epigenetic pathways, in the course of the infection (Hung et al., 2014). Our previous investigation of HCV-induced histone modifications at early stages of HCV infection revealed inhibition of phosphorylation of Ser10 in histone H3 (H3Ser10ph), associated with a decrease of Aurora Kinase B (AURKB) activity, mediated by a direct interaction between HCV core protein and AURKB. In addition, we showed that AURKB inhibition had an effect on transcription of genes related to inflammatory pathways such as NF-кB and COX-2 (Madejón et al., 2015). Aurora B is involved in chromosome segregation, spindle-checkpoint and cytokinesis, and alteration of each of these mitotic processes could induce aneuploidy, one of main features of cancer cells (Hegyi and Mehes, 2012; Chieffi, 2018). Chronic HCV infection also induces genome-wide changes in H3K27 acetylation, dependent on the liver fibrosis stage (Hamdane et al., 2019). Moreover, significant HCV infection-associated changes in active chromatin markers H3K4Me3 and H3K9Ac and silent chromatin marker H3K9Me3 seem to be associated with alteration of expression of genes involved in HCC development (Perez et al., 2019). Therefore, several lines of evidence suggest that epigenetic modifications as a result of chronic HCV infection may contribute to cancer risk (Mann, 2014; Madejón et al., 2015; Lohmann and Bartenschlager, 2019; Perez et al., 2019).

In the studies on the effect of HCV infection on host epigenetic modifications, the influence of viral replicative fitness is unknown. Yet, viral fitness, defined as the capacity of a viral population to produce infectious progeny, can have profound effects in the virus-host relationship, infection outcome, and response to antiviral treatment [reviewed in (Domingo and Holland, 1997; Quiñones-Mateu and Arts, 2006; Wargo and Kurath, 2011; Domingo et al., 2019; Domingo et al., 2020)]. Complex HCV quasispecies distributions evolve in infected patients (Farci, 2011; Quarleri and Oubina, 2016) with multiple implications for viral pathogenesis (Yan et al., 2008; Domingo et al., 2012).

Most studies on HCV population dynamics have not considered viral fitness, presumably due to difficulties for its quantification in vivo. Prolonged replication of a clonal population of HCV (termed HCV p0, obtained by transcription of plasmid Jc1FLAG2(p7-nsGLuc2A) (Marukian et al., 2008; Perales et al., 2013), resulted in populations HCV p100 and HCV p200 (which are HCV p0 passaged 100 and 200 times, respectively, in Huh-7.5 cells) that exhibited significant increases in viral replication, calculated relative to HCV p0 (Moreno et al., 2017) (Figure 1). Taking HCV p0 as reference for fitness measurements (arbitrarily assigned a fitness value of 1) in growth-competition experiments in Huh-7.5 cells, HCV p100 and HCV p200 attained a fitness value of 2.3 (Sheldon et al., 2014; Moreno et al., 2017).




Figure 1 | Kinetics of viral progeny production by HCV p0, HCV p100 and HCV p200. Huh 7.5 cells were either mock-infected or infected with the indicated virus (top box) at a MOI of 0.03 TCID50/cell (4 x 103 Huh-7.5 cells infected with 1.2 x 104 TCID50 of virus). Extracellular and intracellular infectivity and viral RNA were quantified. Results are the average of three independent experiments (biological triplicate). Data were transformed to the logarithmic values as indicated in ordinate. The statistical significance of the differences was calculated using the ANCOVA test (*p < 0.05; **p < 0.01; ***p < 0.001). Data on viral titers (upper two panels), have been previously published in (Moreno et al., 2017), and are included here to complement information on HCV fitness.



In serial passages in Huh-7.5 cells, HCV p100 and HCV p200 displayed a 1.8-fold and 2.8-fold, respectively, higher infectious progeny yield per passage than HCV p0, while the maximum extracellular infectivity level was 1.17-fold higher for HCV p100 and HCV p200 that for HCV p0, over a broad range of multiplicity of infection (MOI) (Moreno et al., 2017). Thus, while the relative fitness of HCV p100 and HCV p200 was the same according to growth-competition assays for fitness measurement (Domingo and Holland, 1997), the exponential intracellular growth rate was 2.6-fold larger for HCV p200 than for HCV p100 (Moreno et al., 2017) (Figure 1).

Fitness gain of HCV resulted in genetically and phenotypically heterogeneous population displaying broad mutant spectra (Domingo et al., 2020; Gallego et al., 2020; Delgado et al., 2021). Attainment of high fitness was related to mutant spectrum complexity, itself previously identified as a determinant of disease progression and response to treatment of HCV infections in vivo (Farci et al., 2000; Farci, 2011). In the cell culture system, high HCV fitness confers resistance to antiviral agents used in therapy (Sheldon et al., 2014; Gallego et al., 2016). There is evidence that fitness-enhancing substitutions may be also involved in treatment failures in vivo (Wang et al., 2013; Soria et al., 2020). Directly relevant to the virus-host relationship was the observation that high fitness HCV p100 and HCV p200 enhanced the shut-off of host cell protein synthesis relative to HCV p0, via increased phosphorylation of protein kinase R, and protein synthesis initiation factor eIF2α (Perales et al., 2013; Moreno et al., 2017). Given the multiple consequences of HCV fitness on host interactions, it was relevant to examine the possible influence of HCV fitness on host cell epigenetic signatures. Here we present comparative results with HCV p0, HCV p100 and HCV p200 that suggest such an influence. Mechanisms by which HCV fitness may modify quantitatively or even condition epigenetic modification in the host cells are discussed. The results render replicative fitness a relevant parameter for the interpretation of epigenetic modifications by this viral pathogen.





Materials and methods




Cell, viruses and infection

Huh-7.5 reporter cells were used for standard infections while Huh-7.5 cells were used for titration of virus infectivity. The origin of Huh-7.5 and Huh-7.5 reporter cell lines, and procedures for cell growth in Dulbecco’s modification of Eagle’s medium (DMEM), have been previously described (Blight et al., 2002; Jones et al., 2010; Perales et al., 2013); cells were cultured at 37°C and 5% CO2.

The initial HCV was rescued from plasmid Jc1FLAG2(p7-nsGluc2A), and GNN from plasmid GNNFLAG2(p7nsGluc2A) (which carries a mutation in NS5B that renders the virus replication defective) and used as a negative infection control (Marukian et al., 2008). The preparation of the initial virus, HCV p0, has been previously described (Perales et al., 2013). HCV p100 and HCV p200 resulted from population HCV p0 passaged 100 and 200 times, respectively, in Huh-7.5 reporter cells, as described (Sheldon et al., 2014; Moreno et al., 2017). Mock-infected cells or GNN-infected cultures were included in parallel to ascertain the absence of contamination; no infectivity was detected in any of these control cultures. In all experiments, Huh-7.5 reporter cells were either mock-infected or infected with HCV p0, HCV p100 or HCV p200 (abbreviated as p0, p100 and p200, respectively) at an initial MOI of 0.03 TCID50/cell, and processed 72, 96 or 144 hours after HCV infection, unless indicated in the relevant figure. Under these conditions 80-90% of the cells were infected as determined by live imaging (Jones et al., 2010).





Virus titration

Titration of infectious HCV was performed by serial dilution of cell culture supernatants and applying them to Huh-7.5 cell monolayers in 96-well plates (6,400 cells/well, seeded 16 h earlier). Three days after infection, the cells were washed with PBS, fixed with ice-cold methanol, and stained to detect NS5A using anti-NS5A monoclonal antibody 9E10, as described previously (Lindenbach et al., 2005; Perales et al., 2013). Virus titers are expressed as TCID50 per millilitre (Reed and Muench, 1938).





Western blot assays

Western blot assays were performed as previously described (Tardaguila et al., 2011). Blots were developed with the following antibodies: mouse monoclonal anti-core (ref. Sc-69937, Santa Cruz Biotechnology), mouse monoclonal anti-NS5A (ref. Sc-65458, Santa Cruz Biotechnology), rabbit polyclonal anti-H3Ser10ph (ref. 06-570, Millipore), rabbit polyclonal anti-AURKB (ref. Ab2254, Abcam), mouse monoclonal anti-β-Actin (ref. SAB1305567, Sigma), mouse monoclonal anti-tubulin (ref. T8328, Sigma), rabbit polyclonal anti-H4K20Me3 (ref. 07-463, Millipore), rabbit polyclonal anti-H3 (ref. 06-755, Millipore), mouse monoclonal anti-GADPH (ref. #CB1001, CallBiochem). Depending on the antibody, 5–30 µg of total protein was used in Western blot assays. β-Actin, tubulin, H3 or GADPH levels were used as loading control in Western blot assays. The values are the average of duplicate or triplicate determinations.





RNA extraction and quantification

Intracellular viral RNA was extracted from infected cells using the Qiagen RNeasy kit (Qiagen, Valencia, CA, USA), following the manufacturer’s instructions. Viral RNA from cell culture supernatants was extracted using the Qiagen QIAamp viral RNA mini kit (Qiagen, Valencia, CA, USA).

HCV RNA quantification was performed by real-time quantitative RT-PCR (qRT-PCR) using the Light Cycler RNA Master SYBR green I kit (Roche) (Lindenbach et al., 2005; Perales et al., 2013). The 5’ untranslated region (UTR) of the HCV genome was amplified using as oligonucleotide primers HCV-5UTR-F2 5’-TGAGGAACTACTGTCTTCACGCAGAAAG-3’ (sense orientation; the 5’ nucleotide corresponds to genomic residue 47; according to JFH-1, GenBank accession number #AB047639) and HCV-5UTR-R2 5’-TGCTCATGGTGCACGGTCTACGAG-3’ (antisense orientation; the 5’ nucleotide corresponds to genomic residue 347; according to JFH-1) (Perales et al., 2013). Quantification was relative to a standard curve obtained with known amounts of HCV RNA synthesized by in vitro transcription of plasmid GNNFLAG2(p7-nsGluc2A). Negative controls (without template RNA and RNA from mock-infected cells) were run in parallel with each amplification reaction to ascertain the absence of contamination with undesired templates.

Cellular mRNA quantification was performed by RNA retro-transcription (RT) and real-time quantitative (qPCR). Intracellular RNA was retro-transcribed using AMV reverse transcriptase (Promega) following manufacturer’s instructions, and quantified using the NZYSpeedy qPCR Probe Master Mix (NZYTech). Each value was normalized against the GAPDH gene, and expressed as relative RNA abundance compared to mock-infected cells. The oligonucleotide primers used to amplify AURKB were 5’- GGGCGTCCTCTGCCCAAAGGC-3´ (sense orientation), 5´-GCCTGGATTTCGATCTCTC-3´ (antisense orientation), which resulted in amplification of nucleotides 360 to 511 of the AURKB gene. The oligonucleotide primers used to amplify GADPH were 5´-ACACTGCATGCCATCACTGCC-3´ (sense orientation), 5´-GCCTGCTTCACCACCTTCTTG-3´ (antisense orientation), which resulted in amplification of nucleotides 717 to 982 of the GADPH gene.





Statistics

Linear regression’s test was performed using software R version 3.6.3. Student’s t and Wilcoxon tests were performed using the SSC-Stat software (version 2.18; University of Reading, Reading, UK) and the IBM SPSS Statistic 19 software. The statistical significance of differences between groups was expressed by asterisks (*=p <0.05; **=p <0.01; ***=p <0.001).






Results




Alteration of histone H3 Ser10 phosphorylation by infection of human hepatoma cells with HCV of different fitness

A previous study indicated that at early times after infection with HCV p0 [the virus with a basal fitness level (Perales et al., 2013)] resulted in a reduction of H3Ser10ph (Madejón et al., 2015). To investigate the weight of HCV fitness in this reduction, Huh-7.5 cells were either mock-infected or infected with HCV p0, HCV p100 and HCV p200 at a multiplicity of infection (MOI) of 0.03 TCID50/cell. H3Ser10ph levels were measured in cells lysed at 24h, 48h, and 72h post-infection, and compared with those of viral proteins NS5A and core as markers of the intracellular extent of the infection. Proteins were analysed by western blot assay using a specific polyclonal antibody for H3Ser10ph, a monoclonal antibody for NS5A, and a monoclonal antibody for core; β-actin, was used as loading control (see Materials and Methods for the origin of the antibodies). The results (Figures 2A-C) indicate that high HCV fitness accentuated the decrease of H3Ser10ph that reached a maximum of 5-fold with HCV p200 at late times post-infection; a reduction was observed at 48h post-infection with HCV p200, while a comparable effect required 72h with HCV p100 or HCV p0. The decrease correlated with an increase of intracellular infectivity and viral NS5A and core protein levels (Figures 2D-G). To reinforce the results, H3Ser10ph expression levels were compared between the low fitness HCV p0 population and the high fitness populations HCV p100 and HCV p200. The results showed again a significant decrease of H3Ser10ph levels comparing HCV p0 with HCV p100 and HCV p200 at late times post-infection (Figure S1A). Similar results were obtained for NS5A levels, while no significant differences were observed in core levels after infection with HCV p0 compared to HCV p200 (Figures S1B, C).




Figure 2 | Effect of HCV fitness on the level of cellular protein H3Ser10ph and viral proteins NS5A and core. (A) Huh-7.5 reporter cells were either mock-infected or infected with HCV p0, HCV p100 or HCV p200 (abbreviated as p0, p100 and p200, respectively) at an initial MOI of 0.03 TCID50/cell; protein extracts were prepared at the indicated times post-infection. Bands are those visualized by Western blot assays of cellular protein H3ser10ph and viral proteins NS5A and core (with β-actin as loading control). (B) H3Ser10ph levels in mock-infected or HCV-infected cells expressed as the fold induction relative to the corresponding value for the mock-infected cells; the infecting HCV (code in upper box), and the time post-infection at which extracts were prepared are given in the abscissa; the numerical densitometry values (measured relative to the mock-infected sample, taken as 1) are indicated in the upper box, next to the panel. Asterisks indicate statistical significance as follows: *p<0.05; **p<0,01; ***p<0.00; unpaired t-test. The values are the result of three independent experiments (biological triplicate). (C) Correlation between the increase of intracellular viral titer (code of infecting virus in upper box) expressed as log. 10 TCID50/ml/h [data are from (28) and they are indicated in the box above the panel, for mock, HCV p0, HCV p100 and HCV p200, respectively] and the relative H3Ser10ph densitometry values at time 72 hours post-infection (given in panel B). The discontinuous line corresponds to function y=-3.45x+0.81 (R2 = 0.77, p-value=0.1227; linear regression test). (D) Same as B but for viral protein NS5A. (E) Same as C but for the correlation between viral protein NS5A and cellular protein H3Ser10ph levels (densitometry values in panels B and D). The discontinuous line corresponds to function y=-1.33x+1,13 (R2 = 0.77; p-value=0.00018; linear regression test). (F) Same as B but for viral core protein. (G) Same as C but for the correlation between viral core protein and H3Ser10 levels (densitometry values in panels B and F). The discontinuous line corresponds to function y=-2.13x+1.12 (R2 = 0.85; p-value=0.000018; linear regression test).



Since high viral fitness entails an increase of the intracellular level of viral RNA and its expression proteins, we examined the consequences for H3Ser10ph levels of infecting cells with HCV p0 and HCV p200 at MOIs that were up to 100-fold lower than that used in our standard infection protocol. The results (Figure 3) confirmed the effect of HCV fitness on H3Ser10ph depletion and its attenuation at low MOI that decreased the average level of intracellular NS5A. Similar results were obtained by comparing H3Ser10ph and NS5A levels between HCV p0 and HCV p200 (Figures 3F, G). Thus, HCV fitness is a determinant of the intracellular decrease of H3Ser10ph.




Figure 3 | Effect of the multiplicity of infection (MOI) on the intracellular H3Ser10ph level. (A) Western blot analysis of extracts of cells that were either mock-infected or infected with HCV p0 or HCV p200 at the indicated MOI. Extracts were prepared at 72h post-infection. GAPDH was used as the loading control. (B) H3Ser10ph levels in mock-infected or HCV-infected cells, expressed as the fold induction relative to the corresponding value for the mock-infected cells. The values are the average (and standard deviations) of the densitometric quantifications of three independent western blots; the image of one of them is shown in (A) The MOI and infecting virus are indicated in abscissa, and the densitometry values (using as reference the corresponding value for the extract of mock-infected cells, taken as 1) are written in the box above the panel. (C) Correlation between the intracellular amount of viral RNA measured at 72h post-infection (abscissa) and the H3Ser10ph level determined by densitometry of the Western blots (ordinate). The discontinuous line corresponds to function y=-5x10-0.8x+0.85 (R2 = 0.78; p-value=0.02027, linear regression test). (D) Same as B but for viral protein NS5A. (E) Same as C but for viral protein NS5A. The discontinuous line corresponds to function y=1x10-0.7x + 0.12 (R2 = 0.918; p-value=0.0017, linear regression test). (F, G) Same as B and D but with the H3Ser10ph and NS5A levels in HCV-infected cells expressed as the fold induction relative to the corresponding value for the HCV p0 infected cells. The statistical significance of differences is as follows: *p<0.05; **p<0.01; unpaired t -test.







The effect of HCV fitness on the intracellular level of Aurora kinase B

AURKB is one of the enzymes that phosphorylates Ser10 of histone H3. Reduction of H3Ser10ph levels upon HCV infection is mediated by AURKB through its interaction with the viral core protein, as measured at early times post-infection (Madejón et al., 2015). To examine if HCV fitness affected the intracellular amount of AURKB, protein and intracellular RNA extracts were prepared from cells either mock-infected or infected with HCV p0 or HCV p200 at a MOI of 0.03 TCID50/cell. AURKB was detected by western blot using a specific polyclonal antibody. The results (Figures 4A, B) show significant reductions of AURKB at late times post-infection, that were more accentuated with HCV p200 than HCV p0; the difference between the two viruses reached 3.3-fold at 144 h post-infection. To examine if the decrease of AURKB proteins levels corresponded with a decrease in AURKB mRNA levels, RNA extracts were quantified by RT-qPCR. The results (Figures 4C, D) show a significant decrease in AURKB mRNA levels at late-times post-infection, and the decrease was enhanced with high fitness HCV p200. Therefore, a significant decrease was also observed by comparing ARUKB protein and mRNA levels between cells infected with HCV p0 or HCV p200 (Figures 4E, F). Therefore, AURKB kinase itself is affected by the replicative fitness of the infecting HCV.




Figure 4 | Effect of HCV infection on AURKB expression. Huh-7.5 reporter cells were either mock-infected or infected with HCV p0 and HCV p200 at a MOI of 0.03 TCID50/cell. (A) Western blot with extracts of cells infected with HCV p0. Bands correspond to the cellular AURKB and α-tubulin used as loading control. The lower panel shows the densitometry quantification of the bands, taking as reference the corresponding value for mock-infected cells, numerical values are given in the box above the lower panel. Times post-infection are indicated in abscissa. (B) Same as A but for HCV p200-infected cells. (C, D) RT-qPCR measurements of AURKB mRNA using GADPH gene as control. (E, F) Same as A-D but with the AURKB and AURKB mRNA levels in HCV-infected cells expressed as the fold induction relative to the corresponding value for the HCV p0 infected cells. Results are the average of three independent experiments (biological triplicate). Asterisks indicate statistical significance as follows: *p<0.05; **p<0.01; ***p<0.001; unpaired t-test.







The influence of HCV fitness on other epigenetic markers

HCV infection results in variation of several epigenetic markers (Madejón et al., 2015; Lohmann and Bartenschlager, 2019; Perez et al., 2019; Zheng et al., 2019). A particularly relevant signature is the tri-methylated form of lysine 20 of histone H4 (H4K20Me3) since its depletion is a common finding among tumor cells (Fraga et al., 2005). Therefore, we measured H4K20Me3 in extracts of cells at late times after infection with HCV p0 or HCV p200 at a MOI of 0.03 TCID50/cell, by western blot using a specific polyclonal antibody against H4K20Me3 (Figure 5). Interestingly, there was only a minor (but not statistically significant) decrease of H4K20Me3 upon infection with HCV p0, but a highly significant decrease at all times post-infection with HCV p200, that reached 4-fold at 144h post-infection (Figure 5). In addition, a significant decrease was also observed at late time post-infection comparing H4K20Me3 levels between cells infected with HCV p0 or HCV p200 (Figure 5C). Therefore, and most significant for the effect of HCV fitness on epigenetic signatures, depletion of H4K20Me3 was noted only upon infection with high fitness HCV.




Figure 5 | Comparison of the effect of HCV infection on the level of H4K20Me3. Huh-7.5 reporter cells were either mock-infected or infected with HCV p0 or HCV p200 at a MOI of 0.03 TCID50/cell, and cellular extracts were prepared at the indicated times post-infection. Viral core protein, cellular H4K20Me3, and α-tubulin (used as loading control) were visualized by Western blot. (A) Upper panel: Western blot analysis of cells infected with HCV p0; below, densitometry quantifications (bars) with numerical values written in the box above the panel; Times post-infection are indicated in abscissa. (B) Same as A but for HCV p200-infected cells. (C) Same as (A, B) but with the H4K20Me3 levels in HCV-infected cells expressed as the fold induction relative to the corresponding value for the HCV p0 infected cells. Results are the average of three independent experiments (biological triplicate). Asterisks indicate statistical significance as follows: *p<0.05; **p<0.01; unpaired t-test.








Discussion

In the present investigation we have explored the effect of HCV fitness on several epigenetic markers at late times post-infection of Huh-7.5 cells, when the great majority of cells in the culture are infected, and the alterations of host gene expression are fully manifested (Moreno et al., 2017). The study has revealed two categories of fitness influence: (i) markers that are altered by HCV p0 (the population displaying basal fitness), with a significant accentuation when the cells are infected with high fitness HCV p200 (i.e. effects on H3Ser10ph and AURKB); (ii) a marker whose intensity was modified only in infections with high fitness HCV p200 (H4K20Me3). This distinction is circumscribed by the 2.3-fold fitness range that can be reached with our experimental system (Sheldon et al., 2014; Moreno et al., 2017). Additional differences might be revealed if HCV displaying larger fitness differences were compared.

One of the most frequent strategies used by some viruses to dysregulate host gene expression involve epigenetic mechanisms. This is true also of many plant viruses (Wang et al., 2019), as part of modulation of gene expression in infected plant cells. In the case of tobacco etch potyvirus, Elena and colleagues documented that viral fitness had a clear influence on the host transcriptome profile (Cervera et al., 2018). Regarding animal viruses, epigenetic changes evoked by hepatitis B virus (HBV) infection affected both viral cccDNA and host DNA expression, with implications for HBV-associated HCC (Levrero and Zucman-Rossi, 2016; Dandri, 2020). Epigenetic mechanisms probably contributed to suppression of the IFN response during rabies virus infection of mice (Abdulazeez et al., 2020). Histone modifications affected herpes simplex virus 1 (HSV-1) gene expression in THP-1 cells (Gao et al., 2020). Viral respiratory infections, particularly by rhinovirus and respiratory syncytial virus, may participate in the exacerbation of airway inflammatory disease through DNA methylation and histone modifications of cells from the airway epithelium (Caixia et al., 2019; Tan et al., 2020). Likewise, modifications of epigenetic signatures have been associated with arbovirus infections (de Aguiar et al., 2019). In the studies with several DNA and RNA animal viral pathogens, fitness was not taken into consideration, and its possible relevance in the interpretation of types and extent of epigenetic modifications remains unknown.

Our study has established fitness as a relevant parameter with regard to the occurrence and intensity of epigenetic modifications underwent by the host cells. The results are in line with the fact that such modifications are often dependent on the amount of intracellular viral proteins that interact with cellular proteins, and high fitness virus provide a larger supply of interacting proteins (Sheldon et al., 2014; Moreno et al., 2017). Viral fitness may be also relevant to epigenetic therapeutic approaches (Ramos and Lossos, 2011; Dandri, 2020) because they target proteins that produce or recognize epigenetic marks, whose extent may be dependent on fitness of the effector virus. Thus, there is a variety of scenarios in which the types of influences revealed by our study may be pertinent.

A limitation of our study is that we cannot define in a precise way the molecular mechanism which is responsible of the observed fitness effects. Despite HCV p0 and HCV p200 belonging to the same evolutionary lineage, the mutant spectrum composition and the dominant sequences differ considerably between the two populations (Gallego et al., 2020; Delgado et al., 2021). Therefore, the repertoire of genomes and their expression products that intracellularly may act on the epigenetic mark effectors differ between HCV p0 and HCV p200. A second, non-mutually exclusive influence may be exerted by the number of Huh-7.5 cells that were infected at the times when the epigenetic marks were measured, following the initial infections at a MOI of 0.03 TCID50/cell (see Materials and Methods).

Measurement of the number of infected cells using the anti-NS5A monoclonal antibody 9E10 indicated a significantly larger percentage of infected cells with HCV p200 than HCV p0, although the difference was not significant at 144 h post-infection (Figure S2). Yet a third non-mutually exclusive influence is the intracellular viral load which was quantified as being 2 to 3 logarithms larger for HCV p200 than HCV p0 at early (up to 21 h) and late (up to 72 h) post-infection (Moreno et al., 2017). Viral fitness is a parameter that captures several features of virus-host interactions (Domingo and Holland, 1997; Domingo et al., 2019), and the three effects outlined here may contribute to triggering epigenetic differences among host cells. A limitation of this work is the use of a tumorigenic human hepatoma cell line because this is the cell line in which HCV with higher fitness was obtained. However, similar results were obtained after the expression of HCV core in human primary hepatocytes (Madejón et al., 2015).

Persisting epigenetic changes following HCV infection may lead to HCC, and its recurrence in some patients with advanced fibrosis (Hamdane et al., 2019). Of the epigenetic signatures that were modified due to HCV fitness, AURKB and H4K20Me3 are especially noteworthy for their implication in cancer. AURKB is the effector of H3Ser10 phosphorylation (Goto et al., 2002), and the decrease of both H3Ser10ph and of AURKB was HCV fitness-dependent. AURKB is altered in several types of tumor cells, including HCC (Tanaka et al., 2008; Lin et al., 2010; Zhou et al., 2018). This kinase has been suggested as an independent molecular marker predicting tumor invasion of HCC (Tanaka et al., 2008). Previous report from our group indicated that the inhibition of AURKB could be one of the mechanisms by which HCV decreases cell proliferation and viability (Madejón et al., 2015). A striking case was a remarkable 4-fold depletion of H4K20Me3 produced by high fitness HCV and not by the basal fitness HCV population. This marker is involved in repression of transcription and genomic instability, an established specific process related to cancer development (Wang et al., 2008) and gene silencing (Schotta et al., 2004). Its depletion is common among tumor cells (Fraga et al., 2005), and it has been also reported among the epigenetic alterations associated with nonalcoholic steatohepatitis-related HCC in Stelic animal model mice, a system in which the course of disease resembles that of humans (de Conti et al., 2017). It is remarkable that in our cell culture system the decrease of H4K20Me3 was only seen with high fitness virus.

Our study establishes HCV fitness as a relevant parameter for epigenetic modifications and raises several questions which are presently under study. One is the duration of the epigenetic modifications observed once the virus is no longer present in the hepatic cell, and whether the fitness-dependent alterations are reverted. To solve this question poses the challenge that high fitness HCV cannot be extinguished by treatment with anyone of the HCV inhibitors that we have previously tested individually (Gallego et al., 2016; Gallego et al., 2018), and that the antiviral agents themselves can affect epigenetic marks (Giovannini et al., 2020). Our recent studies on HCV population dynamics in cell culture have documented that fitness gain was accompanied of a broadening of mutant spectra composed of many co-dominant genomes with comparable fitness (Domingo et al., 2020; Gallego et al., 2020). If these observations in population dynamics applied to HCV replication in the liver, they would suggest that chronicity may favor HCV fitness increase, with its concomitant elevated probability of epigenetic perturbations conductive to HCC. Fitness of the HCV that initially infects a patient may also have an effect on HCC development. However, comparative measurements of HCV fitness in vivo are presently not attainable, and the same virus may display dissimilar fitness in different host individuals.
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Supplementary Figure 1 | Effect of HCV fitness on the level of cellular protein H3Ser10ph and viral proteins NS5A and core. Huh-7.5 reporter cells were either mock-infected or infected with HCV p0, HCV p100 or HCV p200 (abbreviated as p0, p100 and p200, respectively) at an initial MOI of 0.03 TCID50/cell; protein extracts were prepared at the indicated times post-infection. (A) H3Ser10ph levels in HCV-infected cells expressed as the fold induction relative to the corresponding value for the HCV p0 infected cells; the infecting HCV (code in bottom right part), and the time post-infection at which extracts were prepared are given in the abscissa; the numerical densitometry values (measured relative to the HCV p0-infected sample, taken as 1) are indicated in the upper box, next to the panel. The values are the result of three independent experiments (biological triplicate). (B) Same as A but for viral protein NS5A. (C) Same as B but for the viral protein core. Asterisks indicate statistical significance as follows: *=p.

Supplementary Figure 2 | Percentage of infected cells upon infection with HCV p0 and HCV p200. Cells were infected with the viruses HCV p0 or HCV p200 at a MOI of 0.03 TCID50/cell and were fixed with methanol at a different times post-infection. Cells were stained to detect NS5A using anti-NS5A monoclonal antibody 9E10. (A) Images of the stained cells at a different times post-infection. The images were taken using the LSM900 Upright Confocal Microscope. The different times post-infection are indicated in the upper boxes. The infecting viruses are indicated in the right boxes. (B) Percentage of infected cells at a different times post-infections. The number of infected cells was calculated using the software “Image Fiji”. The infecting virus is indicated in the upper box. The percentage of infected cells is indicated in the ordinate while the time post-infection is indicated in the abscissa. Numerical values are given in the box above the lower panel. Asterisks indicate statistical significance as follows: *** =p.
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Acute respiratory infections are a group of diseases caused by viruses, bacteria, and parasites that mainly affect children until the age of 5 and immunocompromised senior adults. In Mexico, these infections are the main cause of morbidity in children, with more than 26 million cases of respiratory infections reported by the Secretariat of Health, in 2019. The human respiratory syncytial virus (hRSV), the human metapneumovirus (hMPV), and the human parainfluenza-2 (hPIV-2) are responsible for many respiratory infections. Currently, palivizumab, a monoclonal antibody against the fusion protein F, is the treatment of choice against hRSV infections. This protein is being studied for the design of antiviral peptides that act by inhibiting the fusion of the virus and the host cell. Therefore, we examined the antiviral activity of the HRA2pl peptide, which competes the heptad repeat A domain of the F protein of hMPV. The recombinant peptide was obtained using a viral transient expression system. The effect of the fusion peptide was evaluated with an in vitro entry assay. Moreover, the effectiveness of HRA2pl was examined in viral isolates from clinical samples obtained from patients with infections caused by hRSV, hMPV, or hPIV-2, by evaluating the viral titer and the syncytium size. The HRA2pl peptide affected the viruses’ capacity of entry, resulting in a 4-log decrease in the viral titer compared to the untreated viral strains. Additionally, a 50% reduction in the size of the syncytium was found. These results demonstrate the antiviral potential of HRA2pl in clinical samples, paving the way toward clinical trials.
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1 Introduction

Acute respiratory tract infections (ARTIs) represent a persistent public health problem (Lu et al., 2013b) and one of the main causes of morbidity and mortality in both neonates and infants (Yang et al., 2017). These infections range from asymptomatic to moderate and, in some cases, produce a severe infection. ARTIs affect the upper respiratory tract by causing colds, rhinosinusitis, pharyngitis, laryngitis, tracheitis, and otitis media (Schwarze, 2010), and the lower respiratory tract by causing tracheitis, wheezing, bronchitis, bronchiolitis, and pneumonia (Zappa et al., 2008). The latter three are considered the most frequent complications and death causes of ARTIs (Bicer et al., 2013; Perezbusta-Lara et al., 2020b). The etiological agents of ARTIs are primarily bacteria and viruses. Among the most common respiratory viruses are the human respiratory syncytial virus (hRSV), the human parainfluenza type 2 (hPIV-2), and emerging viruses, such as the human metapneumovirus (hMPV) (García-García et al., 2017). Recently, other respiratory viruses have been identified as etiological agents of ARTIs, such as the human bocavirus (Allander et al., 2005), the human coronaviruses NL63 and HKU1, the new human enterovirus, parechovirus, and rhinovirus strains (Berry et al., 2015).

The World Health Organization estimates that approximately 25% of hospitalizations of children are due to ARTIs (Perezbusta-Lara et al., 2020b). hRSV (subgroup A and subgroup B) is responsible for 80% of ARTIs, followed by hMPV with a share of 5–15% (Price et al., 2019; Rodríguez et al., 2020). These agents affect the pediatric population throughout the year (Perezbusta-Lara et al., 2020b). However, from December to February, an increased incidence of respiratory pathologies caused by infections occurs in children younger than 5 years old (Özgür and Demet, 2021). Premature newborns and infants with asthma, congenital heart disease, or bronchopulmonary dysplasia are more susceptible to these infections, usually presenting more severe clinical symptoms compared to children without comorbidities (Shachor-Meyouhas et al., 2011; Manzoni et al., 2017). Moreover, these respiratory infections are relevant in the context of high-risk populations such as the elderly and immunosuppressed patients (Takeuchi and Akira, 2009; Pierangeli et al., 2018).

Unfortunately, effective therapy is not yet available for these viral infections. To date, ribavirin and hRSV immunoglobulin are the only approved drugs for the treatment and prevention of hRSV in high-risk patients (Perezbusta-Lara et al., 2020b). In addition, various monoclonal antibodies are in use for the inhibition of viral entry to cells. Palivizumab is a humanized monoclonal antibody against the hRSV fusion protein F. It is approved as a preventive treatment against serious hRSV disease in infants with specific risk factors (Madhi et al., 2020). Nevertheless, its use has some limitations, including the administration of multiple doses, an efficacy of approximately 45% to 55% among high-risk infants (Madhi et al., 2020), and high costs (Morris et al., 2009). Other monoclonal antibodies against hRSV’s F protein exist, like motavizumab (O’Brien et al., 2015) and nirsevimab (Muňoz et al., 2019). Both underwent clinical trials and demonstrated protective properties against hRSV infection (Madhi et al., 2020). The partial efficacy of the F protein monoclonal antibodies highlights the need to develop new, effective, and safe alternative drugs for the treatment of these infections (Shang et al., 2021).

Antiviral peptides are an alternative to expensive treatments such as monoclonal antibodies (Madhi et al., 2020). In this vein, Guy Boivin’s research group in Canada tested several recombinant fragments of the heptad repeats (HR) A and B (conserved domains of the F protein) of hMPV expressed in Escherichia coli. Among them, HRA2 showed the best rates of inhibition of syncytia when tested against hMPV (Deffrasnes et al., 2008). The structure of this peptide suggests the interruption of fusion mechanism. More specifically, HRA and HRB rearrange the stable beam of six helices, a phenomenon that leads to the fusion of the membranes through the placement of the N-terminal of the fusion peptide next to the transmembrane C-terminal domain of the protein (Yin et al., 2005; Melero and Mas, 2015). Previous research suggests that the mechanism of action of the HRA2pl peptide is through its interaction with HRB when the F protein is refolded at the post-fusion state, which can result in a deficient fusion process. The HRB sequence is FNVALDQVFESIENSQALVDQSNRILSSAE.

In this study, we tested the antiviral activity of HRA2 expressed in Nicotiana benthamiana plants by a transient expression system (Márquez-Escobar et al., 2015). The effect of the fusion peptide was evaluated with an entry assay, while the viral titer and the size of the syncytium were determined with or without the peptide treatment. According to our data we could suggest that the HRA2pl peptide diminish the process of fusion for the entry of the virus and a 4-log decrease in the viral titer of the hRSV, hMPV, and hPIV-2 strains. These findings led us to study the effectiveness of HRA2pl on viral isolates from clinical samples of respiratory infection, where a 50% reduction in the size of the syncytium was found.




2 Materials and methods



2.1 Cells and viruses

Human laryngeal epithelial type 2 cells (HEp-2; ATCC CCL23, USA, which reported a contamination with HeLa cells) (Galvan et al, 2014) and Vero cells (normal adult African green monkey kidney cells; ATCC CCL81) were used to multiply the viral stocks for the viral titer test. They were propagated as described in Payment and Trudel (1993). The viruses hRSV Long [subgroup A (hRSV-A; ATCC® VR-26™)], hRSV 18537 [subgroup B (hRSV-B; ATCC® VR-1400™)], hPIV-2 (ATCC® VR-92™), and hMPV were isolated from clinical samples in our laboratory (Cerezo et al., 2016) The procedures for propagating the viruses and assessing the viral infectivity are described in Payment and Trudel (1993).




2.2 Clinical samples

The samples were retrieved from a bank of pharyngeal and nasopharyngeal specimens that were obtained from pediatric patients (0–14 years) with an acute respiratory infection, between August 30, 2004, and February 13, 2014. The viral isolates obtained from the clinical samples were tested by endpoint RT-PCR as described in Perezbusta-Lara et al., 2020b. All subjects provided informed consent, and the study was reviewed and approved by the Research and Ethics Committee of the Faculty of Medicine, National Autonomous University of Mexico (UNAM; 089/2014; registry code: FMED/CI/SPLR/134/2014).




2.3 Fusion recombinant peptide HRA2pl

The sequence was based on Deffrasnes et al. (2008). The construction of the HRA2pl recombinant peptide (viral vector pICH11599 with the HRA2pl peptide coding sequence: HHHHHHSSGLVPRGSMKETAAAKFERQ HMDSPDLGTDDDDKAMADI GSEFENLYQGAKTIRLESEVTAIKNALKKTNEAVSTLGNGVRVLATAVRELKDFVSKN) and other two vectors required for the transient transformation (viral vector pICH4851 with the RNA-dependent polymerase (RdRp) coding sequence and the viral vector pICH10881 with the integrase coding sequence). were made by Veronica Marquez Escobar (Ph.D.). Six-week-old N. benthamiana plants were transiently transformed to express HRA2pl, which was subsequently purified by affinity chromatography with imidazole gradient through a zinc column. Two samples, B1 (172.31 ng/µL, imidazole 500 mM) and B2 (182.9 ng/µL, imidazole 250 mM), were provided by the Alpuche Solís Laboratory (Instituto Potosino de Investigación Científica y Tecnológica) for the fusion assays.




2.4 Cytotoxicity assay

The cytotoxic effect of the fusion peptide HRA2pl on HEp-2 and Vero cells was determined using AlamarBlue protocol as described elsewhere (O’Brien et al., 2000). Briefly, confluent monolayers of HEp-2 cells (1 × 105 cells per well) or Vero cells (1 × 105 cells per well) were seeded into 96-well culture plates and were incubated overnight at 37°C under 5% CO2.) and were cultured overnight with DMEM containing 5% of fetal bovine serum (FBS) at 37 and °C under 5% CO2. For the kinetics of cell viability (0 h, 24 h and 48 h) the medium with 5% FBS was removed, and HRA2pl (B1: 172.31 ng/μL; B2: 182.9 ng/μL), were applied in the presence of fresh DMEM without serum. Simultaneously, AlamarBlue reagent was added. The kinetics of cell viability was evaluated by spectrophotometry at 0 h, 24 h, and 48 h. The control of cell viability assay were done in parallel for both cell lines (Hep-2 cells or Vero cells), that were cultured with DMEM without serum and without peptide. The assays were conducted in triplicate (i.e., three experiments per assay). The kinetics of cell viability was evaluated by spectrophotometry at 0 h, 24 h, and 48 h. The absorbance was read at 570 nm. The viability was calculated as follows:

	




2.5 Determination of the optimal concentration of HRA2pl

The optimal concentration of the fusion peptides HRA2pl B1 and B2 was determined by measuring the reduction of the viral titer expressed as TCID50/ml (Payment and Trudel, 1993). Confluent HEp-2 and Vero cell monolayers were treated with different concentrations of HRA2pl B1 or B2 (3.2 μg/ml, 2.1 μg/ml, and 1.8 μg/ml) against hRSV (1.9 × 104 TCID50/ml), hMPV (clinically isolated), or hPIV-2 (1 × 105 TCID50/ml). The treated cell monolayers were incubated with the mixtures previously described for 4 h at 4°C to avoid virus internalization. Afterwards, the 96-well culture plates were incubated for 2 h at 37°C under 5% CO2 to allow the internalization of viral particles. Subsequently, the treated cultures were incubated for 72 h at 37°C (Lupini et al., 2009; Chang et al., 2013; Visintini Jaime et al., 2013; Lelešius et al., 2019) and the effect of HRA2pl on the viral titer was determined by the TCID50 assay (Payment and Trudel, 1993). The outcome of the HRA2pl treatment against hMPV was studied by measuring the size and number of the distinctive syncytia, corresponding to the cytopathic effect (CPE). To visualize CPE, the monolayers were fixed with methanol for 5 min. To stain the cells, the solution of crystal violet was added for 4 min at room temperature with constant stirring. The stain solution was removed, and the plate was rinsed with running water. The size of the syncytium was measured with the software ImageJ 1.5b. The assays were conducted in triplicate (i.e., three experiments per assay).




2.6 Entry assay

To test the virucidal activity of HRA2pl, we evaluated its effect on viral entry with the TCID50 assay for the hRSV and hPIV-2 strains or the reduction of CPE for the hMPV (Lupini et al., 2009; Chang et al., 2013; Visintini Jaime et al., 2013; Lelešius et al., 2019). Briefly, HEp-2 or Vero cells were grown in 96-well culture plates and incubated for 24 h under 5% CO2. The confluent monolayers were treated with a mixture of hRSV (1.9 × 104 TCID50/ml), hMPV (virus isolated from clinical samples), or hPIV-2 (1 × 105 TCID50/ml) and 3.2 μg/ml of HRA2pl. Then, the treated cell monolayers were incubated with the mixtures previously described for 4 h at 4°C to avoid virus internalization. Subsequently, the plates were incubated with the mixture described above for 2 h at 37°C under 5% CO2 to allow the internalization of viral particles. Next, the inoculum was removed, and 150 μl of fresh DMEM (without serum) per well were added for 48 h at 37°C under 5% CO2. Subsequently, the viral titer was determined by the TCID50 assay as described elsewhere (Payment and Trudel, 1993) For hMPV, the changes in CPE (size and number of the distinctive syncytia) were determined.

The virucidal activity of HRA2pl was tested against viral isolates from clinical samples of respiratory infections. Briefly, Hep-2 or Vero cells were grown in 96-well culture plates and incubated for 24 h under 5% CO2. The 96 plates were divided into two sections: one was infected with the viral isolates without treatment with the peptide, and the other one was treated with both the viral isolates and 3.2 μg/ml of HRA2pl. The plates were then incubated at 4°C for 4 h. The assay followed the steps that are previously described in the above section. The effect of HRA2pl on the clinical samples was calculated as the change in the size and/or the number of distinctive syncytia in 10 microscopic fields per clinical sample. The controls of this assay were a mixture of DMEM and HRA2pl, DMEM and clinical viral isolates, and DMEM and cells. These controls were used for the statical analysis described in section 2.7.




2.7 Statistical analysis

The data were analyzed with one-way analyses of variance (ANOVA) and Student’s t-test. The differences among the mean values were tested for significance using the Tukey test. All results were considered significant when p ≤ 0.05. The data were analyzed and visualized using the statistical software GraphPad Prism 5.0.





3 Results



3.1 HRA2pl peptides did not have a cytotoxic effect on HEp-2 and Vero cells

Before evaluating B1 and B2 HRA2pl’s antiviral activity, the peptide’s innocuity on the HEp-2 and Vero cells was examined with a 48-h kinetics of cytotoxicity assay. B1 and B2 were not cytotoxic according to the measurement of cell viability, independently of the peptide’s concentration (Figure 1). About our data, particularly the time 0 h of the kinetic cell viability assay, showed a decrease in the cell viability, result that took our attention. So, we tried to explain this result considering that the assay was done in deprivation of serum and this factor could affect the cell proliferation, considering that, the previous 24 h, we cultured both cell lines with DMEM containing 5% of FBS. The peptide did not affect the cell viability because the cell lines recover their proliferation for the following points of the kinetics. It is important to consider that besides the deprivation of serum (claimed before) the cell monolayers probably lose some cells during the development of the assay because the monolayer was washed before we began the peptide treatment.




Figure 1 | The HRA2pl peptide does not affect cell viability of (A) HEp-2 and (B) Vero cultures. For the assay, a confluent monolayer of HEp-2 and Vero cells (95%–100%) was treated with 90 μL of HRA2pl purified in DMEM (B1: 172.31 ng/μL; B2: 182.9 ng/μL) and 10 μL of AlamarBlue to measure the absorbance at 0 h, 24 h, and 48 h. NS: Nonsignificant; *p< 0.05;**p< 0.01; ***p< 0.001.






3.2 HRA2pl reduced the viral titer of hRSV and hPIV-2

The antiviral effect of HRA2pl against hRSV and hPIV-2 was measured as the reduction of the viral titer. Three different concentrations of purified B1 or B2 (3.2 μg/ml, 2.1 μg/ml, 1.8 μg/ml) were tested. The viral titer of hRSV and hPIV-2 decreased at all tested concentrations. However, the most prominent reduction in viral production was observed at the concentration of 3.2 μg/ml of either B1 or B2. In the case of hRSV, the viral titer reduced from 1.9 × 104 to 5.9 × 101 TCID50/ml (Figure 2A) when applying B1. As for B2, the viral production reduced from 1.9 × 104 to 2.5 TCID50/ml (Figure 2B). Similarly, in the case of hPIV-2, the B1 peptide reduced the viral titer from 1 × 105 to 3.1 × 101 TCID50/ml (Figure 2C), and the B2 peptide reduced it from 1 × 105 to 1.5 × 101 TCID50/ml (Figure 2D). Thus, the HRA2pl B2 peptide had the best antiviral activity against the production of viral particles of hRSV and hPIV-2.




Figure 2 | HRA2pl reduces the viral titer. For the assay, a confluent monolayer of HEp-2 (A, B) and Vero (C, D) cells (95%–100%) was treated with HRA2pl purified in DMEM at three different concentrations (C1: 3.2 µg/mL; C2: 2.1 µg/mL; C3: 1.8 µg/mL). The monolayers were treated with a mixture of C1, C2, or C3 and hRSV (1.9 × 104 TCID50/ml) and hPIV-2 (1 × 105 TCID50/ml). The reduction in the viral titer was established by TCID50/ml.***p<  0.001.






3.3 HRA2pl treatment reduced the syncytium size of clinical isolates

To test the peptide’s effect on pediatric patients’ samples, 40 clinical viral isolates, a representative sample of our viral bank, were studied. HRA2pl B2 treatment induced the reduction of the size of the syncytium. After treatment with the peptide, the hRSV-positive samples’ syncytium size reduced to 52.87% of the control syncytium size (Figure 3A). The size of the syncytium without treatment ranged from 15.05 mm to 19.83 mm (average: 17.59 mm). Meanwhile, treatment with the peptide produced a reduction in the size of the syncytium, reaching a size that ranged from 7.20 mm to 10.52 mm (average: 8.29 mm). A similar result was observed on the clinical samples typified as hMPV-positive. They showed a reduction of 54.33% compared to the samples without treatment (Figure 3B). The average syncytium size without treatment was 18.13 mm, while after treatment, it reached 8.28 mm. Finally, the effect of the peptide on the hPIV-2 clinical samples showed a reduction of the syncytium (53.88% of the control samples) (Figure 3C). The average size without treatment was 24.59 mm, which reached 11.34 mm after treatment with the peptide. Therefore, the HRA2pl peptide acts as an inhibitor of viral fusion by competition against the respiratory viruses hRSV, hMPV, and hPIV-2.




Figure 3 | The syncytium size was reduced after treatment with HRA2pl B2. In HEp-2 cultures infected with (A) hRSV or (B) hMPV viral isolates, and (C) in Vero cultures infected with hPIV-2 viral isolates, treatment with HRA2pl significantly reduced the syncytium size. ***p< 0.001.






3.4 HRA2pl treatment modified the number of syncytia

Even though treatment with HRA2pl caused a significant reduction in the size of the syncytium, an increase in the number of syncytia was observed. This was probably associated with deficient fusion resulting from the competition between the viral fusion protein of the viral isolates versus the HRA2pl fusion peptide. In the case of the hRSV-positive samples, an increase from 2.41 to 5.31 syncytia per field was found after treatment with the peptide (Figure 4A). The hMPV samples presented an increase from 2.69 to 3.73 syncytia per field after treatment (Figure 4B). Nonetheless, a reduction in the number of syncytia per field was recorded in the case of hPIV-2 clinical samples (without treatment: 4.28 syncytia per field; with treatment: 3.16 syncytia per field; Figure 4C).




Figure 4 | The changes in the number of syncytia after HRA2pl B2 treatment varied according to the viral infection. HRA2pl treatment increased the number of syncytia in (A) HEp-2 cells infected with hRSV viral isolates. (B) Some, but not all, HEp-2 cell cultures infected with hMPV viral isolates showed an increased number of syncytia after treatment with HRA2pl. (C) Treatment with the HRA2pl peptide decreased the number of syncytia in Vero cells infected with hPIV-2 viral isolates. NS, Nonsignificant; *p< 0.05; **p< 0.01; ***p< 0.001.







4 Discussion

In this study, we demonstrated that the HRA2pl peptide efficiently blocks the viral fusion of hRSV, hMPV, and hPIV-2 in an in vitro model, resulting in the reduction of the syncytium size. Moreover, we proved that the HRA2pl peptide reduced the number of syncytia in the hPIV2-positive clinical samples, contrary to the hRSV- or hMPV-positive samples. As for the latter, although the number of syncytia was not reduced, the reduction in their size is a noteworthy biological event that indicates the antiviral potential of HRA2pl in clinical samples.

The global presence of the hRSV, hMPV, and hPIV-2 viruses that are responsible for respiratory diseases, impacts the health of thousands of children and adults. Despite the relevance of viral ARTIs as a global persistent public health problem (Lu et al., 2013b) and the subsequent high risk of morbidity and mortality (Taylor, 2017), no prophylactic vaccines or effective antiviral treatments against them are currently available, with those applied providing only limited protection (Takeuchi and Akira, 2009). The production of a safe, efficient, and low-cost treatment against these viruses is a challenge to be faced.

The HRA2pl peptide inhibits the in vitro entry of hMPV at the fusion stage (Márquez-Escobar et al., 2015). In this context, we aimed to study whether HRA2pl can inhibit the entrance of not only hMPV but also other human respiratory viruses, like hRSV or hPIV-2, at the fusion stage. Our results demonstrate that the HRA2pl peptide produced a reduction in the size of the syncytium in all clinical samples independently of the type of respiratory viruses. This is in line with the fact that F proteins are phylogenetically close to each other (Russell et al., 2003) and are conserved across the families of Pneumoviridae and Paramyxoviridae (Aggarwal and Plemper, 2020).

F proteins are synthesized as an F0 precursor without fusion activity; their transition from F0 to F1–F2 is produced by the host cell’s furin-type proteases residing in the Golgi apparatus (Aggarwal and Plemper, 2020). The F1 subunit contains the fusion peptide, a domain of hydrophobic amino acids, and the highly conserved amphipathic α-helical regions with 3–4 HR patterns adjacent to the fusion peptide, called the HRA and HRB domains (Aggarwal et al., 2020). Previous research showed that the recombinant HRA peptides were more efficient than HRB in inhibiting the fusion of hMPV and the virus’ entry to the host cell, even at low concentrations (Deffrasnes et al., 2008). Here, we conclude that the HRA2pl decreased the size of the syncytium of hRSV, hMPV, and hPIV-2 viral isolates by up to 50% in HEp-2 and Vero cells.

Our findings contribute to the literature concerning the therapeutic effects of interference with viral fusion proteins, paving the way toward clinical trials.
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Coronaviruses (CoVs) are enveloped and positive-stranded RNA viruses with a large genome (∼ 30kb). CoVs include essential genes, such as the replicase and four genes coding for structural proteins (S, M, N and E), and genes encoding accessory proteins, which are variable in number, sequence and function among different CoVs. Accessory proteins are non-essential for virus replication, but are frequently involved in virus-host interactions associated with virulence. The scientific literature on CoV accessory proteins includes information analyzing the effect of deleting or mutating accessory genes in the context of viral infection, which requires the engineering of CoV genomes using reverse genetics systems. However, a considerable number of publications analyze gene function by overexpressing the protein in the absence of other viral proteins. This ectopic expression provides relevant information, although does not acknowledge the complex interplay of proteins during virus infection. A critical review of the literature may be helpful to interpret apparent discrepancies in the conclusions obtained by different experimental approaches. This review summarizes the current knowledge on human CoV accessory proteins, with an emphasis on their contribution to virus-host interactions and pathogenesis. This knowledge may help the search for antiviral drugs and vaccine development, still needed for some highly pathogenic human CoVs.
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Introduction

Since the identification of the first human coronavirus (HCoV) in the 1960s (Kendall et al., 1962), seven HCoVs have been described. Four of them, HCoV-229E, HCoV-NL63, HCoV-OC43 and HCoV-HKU1, are low pathogenic and cause mild symptoms like a common cold, while three of them, SARS-CoV, MERS-CoV and SARS-CoV-2, are potentially deadly for humans.

HCoVs belong to the Coronaviridae family, included in the Nidovirales order (Zhou et al., 2021). The Orthocoronavirinae subfamily comprises viruses that infect mammals and birds, which are classified into four genera: alphacoronavirus and betacoronavirus, including viruses that infect humans and other mammals, gammacoronavirus, which comprises viruses infecting birds, and deltacoronavirus, containing viruses that infect mammals and birds. HCoV-NL63 and HCoV-229E belong to the alphacoronavirus genus, while HCoV-OC43, HCoV-HKU1, SARS-CoV, MERS-CoV and SARS-CoV-2 belong to the betacoronavirus genus. This last genus has been recently subdivided into three subgenera: Embecovirus (HCoV-OC43 and HCoV-229E), Sarbecovirus (SARS-CoV and SARS-CoV-2) and Merbecovirus (MERS-CoV) (Gorbalenya et al., 2020; Kirtipal et al., 2020). The recent emergence of three highly pathogenic HCoVs during the 21th century (2002, 2012 and 2019, respectively) and the ongoing COVID-19 pandemic caused by SARS-CoV-2 have generated extensive interest in understanding the role of CoV proteins in pathogenesis.

CoVs possess a positive-sense single-strand RNA genome (~ 30 kb). The 5’-proximal two-thirds of the genome comprise two open reading frames (ORF1a and ORF1b), encoding two polyproteins that are processed by viral proteases into 16 non-structural proteins involved in viral continuous RNA synthesis or replication and discontinuous transcription (Sola et al., 2015). The 3’ end of the genome contains genes that encode structural and accessory proteins. Four major structural proteins are homologous among all CoVs: spike (S), envelope (E), membrane (M) and nucleocapsid (N). Accessory genes, which encode structural and non-structural proteins, are variable in number, function and genome location among different CoV genera (Fang et al., 2021) (Figure 1). Accessory genes are interspersed among, or even overlapping, the structural genes. Accessory proteins are not essential for virus replication in cell cultures, although some of them may contribute to virus growth to some extent. However, they are involved in virus virulence in vivo by modulating cellular processes such as innate immunity, including the interferon (IFN) and proinflammatory responses, autophagy, cell cycle, apoptosis or stress pathways. In fact, alterations in these cell processes are often associated with the pathogenesis of deadly human CoVs, to which some accessory proteins contribute as virulence factors.




Figure 1 | Genetic organization of the genome 3’ end in highly pathogenic human CoVs. Structural and accessory genes are shown. Gray boxes indicate structural genes: spike (S), envelope (E), membrane (M) and nucleocapsid (N). Accessory genes are represented in different colors. Their names are indicated as numbers above or below the boxes. Sequence conservation of accessory genes is indicated with the same color. The Poly A sequence (An) is represented at the 3´end of each CoV genome. Created with BioRender.com.



Understanding pathogenic virus-host interactions mediated by human deadly CoV accessory proteins is important to design antivirals that limit the severity of viral pathology. Monitoring mutations that these proteins undergo during viral evolution is essential to study changes in their interactions with cellular proteins. Moreover, deletion of accessory genes that behave as virulence factors from the viral genome provides a strategy to attenuate the virus for the development of vaccine candidates. Although other reviews have addressed the topic of SARS-CoV (Liu et al., 2014), MERS-CoV (Li et al., 2019) or SARS-CoV-2 (Redondo et al., 2021) accessory genes separately, this review is intended to provide a comparative description of the biological functions of accessory proteins from all three deadly human coronaviruses, including SARS-CoV and SARS-CoV-2 conserved proteins, with special emphasis on their contribution to pathogenesis. There is abundant literature describing the biological effects of CoV accessory proteins, but a significant proportion of these studies was performed by overexpressing a single protein. In the absence of other viral proteins, this ectopic expression may lead to non-physiological conditions with respect to subcellular localization, protein-protein interactions, or titration of host factors by the overexpressed protein, which could explain some controversial results. When possible, we will prioritize studies performed in the context of infection, which provide more physiological results.





Interferon and proinflammatory antiviral responses

The innate immune response represents the first line of defense against pathogens in vertebrates. Innate immunity includes a variety of cellular processes working coordinately to limit viral infection, including entry, translation and replication (Lokugamage et al., 2020). Innate immune response also contributes to identify and remove infected cells and to promote the adaptive immunity (Evans and Ozer, 1987). An essential component of innate immunity are cytokines, soluble factors that mediate the communication between cells and regulate different signaling pathways, such as the interferon (IFN) and pro-inflammatory responses. Type I IFN (IFNα and IFNβ) drives an antiviral state in non-immune cells and regulates antiviral responses to inhibit viral replication in infected cells (Lokugamage et al., 2020). IFN I activates the adaptive immune response by enhancing antigen presentation and promoting the action of T and B cells (Evans and Ozer, 1987; McNab et al., 2015). Pathogen-associated molecular patterns (PAMPs) or danger-associated molecular patterns (DAMPS) are recognized by pattern-recognition receptors (PRRs) of immune and non-immune cells, expressed in both the cell membrane (toll-like receptors or TLR) and the cytoplasm (retinoic acid associated gene-I or RIG-I; melanoma differentiation-associated gene 5 or MDA-5; and cytosolic DNA sensors or CDSs). It was described that long dsRNAs generated during CoV replication were preferentially detected by MDA5. The presence of a cap structure on CoV mRNAs (Park et al., 2022; Yan et al., 2022), similarly to eukaryotic mRNAs, protects from exonucleases and promotes mRNA translation and evasion of the host immune response. In contrast, RIG-I is activated by short uncapped dsRNAs containing 5′-PPP or 5′-PP groups, usually found in the genomes of negative-strand RNA viruses (Roth-Cross et al., 2008; Sampaio et al., 2021). Upon viral sensing, PRRs initiate signalling cascades that converge on activation and subsequent nuclear localization of different families of transcription factors, including interferon regulatory factors (IRFs) (Mogensen TH., 2018) and NF-κB, which leads to pro-inflammatory responses (Chen et al., 2018). The IFN expression pathway is induced by IFN regulatory transcription factors 3 (IRF3) and 7 (IRF7) (Mogensen TH., 2018), whose activation depends on the phosphorylation induced by IκB kinases, specifically, the TANK-binding kinase 1 (TBK1) (Moser et al., 2015), resulting in transcription of IFN-β or IFNα genes and production of the first wave of IFN-I (Figure 2). IFNs activate a signal transduction cascade when interacting with their receptors (IFNAR) in an autocrine and paracrine manner. This interaction activates the JAK/STAT pathway that phosphorylates the signal transducer and activation of transcription 1 and 2 (STAT1 and STAT2), which interact with IRF9 to form the ISGF3 complex. Binding of ISGF3 to the Interferon-Stimulated Response Element (ISRE) present in many promoters initiates the expression of hundreds of interferon-stimulated genes (ISGs), which exert antiviral activities and recruit immune cells to facilitate viral clearance (Basler and Garcia-Sastre, 2002; Schneider et al., 2014; Schoggins, 2019). The relevance of the IFN system is emphasized by the fact that most viruses have evolved different mechanisms that antagonize IFN production or signaling to enhance IFN resistance (Garcia-Sastre et al., 1998; Basler et al., 2000; Park et al., 2003; Garcia-Sastre, 2017). NF-κB, activator protein-1 (AP-1), or JAK-STAT proinflammatory pathways lead to the production of inflammatory cytokines and chemokines for the recruitment of inflammatory cells, as well as for the induction of cell death to clear infected cells (Koyama et al., 2008; Takeuchi and Akira, 2010; Diamond and Kanneganti, 2022) (Figure 3). A crosstalk between innate immune pathways, such as IFN and inflammation, is involved in the complex regulation of antiviral activity. For instance, the activation of the NF-kB pathways not only induces the expression of pro-inflammatory cytokines, but also facilitates transcription of type I IFN early after infection (Basagoudanavar et al., 2011).




Figure 2 | Modulation of IFN response by HCoVs accessory proteins. Diagram representing type I IFN and proinflammatory cytokines induction after cellular recognizing of HCoV RNA species by PRRs. After viral RNA sensing, MAVS-mediated nuclear transcription factor NF-Kβ and IRFs activation induce IFN and proinflammatory cytokines expression. The canonical autocrine or paracrine type I IFN signaling pathway triggers ISGs expression through ISGF3 complex activation. SARS-CoV accessory proteins are represented in green, MERS-CoV in orange and SARS-CoV-2 in red. The asterisk (*) indicates inconclusive results. Figure created with BioRender.com.






Figure 3 | Modulation of inflammatory response pathway by HCoVs accessory proteins. Diagram representing the activation of the NLRP3 inflammasome pathway, the canonical NF-Kβ pathway and the canonical MAPKs pathway. The inflammatory inductors HIF-1α and CHOP activation are also represented via mitochondrial dysregulation and unfolded proteins response, respectively. SARS-CoV accessory proteins are represented in green, MERS-CoV in orange and SARS-CoV-2 in red. The asterisk (*) indicates inconclusive results. Figure created with BioRender.com.







Interferon antagonism by deadly HCoV accessory proteins

Highly pathogenic HCoVs have developed strategies to evade the host IFN I response (Xue et al., 2021) in order to successfully infect their hosts (Figure 2). Inhibition of IFN production by individual accessory proteins from deadly HCoVs overexpressed in cell cultures has been extensively studied. SARS-CoV ORF3a inhibited phosphorylation of IRF-3 in HEK-293T, preventing the transcription of IFN-β gene (Kopecky-Bromberg et al., 2007). Other study described that overexpression of SARS-CoV ORF3b in HEK-293T cells inhibits type I IFN induction triggered by the overexpression of RIG-I or the mitochondrial antiviral signaling protein (MAVS), suggesting that 3b inhibits the IFN pathway at or downstream of the mitochondrial adaptor MAVS (Freundt et al., 2009). In addition, overexpressed SARS-CoV 8b and 8ab proteins induced degradation of IRF3 in a ubiquitin-proteasome-dependent manner, since IRF3 levels were partially restored in the presence of protease inhibitors (Wong et al., 2018). In agreement with this last result, the expression of 8b and 8ab SARS-CoV proteins by recombinant avian IBV viruses conferred a replication advantage to IBV in cells in which poly (I:C) induced the IFN response, suggesting a role for these proteins in the IFN antagonism. This effect was mediated by the down-regulation of IRF3 levels coupled to reduced IRF3 dimer formation.

SARS-CoV ORF6 regulates the IFN signaling, since infection with SARS-CoV blocks the nuclear trafficking of STAT1 in Vero cells transfected with STAT1-GFP, in contrast to deletion mutants lacking ORF6. A potential mechanism for this effect is that SARS-CoV ORF6 retains karyopherins, which are proteins involved in the transport of molecules between the cytoplasm and the nucleus, at the ER/Golgi membrane. During SARS-CoV infection, karyopherin 2 (KPNA2) in complex with KPNB1 were retained at the ER/Golgi, while KPNA2 was detected in the nucleus in SARS-CoV-Δ6 infection (Frieman et al., 2007). However, these results should be interpreted with caution because they were obtained in Vero cells, which are deficient in type I IFN production (Mosca and Pitha, 1986; Prescott et al., 2010).

Another SARS-CoV accessory protein described to inhibit MAVS is ORF9b. Overexpression of SARS-CoV 9b inhibited MAVS and reduced MAVS dependent-IRF3 phosphorylation. Moreover, it reduced in HEK-293 cells the levels of dynamin-like protein (DRP1), a host protein involved in mitochondrial fission, via a mechanism sensitive to proteasome inhibition. Lower DRP1 levels impaired the MAVS-induced IFN-β response (Shi et al., 2014).

SARS-CoV-2 infection induces in humans low levels of type I interferon (Blanco-Melo et al., 2020; Hojyo et al., 2020; Sa Ribero et al., 2020), suggesting that this CoV also encodes IFN antagonists. Similarly to SARS-CoV ORF3a, the overexpression of SARS-CoV-2 ORF3a in HEK-293T also inhibits IFN response, as expected from the high sequence conservation of 3a. In the case of SARS-CoV-2, two possible mechanisms have been suggested to inhibit the JAK/STAT signalling by ORF3, the suppression of STAT1 phosphorylation and nuclear translocation (Xia et al., 2020) or the upregulation of cytokine signalling 1 (SOCS1), a negative regulator of cytokine signalling (Wang et al., 2021). In agreement with these results, infection of human lung cells A549-hACE2 with SARS-CoV-2-Δ3a increased the expression levels of several ISGs (IFITM1, ISG56, OAS1 and PKR) as compared to the infection with the WT virus (Liu Y. et al., 2022).

The overexpression of all individual genes in HEK-293T cells transfected with an IFN-promoter reporter plasmid showed that ORF6 is the most potent IFN inhibitor of SARS-CoV-2 (Yuen et al., 2020). In this system, ORF6 directly binds the nuclear pore component Nup98-Rae1 and inhibits the nuclear translocation of activated STAT1 and IRF3 transcription factors, similarly to the function previously proposed for ORF6 of SARS-CoV (Miorin et al., 2020). The crystal structure of SARS-CoV-2 ORF6 C-termini in complex with the Rae1–Nup98 heterodimer showed that ORF6 occupies the mRNA-binding groove, similarly to other viral proteins, indicating that this complex is a common target for different viruses to impair the nuclear mRNA export pathway (Li et al., 2021).

Using recombinant SARS-CoV mutants with the ORF6 deleted (rSARS-CoV-ΔORF6) or replaced by SARS-CoV-2 ORF6 (rSARS-CoVORF6-SARS-2), the IFN signaling pathway was evaluated in Vero E6 cells treated with IFN-I. Deletion of ORF6 significantly increased induction of IFN-stimulated genes MX1 and ISG56, indicating that ORF6 was an antagonist of IFN-I signaling in the context of infection. rSARS-CoVORF6-SARS-2 suppressed induction of MX1 and ISG56 to a lesser extent than the wild-type SARS-CoV, suggesting that SARS-CoV-2 ORF6 interferes less efficiently with human IFN signaling than SARS-CoV ORF6. Since both genes are homologous, differences at charged amino acids at positions 51 and 56 may be responsible for the differential phenotype (Schroeder et al., 2021).

ORF7a is a type I transmembrane protein highly conserved in SARS-CoV and SARS-CoV-2. SARS-CoV-2 ORF7a also antagonized IFN-I signaling in overexpression experiments in HEK293T and A549 cells, by blocking STAT2 phosphorylation (Xia et al., 2020; Garcia-Garcia et al., 2022). Another study showed that ubiquitination of ORF7a at residue K119 was required for IFN antagonism, as overexpression of an ubiquitination-defective ORF7a in HEK293T failed to inhibit ISG production (Cao et al., 2021). These results are in agreement with the fact that a SARS-CoV-2 isolated from patients containing a 7-nucleotide deletion (nt 301-307) in ORF7a, that truncates the C-terminal half of the protein, is deficient in antagonizing the IFN response. This isolate induced elevated type I IFN responses in HEK293T-hACE2 cells, including high levels of the toll-like receptor 7 sensor (TLR7), signal transducers (MYD88, OAS2), transcriptional regulators (IRF3, IRF5), and restriction factors (GBP1, IFITM3, MX1), as compared to infection with the WT virus (Nemudryi et al., 2021). Another function proposed for ORF7a protein is the inhibition of tetherin BST-2, a host ISG that inhibits the release of virions and limits viral spread (Taylor et al., 2015; Martin-Sancho et al., 2021).

The role of SARS-CoV-2 ORF7b in the IFN pathway is not clear yet, since discrepant results were obtained by overexpressing the protein in cell cultures. The most conclusive studies showed that overexpression of ORF7b inhibited the IFN production. In HEK 293T, the ORF7b inhibited the MAVS-induced IFN-I and IFN-III production, but not the interferon signaling (Shemesh et al., 2021). In line with this last study, overexpression of ORF7b in A549 cells did not inhibit the expression of ISGs like OASL, IFIT1 and IFIT2 (Garcia-Garcia et al., 2022). Additionally, a truncated ORF7b with a 382-nucleotide deletion (Δ382), derived from a SARS-CoV-2 natural isolate identified in Singapore and Taiwan in 2020 and associated with mild disease, lost the ability to suppress MAVS-induced type I IFN production (Shemesh et al., 2021).

SARS-CoV-2 ORF8 ectopically expressed in cell lines has been described as an antagonist of interferon production by decreasing the nuclear translocation of IRF3 (Li et al., 2020; Geng et al., 2021; Rashid et al., 2021a; Chen et al., 2022). The W45L mutation present in ORF8 of a natural isolate may help the virus to evade the immune response by increasing its binding affinity to IRF3, according to molecular docking analysis (Rashid et al., 2021b). Alternatively, the interaction of ORF8 and HSP90B1, a molecular chaperone that interacts with IRF3, observed after overexpression of ORF8 in HEK-293T cells, could explain the IFN antagonist activity. This hypothesis is supported by the observation that HSP90B1 knocking-down significantly decreased activation of IFN-I pathway by polyI:C (Chen et al., 2022). Unexpectedly, infection with rSARS-CoV-2-Δ8 of K18-hACE2 mice induced in the lungs higher levels of IFN-γ than rSARS-CoV-2-WT, although no difference in IFN-α levels was detected, indicating that ORF8 might have a limited impact on the IFN-I response in vivo (Silvas et al., 2021), in contrast to the results observed in overexpression experiments.

MERS-CoV-WT infection did not significantly induce either IFNβ or pro-inflammatory cytokines in Huh-7 and Calu-3 cells (Canton et al., 2018). In contrast, infection of MRC5 cells activated a potent innate immune response (Bello-Perez et al., 2022), suggesting cell type-specific differences in the IFN response. Interestingly, infection of knock-in mice expressing the human virus receptor (KI-hDPP4) induced moderate IFN-β levels. Therefore, deletion of accessory genes from the MERS-CoV genome is expected to have different effects on the host response depending on the experimental system.

MERS-CoV accessory genes 3, 4a, 4b and 5 are highly divergent in sequence to SARS-CoV accessory genes. MERS-CoV 4a protein includes a dsRNA binding domain (DRBD) highly conserved in host proteins such as protein kinase R (PKR) or the protein activator of PKR (PACT) (Siu et al., 2014). Stress granules (SGs) are dynamic cytoplasmic condensates of RNAs and proteins including mRNAs associated with stalled ribosome complexes and other RNA-binding proteins. SGs are proposed to contribute to the post-transcriptional regulation of gene expression under stress conditions and to exert specific antiviral functions, by providing a platform for interactions of proteins from innate immune signaling pathways (Wen et al., 2014). Activation of PERK/PKR either by ER-stress or dsRNA leads to eIF-2α phosphorylation and translation inhibition, which ultimately promotes SG formation (Shi et al., 2022). PKR is an IFN stimulated gene, while SGs are proposed to serve to the regulation of innate immune responses, thus illustrating the complex interplay of antiviral signaling pathways.

The overexpression of ORF4a in HeLa cells inhibited PKR activation, thus preventing stress granule formation (Rabouw et al., 2016). Accordingly, a recombinant MERS-CoV-Δ4ab lacking ORF4a and 4b induced SG formation in susceptible HeLa-hDPP4 cells, but not in Vero cells (Nakagawa et al., 2018), which are defective for IFN production, suggesting a relation between SGs and IFN response. In fact, ORF4a overexpression in HEK293T cells suggested a role in the antagonist of IFN (Niemeyer et al., 2013; Siu et al., 2014; Rabouw et al., 2016) by two possible mechanisms. ORF4a may inhibit the MDA5-induced IFN response by directly interacting with viral dsRNA via the ORF4a dsRNA binding domain (DRBD) (Niemeyer et al., 2013). A second model proposes that ORF4a interacts with PACT in an RNA-dependent manner inhibiting PACT-induced activation of RIG-I and MDA5. MERS-CoV 4a protein might inhibit PACT, RIG-I and MDA5 by competing for dsRNA binding (Siu et al., 2014).

In the context of infection, ORF4a antagonizes IFN production and signaling, as A549DPP4 cells infected with a recombinant MERS-CoV-Δ4a showed increased mRNA expression levels of interferon lambda (IFNL1) and ISGs OAS2 and IFIT1 (Comar et al., 2019; Comar et al., 2022). Unexpectedly, the specific deletion of ORF4a from MERS-CoV genome did not result in robust activation of either PKR and SG formation (Rabouw et al., 2016) or the IFN and oligoadenylate synthetase/ribonuclease L (OAS-RNase L) pathways, as compared to WT virus (Comar et al., 2019; Comar et al., 2022). These results suggest that other viral proteins present in MERS-CoV-Δ4a are inhibiting the host antiviral response during infection.

MERS-CoV 4b protein includes a nuclear localization signal and a phosphodiesterase (PDE) domain (Thornbrough et al., 2016; Canton et al., 2018). In Huh-7 and Calu-3 cells, deletion of ORF4b from the viral genome increased the induction of IFN- β. In contrast, in MRC-5 cells and in susceptible mice, 4b deletion reduced the IFN-β response and attenuated the virus (Canton et al., 2018; Bello-Perez et al., 2022). These differences underline the need to find alternative, more physiological experimental systems to study the host response induced by MERS-CoV. Differences in cell lines and times post infection, which may also be related to differences in viral titers, in the different studies might justify the diverse contribution of 4b protein to the innate immune response in mice and cell cultures.

MERS-CoV 4b protein phosphodiesterase activity antagonizes the OAS-RNase L pathway (Thornbrough et al., 2016) by degrading 2’,5’-oligoadenylates (2-5A) required to activate RNase L, an antiviral system that cleaves viral and host single-stranded RNA and contributes to the control of replication and early spread of viruses (Choi et al., 2015). Infection of Calu-3 cells with the recombinant virus MERS-CoV-Δ4b did not completely restored rRNA degradation by RNase L, suggesting that MERS-CoV may include additional mechanisms of RNase L antagonism (Thornbrough et al., 2016). In agreement with these results, individual deletion of ORF4a and ORF4b had minor effects on RNaseL activity in A549DPP4 cells (Comar et al., 2022). However, infection with double mutant viruses with an inactivated endoribonuclease (EndoU) along with deletion of ORF4a or inactivation of ORF4b PDE domain strongly inactivated dsRNA-induced innate immune pathways (Comar et al., 2022). Deletion of ORF4b in MERS-CoV reduced the IFN response in MRC5 lung cells and also in hDPP4-KI mice (Bello-Perez et al., 2022) at 4 and 6 dpi, as compared to the WT virus, suggesting that ORF4b was not an IFN antagonist at these time points. Since the IFN response in CoV infection varies with time, it cannot be excluded that ORF4b antagonizes IFN-β production at earlier times post infection (Bello-Perez et al., 2022).

MERS-CoV gene 5 is highly conserved in viruses isolated from humans and camels. However, virus adaptation to cell culture or mouse lungs led to mutations and deletions that prevented full-length protein expression, leading to a truncated protein that contains a 17-nucleotide (nt) deletion and a stop codon at position 108 (Gutierrez-Alvarez et al., 2021). There are controversial results published about the role of the ORF5 in the IFN system. ORF5 antagonized interferon in over-expression experiments in 293T cells and inhibited the nuclear translocation of the interferon transcription factor IRF-3. In line with these results, in cells infected with Sendai virus, a potent inducer of IFN, the overexpression of ORF5 led to the accumulation of IRF3 in the cytoplasm (Yang et al., 2013). In contrast, the deletion of ORF5 from MERS-CoV (rMERS-CoV-Δ5) led to a decreased IFN response both in hDPP4-KI mice lungs and in MRC-5 cells, as the mRNA levels of IFN-β and ISG15 were significantly reduced as compared to the parental rMERS-CoV virus expressing the truncated protein (Gutierrez-Alvarez et al., 2021). In addition, another study suggested no specific role of ORF5 in the IFN antagonism, since the replacement of ORF5 by a fluorescent gene failed to induce in Calu 3 cells robust type I and III IFN responses, at different times post-infection (Menachery et al., 2017). Differences among studies regarding the relevance of gene 5 to the IFN response highlight the importance of using physiological experimental systems that recapitulate the complexity of virus-host interactions in the context of viral infection at the organism level.

A relationship between interferon antagonism and viral pathogenesis has been established (Thornbrough et al., 2016). Viruses may inhibit the induction of the IFN response by blocking the IFN signaling, or by interfering with the antiviral activities induced by IFN. In highly pathogenic coronaviruses SARS-CoV and MERS-CoV, a late or prolonged IFN-β response increase virulence and decrease survival, while early IFN-ß production was associated with protection (Channappanavar et al., 2019).





Interference of deadly HCoV accessory proteins with the inflammatory response

Highly pathogenic human CoVs induce exacerbated inflammatory processes, which are a main determinant of pathogenesis (Lowery et al., 2021). A limited and delayed IFN-I and IFN-III response results in exacerbated proinflammatory cytokine production and in extensive cellular infiltrates in the respiratory tract, resulting in lung pathology. High levels of inflammatory markers, such as increased neutrophil-lymphocyte blood ratio or cytokine-chemokine serum levels have been associated with higher risk of severe disease in SARS-CoV-2 infections (Hu et al., 2021). It is known that SARS-CoV, MERS-CoV and SARS-CoV-2 infections dysregulate inflammation leading to cytokine storm and acute respiratory distress syndrome (ARDS), which are described as hyperinflammatory pathologies (Chien et al., 2006; Kim et al., 2016; Liu T. et al., 2021). Among HCoVs genes, accessory genes have been proposed to interfere with the innate immune response and particularly, with the inflammatory pathway (Figure 3).

Several SARS-CoV accessory proteins interfere with inflammatory processes. ORF3a and 8a are viroporins, viral transmembrane proteins with ion channel activity. ORF3a has permeability to calcium, potassium and sodium ions, which has effects on cellular homeostasis. Additionally, protein 3a has a PDZ-binding motif (PBM), which can potentially participate in protein-protein interactions with over 400 cellular proteins that contain PDZ domains. SARS-CoV 3a protein was required for efficient SARS-CoV replication and virulence in mice, whereas viroporin 8a had only a minor impact on these activities (Castano-Rodriguez et al., 2018). A recombinant mouse adapted SARS-CoV-Δ3a-MA30 was attenuated in BALC/c mice, indicating that ORF3a was a virulence factor. However, individual mutants of ORF3a ion channel or PBM domains were not attenuated, suggesting that, separately, these activities did not play a key role in pathogenesis (Castano-Rodriguez et al., 2018).

In HeLa cells overexpressing SARS-CoV ORF3a, NLRP3 inflammasome was activated in an ion channel-activity dependent manner, leading to IL-1β secretion. Dysregulation of potassium flux by protein 3a, which alters cell homeostasis, and the production of reactive oxygen species from damaged mitochondria were required for NLRP3 activation (Chen et al., 2019). Another mechanism that may contribute to NLRP3 inflammasome activation is the canonical NF-kB signaling pathway. HEK293T and A549 cells overexpressing ORF3a showed activation of NF‐κB and JNK1, which led to increased expression of IL-8 and RANTES (Kanzawa et al., 2006). Activation of the canonical NF-κB signalling pathway involves the participation of TNF receptor-associated factor 3 (TRAF3) in the degradation of the IkBα inhibitor and the processing of NF-kB p105 into p50, which promotes IL-1β transcription. ORF3a has been described to bind the inflammasome adapter protein ASC promoting its polyubiquitination, a critical step required for NLRP3 inflammasome activation (Siu et al., 2019). In line with the overexpression results, deletion of 3a gene from the viral genome (SARS-CoV-Δ3a) confirmed that ORF3a is necessary for NLRP3 inflammasome activation and IL-1β production, although this effect was independent of the ion-channel activity (Siu et al., 2019).

Another SARS-CoV accessory protein related to the activation of inflammatory pathways is ORF3b. Overexpression of ORF3b in Huh7 cells led to the activation of two MAPKs, JNK and ERK, which increased the activity of the transcription factor AP-1, leading to enhanced expression of proinflammatory mediators like the monocyte chemoattractant protein-1 (MCP-1 also known as CCL2) (Varshney and Lal, 2011). A more extensive analysis of interactions of overexpressed ORF3b with host factors in Huh7 cells, using yeast two-hybrid and co-immunoprecipitation techniques, identified the transcription factor RUNX1b as a partner of 3b. Physical interaction between ORF3b and RUNX1b increased its transactivation potential via ERK phosphorylation, leading to enhanced transcription of the macrophage inflammatory protein MIP-1α and the proinflammatory cytokine IL2 (Varshney et al., 2012). Monocyte cells are abortively infected by SARS-CoV. However, it is speculated that the expression of 3b protein from the viral genome in infected monocytic cells might induce inflammatory responses and contribute to SARS-CoV pathogenesis.

SARS-CoV ORF7a is also described as a proinflammatory accessory protein by enhancing NF‐κB as well as JNK1 phosphorylation levels, which led to increased levels of proinflammatory cytokines IL-8 and RANTES in A549 cells overexpressing ORF7a (Kanzawa et al., 2006). In addition, SARS-CoV ORF8b has been described in overexpression systems as an insoluble accessory protein. Intracellular aggregates of ORF8b induced both endoplasmic reticulum and lysosomal stress leading to the accumulation and activation of the transcription factors CHOP and TFEB, both related to proinflammatory responses. This study also demonstrated that ORF8b activates NLRP3 inflammasome in macrophages and monocytes (Shi et al., 2019).

SARS-CoV-2 accessory proteins are also related to proinflammatory processes. As described for SARS-CoV, the highly conserved SARS-CoV-2 ORF3a activates the NLRP3 inflammasome (Xu et al., 2022). Overexpression of ORF3a in A549 cells induced potassium efflux, via ORF3a ion channel activity, which triggers the interaction of NLRP3 (Figure 3) with the activator kinase NEK7, leading to the recruitment of the inflammasome adapter protein ASC and pro-caspase 1 into the active inflammasome. In addition, ORF3a increased IL1-β levels due to NF‐κB induction via IκBα phosphorylation (Xu et al., 2022). Another study related ORF3a overexpression in HEK293T cells to the inhibition of the proinflammatory response by preventing cGAS-STING immune activation (Rui et al., 2021). This inhibition may be due to the direct interaction between ORF3a and STING, as suggested by colocalization and coimmunoprecipitation studies. In fact, it was shown that ORF3a inhibited NF‐κB induction by cGAS-STING antagonism (Rui et al., 2021). Furthermore, ORF3a overexpressed in HEK293T and Hela cells increased the levels of the transcription factor HIF-1α, by inducing mitochondrial damage and mitochondrial reactive oxygen species (Mito-ROS) signalling, ultimately promoting transcription of pro-inflammatory cytokines IL-6, and IL-1β (Tian et al., 2021).

SARS-CoV-2 ORF7a overexpressed in HeLa and A549 cells activated the NF‐κB-dependent proinflammatory response, as it was previously described for SARS-CoV ORF7a (Su CM. et al., 2021) (Figure 3). Similar results were reported in HEK293T cells, leading to IL8 and IP-10 production. This study suggested that ORF7a induces the NF‐κB pathway by binding and activating the ubiquitin-dependent kinase TAK1. ORF7a polyubiquitination, mediated by the E3 ubiquitin ligase RNF121, was required for NF‐κB pathway activation. Polyubiquitinated ORF7a may need the K63-linked polyubiquitin binding activity of TAK1 binding proteins TAB2 and TAB3 to activate TAK1, which leads to NF‐κB activation. In addition, binding of the NF-kB modulator NEMO to polyubiquitin was also needed for this activation (Nishitsuji et al., 2022).

The sequence identity between SARS-CoV and SARS-CoV-2 ORF8 is low (~26%) (Takatsuka et al., 2022), suggesting different roles in the immune response pathways. SARS-CoV-2 ORF8 acts as an IL17a mimetic by interacting with its receptor IL17RA, thereby activating this pathway (Lin et al., 2021; Wu et al., 2022). ORF8 overexpressed in HEK293T cells interacted with IL17a receptor (IL17RA and IL17RC), inducing a proinflammatory response. ORF8 amino acids Y42, E106, E171 and E176 played a critical role in this interaction (Wu et al., 2022). In another paper, adenoviruses expressing ORF8 rescued the IL17A phenotype in IL17A-deficient mice, suggesting that ORF8 mimics the pro-inflammatory function of IL17A (Lin et al., 2021).

The role of MERS-CoV accessory proteins on inflammatory pathways is cell type-dependent. MERS-CoV ORF4b has been related to NF‐κB inhibition, thus reducing inflammatory responses in cells (Matthews et al., 2014; Munasinghe et al., 2022). One study in which ORF4b was overexpressed in HEK293T cells treated with TNF-α, showed a modest (two-fold) reduction in expression of genes regulated by NF‐κB transcription factor (Matthews et al., 2014). Another study (Munasinghe et al., 2022) also described that ORF4b overexpression inhibited the NF‐κB pathway by binding the host nuclear import protein IMPα3 (also known as karyopherin-α4), via the 4b nuclear localization sequence (NLS), which inhibited NF‐κB nuclear translocation. Computational analysis showed the potential of ORF4b to competitively inhibit IMPα3 by binding the major NLS site of IMPα3, which is necessary for NF-KB p50 nuclear import (Munasinghe et al., 2022). The role of 4b protein in the pro-inflammatory response has also been demonstrated in the context of infection. Recombinant viruses, MERS-CoV-Δ4b and MERS-CoV-mNLS, in which the 4b gene was either deleted or its NLS inactivated by mutation, respectively, induced higher levels of NF‐κB-dependent pro-inflammatory cytokines IL6, IL8 or TNF-α in Huh7 and Calu-3 cells, as compared to the rSARS-CoV-WT. This result indicated that 4b protein inhibits the inflammatory response during infection and its nuclear localization is necessary for NF‐κB inhibition. The study described the interaction between ORF4b and karyopherin-α4 (KPNA4) in an NLS-dependent manner. KPNA4 is known to translocate the NF-κB protein complex from the cytoplasm into the nucleus. Binding of 4b to KPNA4 during infection inhibited its interaction with NF-κB-p65 subunit. Thereby, a model where 4b outcompetes NF-κB for KPNA4 binding and translocation into the nucleus was proposed as a mechanism of interference with the NF-κB-mediated response (Canton et al., 2018). In vivo experiments in the hDPP4-KI mouse model, using mouse-adapted recombinant viruses with identical ORF4b mutations, showed that 4b protein is a virulence factor, since MERS-CoV-Δ4b is completely attenuated, in contrast to MERS-CoV-WT, which causes 100% mortality. However, deletion of 4b significantly reduced the expression of pro-inflammatory cytokines and chemokines and the accumulation of cell infiltrates in the lungs of mice 3 and 6 dpi (Bello-Perez et al., 2022). The apparent discrepancy between the results of 4b protein during infection of cell lines or hDPP4-KI mice might be explained by the timing of the innate immune response. In cell lines, deletion of 4b increased the pro-inflammatory response at 24 hpi, while the reduced inflammation in vivo was detected at 3 and 6 dpi. Further studies would be required to confirm whether 4b deletion promoted in vivo an inflammatory response at earlier times with protective effects.

MERS-CoV ORF5 also dysregulates the inflammatory response. A recombinant mouse adapted MERS-CoV virus lacking ORF5 (rMERS-Δ5-MA15) induced delayed and dysregulated levels of proinflammatory cytokines in hDPP4-KI mice at 4 dpi. Similarly, lower levels of proinflammatory mediators were induced in MRC-5 cells at 18-24 hpi. This result suggests a role of ORF5 in inflammatory modulation. Interestingly, rMERS-Δ5-MA15 was more virulent in mice than WT, indicating a role of gene 5 in pathogenesis (Gutierrez-Alvarez et al., 2021).





Apoptosis

Apoptosis is a programmed cell death characterized by cell cycle arrest and controlled phagocytosis of cellular components, previously released following cell fragmentation in vesicles known as apoptotic bodies (Xu et al., 2019). The induction of this pathway is dependent on the activation of caspases (Figure 4), which are cysteine-aspartic proteases. Initiator caspases (caspases 8 and 9) are activated by proapoptotic proteins and induce effector caspases (caspases 3, 6 and 7), which initiate the apoptosis pathway. Once initiated, apoptotic cell DNA is fragmented by nucleases, while nuclear and cytoskeleton proteins are degraded and cellular components are cleared by phagocytic cells. Apoptosis is induced by two different pathways. The intrinsic pathway is modulated by the B cell lymphoma 2 (Bcl2) family of proteins. These proteins control the mitochondrial outer membrane permeability (MOMP), either by increasing permeability by proapoptotic factors like BAX and BAK, or by decreasing it by antiapoptotic factors like Bcl2, Bcl-xL and Mcl-1. MOMP increases the release of cytochrome C from the mitochondria to the cytoplasm, which activates the initiator caspase 9 and finally, the effector caspase 3. The extrinsic pathway is modulated by the binding of death ligands, like FasL or TNF-α, to death receptors present on the cell surface. This pathway activates the initiator caspase 8, which can both induce the effector caspases or coactivate the intrinsic pathway by the activation of proapoptotic Bid protein (Elmore, 2007).




Figure 4 | Modulation of apoptosis by HCoVs accessory proteins. Diagram representing the extrinsic and the intrinsic apoptosis pathway via death ligand recognition or viral induction respectively. The apoptosis inductor CHOP activation is represented via unfolded protein response. SARS-CoV accessory proteins are represented in green, MERS-CoV in orange and SARS-CoV-2 in red. Images created with BioRender.com.



Premature cell death induced by apoptosis is a potent antiviral pathway to limit viral spread (Shen and Shenk, 1995). Alternatively, some viruses induce an uncontrolled apoptosis that increases pathogenesis. This is the case of deadly HCoVs, which have been related to apoptosis induction (Yan et al., 2004; Yeung et al., 2016; Liu Y. et al., 2021). Although little information is available in the context of infection, apoptosis activation (Figure 4) may contribute to pathogenesis.

Among SARS-CoV accessory proteins, ORF3a has been proposed as an apoptosis inductor (Law et al., 2005; Padhan et al., 2008; Chan et al., 2009; Minakshi et al., 2009; Freundt et al., 2010). Despite the mechanism remains unclear, overexpression of ORF3a in Vero E6 cells activated the extrinsic pathway through caspase-8 activation (Law et al., 2005). In addition, overexpressed ORF3a induced the intrinsic pathway via activation of both caspase-8 and caspase-9 in Huh7 (Padhan et al., 2008) and Vero E6 cells (Chan et al., 2009). ORF3a C133S mutation, which disrupts ORF3a homo-dimer/-tetramer formation, and subsequently its ion channel activity, resulted in the loss of apoptosis induction, suggesting that ORF3a ion channel activity is the main contributor to its activity (Chan et al., 2009). ORF3a probably also activates apoptosis via the unfolded protein response (UPR) pathway (Minakshi et al., 2009). Huh7 cells overexpressing ORF3a activated PERK-eIF2α pathway, which induced translation of the activating transcription factor 4 (ATF4) that subsequently promoted transcription of the C/EBP homologous protein (CHOP) (Figure 4). CHOP upregulated the transcription of BAK and BAX, which oligomerize and release apoptotic factors, such as cytochrome c and apoptosis-inducing factor (AIF), through mitochondria permeabilization, eventually causing cell death (Minakshi et al., 2009). According to overexpression results, Vero E6 cells infected with SARS-CoV-Δ3a showed lower cell death levels than WT infection, suggesting an implication of ORF3a in cell death pathways (Freundt et al., 2010).

The overexpression of SARS-CoV 7a, but not 3a or the viral structural proteins, N, M, and E, induced apoptosis via a caspase-dependent pathway in cell lines derived from different organs, including lung, kidney, and liver. These results indicate that apoptosis activation by overexpressed viral proteins could be cell type dependent (Tan et al., 2004). In addition, ORF7a overexpressed in HEK293T cells inhibited protein synthesis by inducing a stress response that activated the p38 MAPK pathway, which in turn, could induce the apoptosis pathway (Kopecky-Bromberg et al., 2006). In this line, a physical interaction between ORF7a and several prosurvival Bcl-2 family proteins like Bcl-xL, Bcl-2, Bcl-w, A1 and Mcl-1 was shown by coimmunoprecipitation in Vero E6 infected cells. ORF7a transmembrane domain was proposed as the major contributor to this interaction. This interaction with antiapoptotic, but not with proapoptotic proteins, may lead to apoptosis induction (Tan et al., 2007). Another possible mechanism for apoptosis activation by ORF7a is related to the interaction of 7a with Ap4A-hydrolase, which plays a role in maintaining cell homeostasis by cleaving diadenosine tetraphosphate (Ap4A) back into ATP and AMP. It was suggested that ORF7a may be downregulating Ap4A-hydrolase activity, leading to increased Ap4A levels (Vartanian et al., 2003), which have been previously related to apoptosis induction (Vasilenko et al., 2010). In contrast, one study in the context of infection showed similar apoptosis levels in Vero E6 cells infected with rSARS-CoV-ΔORF7ab or the WT virus. Therefore, despite overexpression of ORF7a or ORF7b in Vero E6 cells increased caspase-3 activation, these proteins did not significantly contributed to apoptosis in the context of infection, which would be induced by other viral proteins (Schaecher et al., 2007). This discrepancy may be due to an artifact related to overexpression. It is known that overexpression of proteins induces endoplasmic reticulum stress, leading to apoptosis indirectly (Szegezdi et al., 2006). Although the mechanisms were not explored, there are some papers relating caspase-3 activation with the presence of overexpressed SARS-CoV accessory proteins like ORF3b (Yuan et al., 2005; Khan et al., 2006), ORF8a (Chen et al., 2007) or ORF9b accumulation in the nucleus (Sharma et al., 2011).

Apoptosis induction has also been described in SARS-CoV-2 infections (Liu Y. et al., 2021), as observed in postmortem lung sections from COVID-19 patients and in lung tissues from a non-human primate model of SARS-CoV-2 infection. As previously reported for SARS-CoV, accessory proteins have been associated with apoptosis activation. Similar to SARS-CoV ORF3a, overexpression studies suggested SARS-CoV-2 ORF3a as a proapoptotic protein via the extrinsic pathway, by activating caspase-8, which led to Bid cleavage, cytochrome c release and ultimately, the activation of the intrinsic pathway. ORF3a C130/133S or Y160A mutants failed to induce significant apoptosis levels, suggesting the relevance of the transmembrane domain in this function (Ren et al., 2020). In addition, overexpressed ORF7a induced apoptosis in HEK293T cells, by interacting with Bcl-xL, which was retained in the endoplasmic reticulum inhibiting its antiapoptotic activity (Liu Z. et al., 2022). This interaction was dependent on ORF7a C-terminal positively charged Lys117 and Lys119 residues, present in the extracellular domain (Liu Z. et al., 2022). The endoplasmic reticulum accumulation of ORF7a induced ER stress via PERK-eIF2α pathway, which upregulated the transcription factor CHOP, leading to the activation of the intrinsic pathway of apoptosis via BAK/BAX induction and cytochrome c release (Liu Z. et al., 2022). Finally, SARS-CoV-2 ORF7b overexpressed in Vero E6 and HEK293T cells was also related to apoptosis activation via the extrinsic pathway. An increase in TNF-α, which binds type I TNF receptor (TNFR1) and promote caspase-8 activation was described (Yang et al., 2021).

ORF3 is the only accessory protein of MERS-CoV that is related to apoptosis induction. Apoptosis analysis in HEK293T, BEASB2, Calu-3 and A549 cells overexpressing ORF3 demonstrated that ORF3 activates caspase-8 and caspase-3, but not BAX or Bcl-2 proteins, suggesting an effect in the apoptosis extrinsic pathway. It has been described that ORF3 was degraded via the ubiquitin-proteasome system, which limits the apoptosis induction. This polyubiquitination was performed by HUWE1, an E3 ligase that physically interacted with ORF3, thus preventing an exacerbated apoptosis activation (Zhou et al., 2022).





Regulation of antigen presentation

Viruses present a variety of mechanisms to evade the host immune system. One of them is the expression of proteins with immunoglobulin-like (Ig-like) domains that may interfere with multiple functions, including antigen presentation, cell-cell recognition and signal transduction in the immune system (Gewurz et al., 2001; Fu et al., 2011). SARS-CoV-2 ORF8 contains an Ig-like domain, suggesting its role in mediating macromolecular interactions in immune responses (Chen et al., 2021). Cytotoxic T lymphocytes (CTL) recognition of infected cells is crucial for viral clearance. Higher levels of the cytokines induced by T cells (IFN-γ, TNF-α, IL-2, and IL-5) were detected in patients infected with the attenuated isolate SARS-CoV-2-Δ382, in which a 382 nt deletion truncates 7b and abolishes ORF8 expression, suggesting improved T cell recognition of infected cells in the absence of ORF8 (Young et al., 2020). SARS-CoV-2 infection led to MHC-I downregulation in infected hACE2-HEK293T cell, similarly to overexpressing of ORF8 in the absence of infection (Zhang et al., 2021a; Matsuoka et al., 2022). In these cells, the interaction of ORF8 with MHC-I and LC3-labeled autophagosomes was confirmed by co-localization and co-immunoprecipitation experiments (Zhang et al., 2021a). Inhibition of autophagy significantly restored the MHC-I surface expression, suggesting that downregulation of MHC-I by ORF8 involves the autophagy pathway (Zhang et al., 2021a). Lower expression of MHC-I can result in impairment of CTL-mediated lysis of SARS-CoV-2–infected cells, therefore reducing the antiviral cytotoxic immune response of the host, which may increase virus virulence. In fact, ORF8 protects target cells from CTL lysis, as SARS-CoV-2-specific CD8+ T cells isolated from recovered patients eliminated ORF8-expressing target cells with lower efficiency than control cells (Zhang et al., 2021a). ORF8 of SARS-CoV-2 delta variant includes deletions of Asp119 and Phe120 amino acids, which result in structural instability of ORF8 dimers. Docking analysis revealed reduced interaction of mutant ORF8 with MHC-I, as compared to the WT ORF8, suggesting that delta variant might not be able to bind efficiently the MHC-I complex, thus limiting MHC-I degradation via autophagy, which might result in a better immune response against this SARS-CoV-2 variant. In addition to ORF8, the overexpression of SARS-CoV-2 ORF7a in HEK-293 T cells reduced 5-fold the MHC-I levels on the cell surface. However, this down-regulation was largely maintained in cells infected with a recombinant SARS-CoV-2 in which the ORF7 was replaced by a reporter gene (Zhang F. et al., 2022), suggesting additional mechanisms of MHC-I downregulation, possibly by ORF8. SARS-CoV-2 ORF8 has also been proposed to modulate the recognition of viral antigens via antigen presenting monocytes, as immune cell-binding assays showed a stronger interaction of ORF8 with monocytes than with other immune cells (Chen et al., 2021).





Histone mimic

CoVs use a variety of mechanisms to interfere with multiple host cell functions. One strategy is the interference with the epigenetic regulation of gene expression mediated by histone modification. SARS-CoV-2 ORF8 mimics the ARKS sequence present in histone H3, which is the most critical regulatory region for post-translational modifications (PTMs) (Kee et al., 2022). SARS-CoV-2 infection of A549 cells increased the levels of methylated histones H3K9me3 and H3K27me3 as compared with mock-infected cells (Kee et al., 2022). The complete deletion of ORF8, or just the ARKSAP motif, attenuated this effect, indicating that this motif was involved in histone modifications (Kee et al., 2022). In addition, infections with SARS-CoV-2-ΔORF8 or SARS-CoV-2-ΔARKSAP did not reduce the expression of the acetyltransferase histone KAT2A levels as in SARS-CoV-2-WT infection (Kee et al., 2022). The histone mimic function of ORF8 was also confirmed in post-mortem lung tissue samples from COVID19 patients, as infected cells showed stronger staining of methylated histone H3K9me3 than neighbouring cells or control tissues (Kee et al., 2022). The histone mimic function could contribute to the milder disease observed in patients infected with the SARS-CoV-2 isolate including a the ORF8 382-nt deletion. Remodeling of chromatin induced by acute viral infections can disrupt epigenetic regulation of gene expression with multiple effects on cellular processes, including the immune response (Kee et al., 2022). However, the implications of these chromatin modifications either in acute infection or in post-acute sequelae of SARS-CoV-2 are not well understood yet.





Autophagy regulation

Autophagy is an intracellular catabolic transport route highly conserved among all eukaryotic cells. Among its many functions, this pathway plays a role in the defence against viruses. Autophagy sequesters viruses into double-membrane vesicles (autophagosomes) that subsequently fuse with lysosomes, forming the autolysosome, where viruses are degraded under acidic conditions (de Haan and Reggiori, 2008; Jackson, 2015; Choi et al., 2018; Bello-Perez et al., 2020). This process is orchestrated by Beclin 1, a scaffolding protein that regulates the lipid kinase Vps34 and interacts with ultraviolet irradiation resistance-associated gene (UVRAG) or the autophagy related gene 14 (Atg14) to form the PI3K3-C1 complex (Beclin 1-Vps34- Atg14) or PI3K3-C2 complex (Beclin1-Vsp34-UVRAG), which promote autophagosome formation or maturation, respectively (Qu et al., 2021). On the other hand, the autolysosome formation depends on the interaction between a specific SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptor) called Syntaxin 17 (STX17) with the homotypic fusion and protein sorting (HOPS) complex (Jiang et al., 2014). The autophagy flux is measured by analyzing two markers: the conversion of microtubule-associated protein light chain 3 (LC3) to lipidated LC3-II, which correlates with the autophagosome formation, and the turnover of the autophagy substrate p62 (also known as SQSTM1). While the increase in LC3-II may reflect either increased autophagosome formation or accumulation due to decreased autolysosome degradation, p62 decrease indicates that autophagy is induced (Klionsky et al., 2021). Although many viruses inhibit autophagy to prevent their own degradation, others use this pathway to complete their morphogenesis. For this reason, autophagy could have either anti-viral or pro-viral effects (Prentice et al., 2004; Krejbich-Trotot et al., 2011; Tian et al., 2011).

Viral proteins, including accessory proteins, exploit different mechanisms to inhibit autophagy by blocking the progression of autophagosomes into autolysosomes. The incomplete autophagy induced by SARS-CoV-2 in infected HeLa-hACE2 and Vero E6 cells has been associated with ORF3a, because ORF3a overexpression inhibited the fusion between autophagosomes and lysosomes in multiple cell lines as HEK-293T (Hayn et al., 2021; Miao et al., 2021), A549 and HeLa-hACE2 (Zhang et al., 2021b). ORF3a directly sequesters the mediator of autophagy Vps39 on late endosomes and prevents its interaction with STX17, a membrane protein of autophagosomes that controls fusion with lysosomes, thereby blocking the autolysosome formation (Miao et al., 2021; Zhang et al., 2021b). In addition, ORF3a binds UVRAG, significantly reducing the interaction between autophagy factors UVRAG and Beclin 1, which may disrupt the formation of the PI3KC3-C2 complex involved in autophagosome maturation (Qu et al., 2021).

The overexpression of ORF7a causes the accumulation of autophagosomes in different cell lines, HEK-293T, Hela, Caco2 and Vero E6 (Koepke et al., 2021; Hou et al., 2022), as a consequence of the reduced acidity of lysosomes, which inhibited the autophagosomal degradation and prevented the autophagy flux (Koepke et al., 2021). Knock-down of ORF7a sgmRNA translation with specific short-hairpin RNAs (shRNAs) during infection decreased autophagy levels (Hou et al., 2022). Together, these results suggest that ORF7a initiates autophagy, but also limits the progression of the autophagy flux by activating caspase 3, which cleaves the SNAP29 membrane protein required for the fusion of autophagosomes and lysosomes (Hou et al., 2022). Consequently, ORF7a promotes viral replication by inhibiting autophagy progression.

Autophagy regulation was also shown to contribute to the virulence of CoVs. One study described that MERS-CoV 4b protein was a virulence factor, since deletion of 4b from the viral genome completely attenuated the virus in hDPP4-KI mice, without significant changes in the viral titers between WT and Δ4b virus in the lungs of mice. 4b protein inhibited autophagy both in vivo, in hDPP4-KI mice, and in the MRC5 human lung cell line (Bello-Perez et al., 2022). Additionally, deletion of 4b induced a significantly lower inflammatory response in the lungs of mice and in MRC5 cells, suggesting a link between autophagy and inflammation, with consequences in virus virulence (Bello-Perez et al., 2022). In fact, inhibition of autophagy increased the expression levels of pro-inflammatory cytokines in MERS-CoV infected cells (Bello-Perez et al., 2022). Autophagy has important effects on the induction and modulation of inflammatory processes. The cross-talk between inflammation and autophagy is an emerging field with implications for understanding viral pathogenesis and to identify potential antiviral targets (Netea-Maier et al., 2016). In another paper, MERS-CoV 4b and 5 proteins were shown to inhibit autophagy in Vero cells in the context of infection, using recombinant viruses in which either ORF4b or ORF5 had been deleted (Gassen et al., 2019). Inhibition of autophagy by 4b and 5 proteins was related with increased viral growth, suggesting that autophagy activation might also have an antiviral effect in MERS-CoV infection of Vero cells (Gassen et al., 2019).





Endoplasmic reticulum stress pathway

The endoplasmic reticulum (ER) plays a critical role in the synthesis, folding and structural maturation of most cellular proteins. ER folding capacity depends on ER size and secretory potential, which are different in each cellular type. The ER stress occurs when the ER protein-folding capacity is saturated, leading to misfolded protein accumulation and activation of the unfolded protein response (UPR) (Oakes and Papa, 2015). The UPR is initiated by three ER transmembrane proteins that activate different pathways. The inositol-requiring enzyme 1α (IRE1α), the pancreatic endoplasmic reticulum kinase (PERK) and the activating transcription factor 6 (ATF6) pathway. The main function of the UPR is to restore the cellular homeostasis by increasing ER biogenesis and transcription of protein-folding chaperones. Alternatively, when the ER-stress is not resolved, the prolonged unfolded protein response induces programmed cell death or apoptosis (Frakes and Dillin, 2017).

Commonly, ER stress induced by viral infections leads to UPR (Mehrbod et al., 2019). Human CoVs encode multiple proteins that localize in the ER and have been related to the activation of this stress pathway, among them there are some accessory proteins (Fung et al., 2014). SARS-CoV ORF3a induces ER stress when overexpressed in Huh7 cells, as determined by the increase of grp78 transcription levels, a crucial ER chaperone. This work suggests that ORF3a specifically activates PERK, but not IRE1α or ATF6 branches of the unfolded-protein response, as determined by the increase of phosphorylated eIF2α levels (Minakshi et al., 2009). SARS-CoV ORF8b also triggered ER stress by forming intracellular aggregates, which upregulated the transcription factor CHOP, although the specific branch responsible for UPR activation still remains unclear (Shi et al., 2019). Among SARS-CoV-2 accessory proteins, ORF3a has also been related to ER stress. Although the mechanism is not clear, ORF3a overexpressed in HeLa cells activated the three UPR branches (Su WQ. et al., 2021). In addition, SARS-CoV-2 ORF3a has been reported to induce ER stress by activating BECN1 and RETREG1-dependent reticulophagy, an ER degradation process via autophagy. A549 cells transfected with ORF3a or infected with SARS-CoV-2 demonstrated to induce reticulophagy and the subsequent ER stress only in the presence of active BECN1 or RETREG1. These results suggest a new mechanism by which SARS-CoV-2 might induce ER stress in a reticulophagy dependent manner (Zhang X. et al., 2022). In addition, this same study includes results suggesting that autophagy could increase SARS-CoV-2 replication, as overexpression of ORF3a not only induces autophagy, but also increases the expression levels of viral genes S, N and RdRp (Hou et al., 2022).





Concluding remarks

Coronavirus accessory genes are not strictly required for viral replication, although some of them may contribute to virus growth to some extent. Several CoV accessory proteins have structural functions and participate in virion structure, like SARS-CoV ORFs 3a, 3b, 6, 7a or 7b (Liu et al., 2014). However, they are mostly involved in virus virulence by interfering with the host antiviral responses. Despite their diversity in sequence and mechanism of action, CoV accessory proteins contribute to virus pathogenesis by modulating the innate immune response, the host immune system or other pathways involved in host resistance to viral infections, like autophagy or apoptosis.

The virulence of highly pathogenic human CoVs, SARS-CoV, MERS-CoV and SARS-CoV-2 is associated with lung immunopathology, characterized by massive inflammatory cell infiltration and elevated pro-inflammatory cytokine and chemokine responses. As described in this review, experimental infections of animal models with deletion mutants of accessory genes have confirmed the relevance of these genes in virus-induced immunopathology.

Attenuation of human CoVs due to virus evolution may involve the loss of virus virulence factors, including accessory genes, as observed with deletions within ORF8 during SARS-CoV epidemic (Oostra et al., 2007) or in ORFs 7 and 8 in the current SARS-CoV-2 pandemic (Young et al., 2020). These mutations, leading to defects in the suppression of the host immune response, might confer an evolutionary disadvantage, which could explain why these mutations disappear in the immunocompetent population. Alternatively, mutations in CoV accessory genes that modulate the innate immune response and may enhance viral pathogenicity have also been identified (Hassan et al., 2022). The emergence of novel human CoVs that cross the species barrier from animal hosts may involve, not only significant changes in viral proteins required for cell entry (Forni et al., 2021; Montoya et al., 2021), but also in accessory proteins that modulate the innate immune response of the new host. Similarly, a 29-nt deletion in SARS-CoV ORF8, which split ORF8 into ORF8a and ORF8b, occurred soon after its zoonotic transmission from civets to humans and was considered a virus adaptation to humans (Oostra et al., 2007). MERS-CoV accessory genes also seem to be relevant to the interaction of the virus with specific hosts. MERS-CoV ORF5 is conserved in field isolates from camels and humans, while it is highly unstable in cell cultures, with the appearance of mutations and deletions leading to a truncated protein 5 (Gutierrez-Alvarez et al., 2021). Moreover, the identification of a variety of deletions in MERS-CoV ORF3 and ORF4b in samples from camels suggest that the virus is not fully adapted to this host yet (Chu et al., 2018; Peiris and Perlman, 2022). In addition, an in-vitro study of MERS-CoV persistent infection in bat cells showed that ORF5 acquired a 341 nt-deletion after 15 passages (Banerjee et al., 2020).

To understand the relevance of accessory genes in pathogenesis in the context of infection, in vivo assays with syngenic viruses just differing in the gene of interest are essential. The availability of animal models of infection and reverse genetics systems to engineer the CoV genome is crucial for these studies.

Overexpression of individual accessory genes, in the absence of infection, provides a complementary approach to identify or add further insight into the molecular mechanism of action of accessory proteins in virus-host interactions. However, it is important to consider that the ectopic overexpression of a single protein has a different biological impact on the host cell than infection with a virus. The overexpressed protein may be localized to different subcellular compartments and establish distinct interactions in the absence of the other viral components, with different functional consequences in virus-host interactions. To date, only a very limited number of studies about CoV accessory genes have been performed in the context of in vivo infection (Castaño-Rodriguez et al., 2021; Gutierrez-Alvarez et al., 2021; Silvas et al., 2021; Bello-Perez et al., 2022). Further analyses are required to determine the relevance of accessory genes in virus pathogenesis and to define their mechanism of action. This information will be helpful to identify new therapeutic interventions that ameliorate the severity of coronavirus diseases.
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Introduction

In 2021, a type 2 vaccine-derived poliovirus (VDPV2) was isolated from the stool of a patient with acute flaccid paralysis (AFP) admitted to Spain from Senegal. A virological investigation was conducted to characterize and trace the origin of VDPV2.





Methods

We used an unbiased metagenomic approach for the whole-genome sequencing of VDPV2 from the stool (pre-treated with chloroform) and from the poliovirus-positive supernatant. Phylogenetic analyses and molecular epidemiological analyses relying on the Bayesian Markov Chain Monte Carlo methodology were used to determine the geographical origin and estimate the date of the initiating dose of the oral poliovirus vaccine for the imported VDPV2.





Results

We obtained a high percentage of viral reads per total reads mapped to the poliovirus genome (69.5% for pre-treated stool and 75.8% for isolate) with a great depth of sequencing coverage (5,931 and 11,581, respectively) and complete genome coverage (100%). The two key attenuating mutations in the Sabin 2 strain had reverted (A481G in the 5’UTR and Ile143Thr in VP1). In addition, the genome had a recombinant structure between type-2 poliovirus and an unidentified non-polio enterovirus-C (NPEV-C) strain with a crossover point in the protease-2A genomic region. VP1 phylogenetic analysis revealed that this strain is closely related to VDPV2 strains circulating in Senegal in 2021. According to Bayesian phylogenetics, the most recent common ancestor of the imported VDPV2 could date back 2.6 years (95% HPD: 1.7–3.7) in Senegal. We suggest that all VDPV2s circulating in 2020–21 in Senegal, Guinea, Gambia, and Mauritania have an ancestral origin in Senegal estimated around 2015. All 50 stool samples from healthy case contacts collected in Spain (n = 25) and Senegal (n = 25) and four wastewater samples collected in Spain were poliovirus negative.





Discussion

By using a whole-genome sequencing protocol with unbiased metagenomics from the clinical sample and viral isolate with high sequence coverage, efficiency, and throughput, we confirmed the classification of VDPV as a circulating type. The close genomic linkage with strains from Senegal was consistent with their classification as imported. Given the scarce number of complete genome sequences for NPEV-C in public databases, this protocol could help expand poliovirus and NPEV-C sequencing capacity worldwide.





Keywords: vaccine-derived polio virus, whole-genome, metagenomics, recombination, molecular epidemiology, OPV (oral polio vaccine), Bayesian phylogenetic analysis





Introduction

Poliomyelitis is caused by poliovirus, a human enterovirus (family Picornaviridae, genus Enterovirus, species Enterovirus C). Since the Global Polio Eradication Initiative (GPEI) was launched in 1988, polio cases have been reduced by more than 99% (Global Polio Eradication Initiative). The GPEI managed to eradicate wild poliovirus (WPV) type 2 in 2015 and type 3 in 2019. The main strategies for eradication were mass immunization with the oral poliovirus vaccine (OPV) and surveillance of acute flaccid paralysis (AFP) cases and their contacts (Global Polio Eradication Initiative). OPV is a live-attenuated vaccine (with the three Sabin poliovirus serotypes) that replicates in the gut for a short time. Here, parental Sabin strains can mutate and be excreted into the environment via feces (Kew et al., 2005). Therefore, if polio vaccine coverage is low in a community and sanitation is inadequate, the mutated viruses may be transmitted in unimmunized and under-immunized populations, leading to genetic drift and the emergence of new pathogenic strains known as circulating vaccine-derived polioviruses (cVDPVs) (Kew et al., 2005). VDPVs currently constitute a major challenge to the polio eradication endgame, given their potential to cause paralysis and/or persistent circulation in human communities. Because most cVDPVs are type 2, in April 2016, a global switch from the trivalent oral polio vaccine to a bivalent oral polio vaccine containing only types 1 and 3 was implemented to remove all live-attenuated type 2 vaccines and their associated risk. The switch and delays in introducing a dose of inactivated polio vaccine (IPV) into essential immunization in all regions led to decreasing immunity to type 2 poliovirus (PV-2) (World Health Organization, 2021a). Decreasing immunity, together with the use of monovalent vaccine OPV2 in outbreak control campaigns, failures to control movements of VDPVs between countries, and difficulties in maintaining adequate vaccination coverage due to COVID-19, all resulted in a rapid growth of cVDPV2 outbreaks, with more cases of cVDPV2 than WPV1 annually since 2017 (Alleman et al., 2021; World Health Organization, 2021a).

If poliomyelitis is not eradicated globally, the risk of the virus being reintroduced in Europe remains. Two EU/EEA countries (Poland and Romania) and one neighboring country (Ukraine) are considered at risk of sustained poliovirus transmission following WPV importation or the emergence of cVDPV due to significant gaps in population immunity (World Health Organization, 2021b). In Spain, OPV was replaced by IPV in 2004, and national coverage of three doses in children’s first year of age exceeds 95% (Ministry of Health, Social Services and Equality, 2023). The National Action Plan for Poliomyelitis Eradication (NAPPE) was first established in 1998, and the study of AFP cases is the cornerstone of poliovirus surveillance, along with non-polio enterovirus (NPEV) surveillance (Masa-Calles et al., 2018). Since the OPV was replaced, only two VDPV have been identified, one in 2005 and the other in 2019 (Avellón et al., 2008; Informe anual, 2019). Both VDPVs were imported and isolated from immunocompromised patients. However, in September 2021, an imported paralysis case from Senegal was notified in Spain, identifying VDPV2 in a stool sample of the patient. All measures taken and actions carried out were within the framework of the NAPPE and the recommendations issued under the ongoing Public Health Emergency of International Concern on the risk of international spread of poliovirus (López et al., 2021). Molecular characterization of poliovirus isolates detected through AFP and environmental surveillance activities is key to distinguishing vaccine-related from WPV, and identifying genetic linkages between isolates to identify patterns of circulation (Classification and reporting of vaccine-derived polioviruses (VDPV), 2016). This molecular characterization is routinely based on Sanger sequencing of the viral protein 1 (VP1) capsid region. However, surveillance of poliovirus based on the whole genome has proven an essential tool for the final stages of polio eradication (Montmayeur et al., 2017). In this report, we describe the virological study of the case based on the VP1 and the whole-genome analyses of the detected VDPV2.





Materials and methods




The AFP case

Briefly, a child under the age of 6 years from Senegal traveled to Murcia, in the southeast of Spain, on August 2021, to be admitted to the hospital to continue treatment of an AFP with unknown origin and onset of symptoms in July 2021 in Senegal. The child was discharged from the hospital after showing clinical improvement. The diagnosis was acute anterior meningomyeloradiculitis because of an enterovirus infection (coxsackievirus B4 was detected in a respiratory sample during hospitalization). The child stayed with a local family until September 2021, then returned to Senegal. The case’s vaccination card showed four doses of OPV (received in the first year of life; last OPV dose: August 2016), followed by one dose of IPV. All of them were received during the first year of age. The case had no evidence of primary immunodeficiency. The AFP case was notified retrospectively in September, and a stool sample collected in August was sent to the National Polio Laboratory (NPL) of the National Centre for Microbiology (CNM) for a poliovirus study (López et al., 2021).





Virological methods

The AFP case was laboratory investigated according to the isolation assay algorithm recommended by WHO (World Health Organization, 2004a) and the Spanish NAPPE (Ministerio de Sanidad, Asuntos Sociales e Igualdad, 2016). In addition to the single sample from the case, two stool samples from 25 healthy close contacts of the patient were examined. Analysis of the presence of poliovirus in all samples was performed by culture on RD and L20B cell lines following the 14-day algorithm (World Health Organization, 2004a; World Health Organization, 2004b). In addition, real-time RT-PCR (Cabrerizo et al., 2014) was used for the detection of enterovirus/poliovirus in clinical samples. Four RT-nested PCRs on the 3’VP1 region (specific for enterovirus species A to D) followed by sequencing were applied subsequently to those enterovirus-positive samples or isolates for genotyping (Cabrerizo et al., 2008). Finally, characterization of the detected poliovirus (WPV, OPV, or VDPV) was carried out using intratypic differentiation (ITD) assays (Gerloff et al., 2018), as was amplification and sequencing of the complete VP1 region of the viral genome. In Senegal, 25 contacts of the AFP case were studied by the WHO-accredited reference polio laboratory at the Institut Pasteur of Dakar, as previously described (Faye. et al., 2022).





Wastewater samples

The presence of poliovirus was also analyzed in four raw wastewater samples collected at two inlet points of the wastewater treatment plant from the area where the case stayed on two different days (15 and 20 September). The same culture and molecular methods applied to clinical samples were used. Samples had been processed and concentrated previously using a protocol based on precipitation with AlCl3 (Randazzo et al., 2020).





Metagenomic sequencing and bioinformatic analysis

Full-genome sequences of cVDPV2 from the AFP case were obtained from fecal suspension and from the L20B-positive supernatant. Fecal samples were prepared according to WHO standard procedures (World Health Organization, 2004a). Briefly, fecal samples were pre-treated with chloroform, to which enteroviruses are resistant, to remove bacteria and fungi. This was clarified at 4,000 rpm for 20 min at 4°C, contributing to the removal of host cellular debris and bacteria. This fecal suspension was used to inoculate cell cultures. Culture supernatants were frozen, thawed three times, and clarified. RNA was extracted from both stool-clarified suspension and clarified supernatant using the Quick RNA viral kit (Zymo). Sample library preparation was conducted using the NEBNext Ultra II Directional RNA Library Prep Kit for Illumina with NEBNext Multiplex Oligos for Illumina Set 3 (New England BioLabs Inc., USA) from a total concentration of 10 ng of RNA quantified using the QuantiFluor RNA System (E3310, Promega). Both libraries were sequenced using an Illumina MiSeq Reagent Kit v2 Nano on a MiSeq sequencer (300 cycles). The resulting data was analyzed using PikaVirus, a NextFlow pipeline openly available at https://github.com/BU-ISCIII/PikaVirus, and consisted of the following steps: quality control of the samples using FastQC (v. 0.11.9) and MultiQC (v. 1.9) for quality assessment, and FastP (v. 0.20.1) for trimming; potential viral genomes identification within the trimmed reads using MASH screening (v. 2.3) against the full GenBank viral assemblies database (release 248, downloaded on 2 April 2022); mapping of potentially present viral genomes against the samples using BowTie2 (v. 2.4.4); and obtention of coverage statistics using SamTools (v. 1.12); and BedTools (v. 2.30.0). Human host reads were subtracted by performing a kmer-based mapping of the trimmed reads with the GRCh38 NCBI human genome using Kraken2 v.2.1.2 (Wood et al., 2019). Reads that aligned to the human genome were excluded from further analysis. Spades v3.14.0 in rnaviral mode was used to perform a de novo assembly of non-host reads. Contigs taxonomic annotation was based on alignment to NCBI’s viral database using BLAST v2.9.0+. Results were visualized using Krona. For viral consensus genome reconstruction, we used the viralrecon pipeline v2.5 (https://github.com/nf-core/viralrecon) written in Nextflow (https://www.nextflow.io/) in collaboration with the nf-core (https://nf-co.re/) community and the Bioinformatics Unit of the Institute of Health Carlos III (BU-ISCIII) (https://github.com/BU-ISCIII) (Patel et al). The GenBank accession number of the isolate complete genome sequence is OQ401876.





Phylogenetic and recombination analysis

Phylogenetic trees were constructed by the neighbor-joining method with 1,000 bootstrap replicates using Molecular Evolutionary Genetic Analysis (MEGA version 10) software (https://www.megasoftware.net/). We used published VP1 coding sequences available in GenBank, retrieved in November 2022. Nucleotide (nt) sequence alignment was performed by the ClustalW multiple alignment program within the BioEdit Sequence Alignment Editor package. Similarity plot analysis was performed by using the Simplot program, v3.5.1 with the Kimura distance model and a window size of 400 bp moving in 40 nt steps with 1,000 resamplings.





Estimation of dates of the initiating OPV dose

The date and location of the OPV that initiated the emergence of the SPA866 case were estimated using a Bayesian Markov chain Monte Carlo (MCMC) approach. Root-to-tip genetic distances against sample collection dates were examined in a preliminary analysis with TempEst v.1.5.3 to identify the temporal signal of the VP1 nt sequence data. The Bayesian analysis was performed with BEAST software v1.10.4 (Rambaut et al., 2016) using the nt-substitution model described by Shapiro et al. (2006) with a discrete gamma distribution to accommodate rate variation among sites in the alignment and allowing different rates of substitution for the first plus second versus the third codon position. Lineage-specific rate heterogeneity was taken into account by using the uncorrelated relaxed molecular clock model with a lognormal rate distribution (Drummond et al., 2005). A Bayesian Skyline coalescent model assuming that a small random sample from a large population is included in the data set was selected. Two independent MCMC runs of 100 million states sampling every 10,000 steps were computed and mixed. The convergence of MCMC chains was checked using Tracer v.1.7.1, ensuring that the effective sample size values were greater than 200 for each estimated parameter (Rambaut et al., 2018). The maximum clade credibility trees were obtained from the tree posterior distribution using TreeAnnotator v.1.10.4 after a 10% burn-in. Phylogenetic trees were visualized and annotated with FigTree v.1.4.4 to indicate the mean estimated values and 95% highest posterior density (HPD) intervals for OPV dose dates and the posterior probability values for the most probable location.






Results




The AFP case: Poliovirus detection and initial molecular characterization of the stool isolate

The poliovirus was identified first by the presence of a cytopathic effect on both L20B and RD cell lines. Viral RNA extracted directly from stool suspension and from L20B-positive supernatant tested positive for enterovirus by real-time RT-PCR and RT-nested PCR. Genotyping in the 3’-VP1 region indicated that the enterovirus was a PV-2. The ITD assays, performed simultaneously at the CNM and at the Regional Polio Laboratory at the Robert Koch Institute (RKI) in Berlin, confirmed it was a PV-2 (both in the L20B-positive supernatant and in the stool sample). The isolate is hereinafter referred to as SPA866. Sanger sequencing of the complete VP1 region (903 nt) of the PV-2 detected in the L20B supernatant was performed in CNM and RKI simultaneously with identical results. The complete VP1 coding sequence differed from Sabin 2 (AY184220) by 5.1% (46 nt changes), confirming its classification as VDPV-2 according to WHO-adopted criteria (>0.6% genetic divergence in the complete genomic region) (Classification and reporting of vaccine-derived polioviruses (VDPV), 2016). Among the seven amino acid changes found in the VP1, one was the Ile143Thr substitution (encoded by the U2909 → C nt mutation), which represents the reversion of a key attenuation determinant of Sabin 2 (Ren et al., 1991).





Whole-genome sequencing of the detected VDPV-2

Complete genomic sequencing of strain SPA866 was performed using a sequence-independent metagenomic approach from the pre-treated stool suspension and from the L20B-positive supernatant. For the stool suspension, a total of 439,714 reads were obtained. Of these, the percentage of viral reads that mapped to the targeted poliovirus genome accounted for 69.5% (n = 305,565), with a median deep coverage of 5,931 and a coverage >10× of 100%. For the isolate, a total of 777,948 reads were obtained. Of these, viral reads mapped to the poliovirus genome accounted for 75.8% (n = 589,645), with a median deep coverage of 11,581 and a coverage >10× of 100%. Performing de novo assembly of reads, no coinfecting pathogens were detected in the samples (only commensal bacteria of Mycoplasma spp.). Metagenomics in both samples yielded the same full-genome VDPV-2 sequence. The VP1 Sanger sequence described in the previous section was identical to that obtained by metagenomic sequencing. The consensus sequence was 7,427 nt in length, including a 5´ untranslated region (UTR) of 738 nt, a single open reading frame (ORF) of 6621 nt encoding a single polyprotein of 2,207 aa, and a 3’UTR of 71 nt. The whole-genome sequence was compared to the Sabin-2 vaccine reference strain (Table 1). Strain SPA866 differed from that of Sabin-2 by 12.7% (846 nt and 66 aa substitutions) in the open reading frame, by 13% (96 nt substitutions) in the 5´UTR and by 4.2% (3 nt substitutions) in the 3´UTR. A key determinant of the Sabin-2 attenuated phenotype at nt 481 of the 5’UTR reverted in strain SPA866 (A-to-G substitution). Nt substitutions were widely distributed throughout the P1 region. A majority (87.5%, 119/136) occurred in the third codon position. Four amino acid (aa) substitutions in the P1 capsid region mapped in virion surface residues form the neutralizing antigenic sites (Table 1).


Table 1 | Nucleotide and amino acid substitutions in strain SPA866 in comparison to Sabin 2.







Analysis of recombination events

Although the P1 capsid genomic region was similar to that of Sabin-2 (5.1% nt divergence), the nonstructural regions of the genome (P2 and P3) were dissimilar (18.8% and 17% nt divergence, respectively) (Table 1). This suggested that the strain SPA866 was a vaccine/non-vaccine recombinant. Similarly, the 5’UTR sequence of SPA866 was apparently derived from non-OPV viruses (13% difference from the Sabin 2 strain). To confirm the existence of recombination events, similarity plot analysis was conducted against complete sequences closely related to strain SPA866 (Figure 1). These closely related strains were screened against the NCBI non-redundant nt database using BLASTn (http://www.ncbi.nlm.nih.gov/). The structural P1 coding region and nonstructural P2 and P3 regions of strain SPA866 were used as queries for BLASTn, and sequences with the highest homologies and complete genomes were used in the recombination analysis (Supplementary Table 1). A majority of closely related strains found in public databases were type 2 VDPVs from Nigeria, the Central African Republic, Russia, and Ukraine, and only one strain was a non-polio species C enterovirus (coxsackievirus A20 from Nigeria). Similarity plot analysis revealed that the nt similarity in the 3’ half of the genome was <90%. The potential recombination breakpoint was estimated to be in the protease 2A genomic region (position refers to alignment with Sabin-2) (Figure 1).




Figure 1 | Plot of similarity of whole-genome nucleotide sequences of study strain SPA866 (query), Sabin-2 poliovirus strain, and closely related strains from NCBI. The enterovirus genetic organization is shown in the top panel. The breakpoint position of recombination is marked with a dashed line. cVDPV2 strains: MT432140, MG212462, JX275032, JX275140, JX275015, KJ170572, MG212459, KX162700, KX162714, KX162716, MG212490, MG212480, and MT432143; Coxsackievirus-A20 strain NGR2016: MH785183. cVDPV, type 2 circulating vaccine-derived poliovirus; UTR, untranslated region.







Phylogenetic analysis

Analysis of complete VP1 coding sequences showed that strain SPA866 branched closely (bootstrap value of 98%) with cVDPV2 strains obtained in Senegal in 2021, more precisely with those strains previously defined in clade 2 by Faye et al (Faye. et al., 2022). that comprised sequences from Dakar, Diourbel, Thiès, and Louga. Clade 2 strains from Senegal and strain SPA866 were highly similar (nt identity ≥97.2%; aa identity ≥96.7%) supporting that all are genetically related and have a common precursor (Figure 2). Strain SPA866 showed the closest relationship to strain ON604904 (bootstrap value of 92%, nt identity = 99.3%, aa identity = 100%), isolated from an AFP case in 2021 from Bambey, in the Diourbel medical region.




Figure 2 | Phylogenetic tree of the complete VP1 coding sequences of VDPV2 study strain SPA866 and 104 sequences from previously described VDPV2 strains extracted from GenBank. The neighbor-joining tree was constructed using MEGA 10.0. Distances were computed using the Kimura 2-parameter model after excluding positions containing gaps and missing data from the alignments. The robustness of the nodes was tested by 1,000 bootstrap replications. Only bootstrap support values above 80% are shown in branch nodes. The scale bar represents nt substitutions per site. The tree is annotated with the classification proposed by Faye et al. for cVDPVs circulating in Senegal since their first introduction in 2020 (clade 1 in yellow and clade 2 in blue). Strains from Senegal are marked in red for clarity. The study strain is marked in bold black. The Sabin-3 poliovirus sequence was introduced as an outgroup.







Estimation of the duration of replication of SPA866

The maximum clade credibility tree of the complete VP1 coding sequence was estimated for the study strain SPA866 and closely related sequences (clusters 1 and 2) observed in Figure 2 (Figure 3). The sequence SPA866 branched into a lineage (the SEN3 lineage) comprising 34 sequences from samples collected in the Diourbel and Thies regions of Senegal in 2021 (Figure 3). The time of the most recent common ancestor (tMRCA) of this lineage is 2.6 years (95% HPD: 1.7–3.7). Two other independent VDPV2 lineage groups were identified with samples from Senegal. The first lineage (SEN1 lineage) comprised sequences from Dakar (Senegal), Guinea, and Gambia, with Senegal being the most likely origin (PP = 0.94) and with a mean tMRCA of 2.9 years (95% HPD: 1.8–4.1). The other lineage (SEN2 lineage) included sequences from southern Senegal (regions of Fatick and Kaolack) and Mauritania, being Senegal the most probable origin (PP = 0.98) and with a mean tMRCA of 3.0 years (95% HPD: 1.8–4.4). These three independent lineages that have arisen approximately at the same time, around early 2018, in different regions of Senegal, share a common ancestor that was circulating in Senegal (PP = 0.96) with a mean tMRCA of 5.4 years (95% HPD: 3.6–7.5). The date of the OPV dose that initiated these three independent lineages observed in Senegal was estimated around 2015, about 5.4 years before 2021 (95% HPD: 3.6–7.5), with robust node support (a posterior probability value of 1).




Figure 3 | Maximum clade credibility (MCC) subtree of the 86 VP1 coding sequences branching with the SPA866 sequence. Branch colors indicate the most probable location of the MRCA. Node support values are indicated by their values and node size. The scale axis represents the estimated dating of the MRCA for each cluster. The regions within Senegal where samples were taken are indicated. Samples from sewage are indicated by an asterisk.







Microbiological investigation of case contacts and environmental samples in Spain

All stool samples from 25 close contacts were negative for poliovirus, as were the four concentrated wastewater samples, although rhinoviruses (n = 8) or NPEV of A and B species (n = 6) were detected in some of them (Supplementary Tables 2, 3).





Microbiological investigation of case contacts in Senegal

Field investigations were conducted around the case in the Mbour medical district (Thies medical region) in Senegal. Stool samples collected from 25 contacts tested negative for polioviruses, while 32% of them (n = 8) tested positive for enterovirus B species.






Discussion

If there are cVDPVs that emerge and circulate due to person-to-person transmission in communities with low polio immunity, there remains the potential for international spread to polio-free countries with high vaccine coverage, such as Spain. Despite the worldwide reported decline in the number of cVDPV2 AFP cases since 2020 (1082 in 2020, 682 in 2021, and 478 in 2022 across 34 countries) (World Health Organization, 2022), the risk of the international spread of cVDPV2 remains quite high. Among these cVDPV2 AFP cases, 59%, 87%, and 72% were reported in Africa in 2020, 2021, and 2022, respectively (World Health Organization, 2022). In 2021, Senegal reported 29 cases of cVDPVs (including 17 paralytic cases), with more than 80% of cVDPV2 being reported in Dakar and Diourbel (UNICEF Senegal, 2022). In this context, in September 2021, a VDPV2 was identified in the stool of a case of AFP admitted to a Spanish hospital from Senegal.

This study describes the isolation and molecular characterization of VDPV2 detected and isolated (SPA866). We demonstrate by sequencing and phylogenetic analysis of the VP1 genomic region that the isolated virus is genetically linked to cVDPVs previously isolated in Diourbel, Senegal. We estimated that the initiating OPV dose for VDPV2s circulating in west Africa in 2020–21 was given around 2015 in Senegal, and it disseminated in early 2018 within the country and lately to nearby countries such as Mauritania, Guinea, and Gambia. Thus, the widespread circulation of cVDPV2s reveals gaps in immunity to PV2 in children across all these countries and their silent circulation until the first detection in wastewater samples in Dakar, Senegal, in December 2020 (Faye. et al., 2022). The Bayesian phylogenetic analysis suggests that the most probable origin of all VDPV2 isolates circulating in Senegal, Guinea, Gambia, and Mauritania was Senegal around 2015. Our results are consistent with previous findings that suggest that VDPV2s in Senegal in 2021 will spread to Gambia (Faye. et al., 2022), given that all VDPV2 strains from the Gambia branch are in the SEN1 lineage, which has Senegal as the most likely origin with a very high probability. Similarly, these results do not contradict the possibility that the origin of some independent VDPV2 introductions observed in Senegal recorded during 2020–21 was Guinea, Mali, and Côte d’Ivoire, as previously suggested (Faye. et al., 2022). It is to be noted that results may be biased given the lack of sequence data from other countries in West Africa.

Enteroviruses are characterized by a great deal of genetic variability, relying on two different evolutionary mechanisms: mutation and recombination (Muslin et al., 2019). In this study, we looked at both mechanisms. Regarding mutations in the complete VP1 coding sequence, we observed that strain SPA866 contained reverse mutations of nt481 (A to G) and nt2909 (Ile to Thr), which are associated with the phenotypic reversion of the attenuated Sabin 2 strain to neurovirulence. Besides mutations, RNA recombination is a molecular process during which genomic fragments from different RNA strands are combined into a single genome (Muslin et al., 2019). RNA recombination with cocirculating NPEV species C (NPEV-C) strains is thought to also contribute to the emergence of cVDPVs with enhanced transmissibility, replication, and/or neurovirulence (Jegouic et al., 2009; Bessaud et al., 2016). Most cVDPVs detected to date have recombinant genomes typically composed of a P1 region (encoding capsid proteins) derived from parental OPV and P2–P3 regions (encoding non-structural proteins) derived from non-vaccine viruses, most likely NPEV-C strains (Kew et al., 2005; Combelas et al., 2011). The NPEV-C sequences found in the P2–P3 regions of previously described pathogenic cVDPVs are CVA17, CVA20, CVA11, and CVA13 (Rakoto-Andrianarivelo et al., 2007; Faleye et al., 2019). In our study, we similarly observed that strain SPA866 may be a vaccine/non-vaccine recombinant given that P2–P3 regions showed high divergences (18.8% and 17%, respectively) with Sabin 2, suggesting that the putative non-OPV sequence of SPA866 was derived from co-circulating NPEV-C. However, the parental NPEV-C strain of the non-capsid sequence could not be identified. This could be due to the scarce number of complete genome sequences for NPEV-C in public databases. For instance, only seven full-genome CVA17 strains were found in GenBank, of which four were from Africa (Madagascar, 2001–2011). Similarly, only one CVA20 from West Africa was found in GenBank (Nigeria, 2016). Another major limitation for recombination analyses was that all NPEV-C sequences retrieved from GenBank were distant both geographically and in time from study strain SPA866 (imported from Senegal, 2021). Future whole-genome sequencing of co-circulating human NPEV-C strains from West African countries, such as Senegal, Guinea, and Mauritania, will provide a clearer picture of the contribution of recombinants to the emergence of West African VDPVs. Vaccine/non-vaccine breakpoints in the genomes of recombinant VDPVs are usually located at the end of the 2A- or 2B-coding sequences, although they may also be found close to the vaccine/non-vaccine junction or in the P3 region (Rakoto-Andrianarivelo et al., 2007; Bessaud et al., 2016; Faleye et al., 2019; Joffret et al., 2021). Here we show that the likely site of recombination of strain SPA866 is in the 2A region, which is in accordance with previous studies describing breakpoints in the genomes of recombinant VDPVs type-2 from Madagascar, Nigeria, and the Central African Republic located at this position (Rakoto-Andrianarivelo et al., 2007; Faleye et al., 2019; Joffret et al., 2021).

A whole-genome sequence might be needed for a higher resolution molecular analysis of poliovirus and is important for the confirmation and classification of a VDPV (Classification and reporting of vaccine-derived polioviruses (VDPV), 2016). For the purposes of poliovirus surveillance, VDPVs are categorized as 1) circulating VDPVs, for which there is evidence of person-to-person transmission in the community, and 2) immunodeficiency-associated VDPVs (iVDPV), which are detected in persons with a primary immunodeficiency (Classification and reporting of vaccine-derived polioviruses (VDPV), 2016). Analysis of whole poliovirus genomes using unbiased metagenomics has important advantages. One is enabling the detection of recombinant genomes. This is useful to facilitate its classification as “circulating” VDPV, given that recombination is favorably favored during person-to-person transmission. Another advantage is the detection of mixtures of poliovirus genomes and genetic variants. This is useful to exclude its classification as iVDPV, given that these are characterized by complex mixtures of poliovirus strains and variants (Classification and reporting of vaccine-derived polioviruses (VDPV), 2016; Montmayeur et al., 2017). In this study, using metagenomics, we observed the recombinant structure of VDPV2 and that no other poliovirus genomes were present in the sample, confirming thus its classification as “circulating” VDPV2.

With our metagenomic protocol, a high percentage of viral reads mapping to the target poliovirus genome per total read (69.5% for stool and 75.8% for isolate) was obtained with a great depth of sequencing coverage (5,931 and 11,581, respectively). This result is in accordance with a previous study that obtained on average 68.5% ± 17.6% of viral reads mapping to reference poliovirus genomes per total read using the same NEB-RNA library kit on poliovirus isolates and a viral RNA kit for nucleic acid extraction (Montmayeur et al., 2017). However, we did not use DNase treatment after nucleic acid extraction to remove host DNA while obtaining highly efficient results and simplifying the steps in the protocol. The use of metagenomic protocols, which are increasingly accessible and affordable, in global poliovirus laboratories during the poliovirus endgame will help not only to expand poliovirus sequencing capacity worldwide but to sequence the whole genome of NPEV-C strains and thus serve in further cVDPV recombination analyses to study their contribution to the emergence of VDPVs.

Polio and NPEVs can remain infectious for as long as 2 months in the sewage. Environmental surveillance by testing wastewater samples is a valuable tool for tracking the distribution of these viruses (Global Polio Eradication Initiative). In Spain, environmental surveillance is not established nationwide but has been conducted in the capital since 1999 to maintain the techniques and protocols to be used when an event of poliovirus importation or an outbreak occurs, such as the one described in this article. Virological results in contacts and wastewater samples contributed to the dismissal poliovirus transmission in the community.

In conclusion, we used a whole-genome sequencing protocol using unbiased metagenomics directly from a clinical sample and from an isolate, obtaining high sequence coverage, efficiency, and throughput. By using this method, we generated the whole genome of an imported VDPV2 in 2021 from Spain. The rates of nt substitutions, the recombinant nature of the genome, and the close genomic linkage with strains from Senegal were consistent with the classification of VDPV2 as a circulating type imported from Senegal. We suggest an ancestral origin in Senegal around 2015 for all VDPV2s circulating in 2020–21 in Senegal, Guinea, Gambia, and Mauritania. Our findings also illustrate the importance of microbiological analysis of environmental samples to rule out further transmission.
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Introduction

West Nile virus (WNV) and Usutu virus (USUV) are emerging zoonotic arboviruses sharing the same life cycle with mosquitoes as vectors and wild birds as reservoir hosts. The main objective of this study was to characterize the pathogenicity and course of infection of two viral strains (WNV/08 and USUV/09) co-circulating in Southern Spain in a natural host, the red-legged partridge (Alectoris rufa), and to compare the results with those obtained with the reference strain WNV/NY99.





Methods

WNV inoculated birds were monitored for clinical and analytical parameters (viral load, viremia, and antibodies) for 15 days post-inoculation.





Results and discussion

Partridges inoculated with WNV/NY99 and WNV/08 strains showed clinical signs such as weight loss, ruffled feathers, and lethargy, which were not observed in USUV/09-inoculated individuals. Although statistically significant differences in mortality were not observed, partridges inoculated with WNV strains developed significantly higher viremia and viral loads in blood than those inoculated with USUV. In addition, the viral genome was detected in organs and feathers of WNV-inoculated partridges, while it was almost undetectable in USUV-inoculated ones. These experimental results indicate that red-legged partridges are susceptible to the assayed Spanish WNV with pathogenicity similar to that observed for the prototype WNV/NY99 strain. By contrast, the USUV/09 strain was not pathogenic for this bird species and elicited extremely low viremia levels, demonstrating that red-legged partridges are not a competent host for the transmission of this USUV strain.
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Introduction

West Nile virus (WNV) and Usutu virus (USUV) are arthropod-borne viruses belonging to the family Flaviviridae, genus Flavivirus. Both viruses belong to the Japanese encephalitis virus (JEV) antigenic complex (Calisher & Gould, 2003) and have a similar ecology. Their life cycle involves multiple bird species as amplifying hosts and a wide range of mosquitoes as vectors, with Culex pipiens as the main species involved (Busquets et al., 2008; Vázquez et al., 2011; Calzolari et al., 2012; Fros et al., 2015). Although horses and humans are susceptible to the infection (Castillo-Olivares and Wood, 2004; Gaibani et al., 2012; Aberle et al., 2018; Guerrero-Carvajal et al., 2021), they are not competent hosts due to their low and transient viremia, insufficient to transmit the virus to feeding mosquitoes (McLean et al., 2002; Vilibic-Cavlek et al., 2020).

West Nile virus is the etiological agent of a zoonotic disease with a severe impact on human and animal health (Nikolay, 2015). This emerging pathogen has broadly expanded during the last 20 years and is nowadays considered one of the most widespread arboviruses in the world, being present in all continents except Antarctica (Jiménez-Clavero, 2012; Paz, 2015). Although infection in humans is, in most cases, asymptomatic or results in mild clinical signs, a low percentage (<1%) of infected individuals develop severe neurological disease, including encephalitis or meningoencephalitis (Nash et al., 2001; Campbell et al., 2002). In Europe, WNV has been circulating with increasing intensity in the last two decades, spreading to most countries in the continent, except the Northernmost (European Centre for Disease Prevention and Control (ECDC), 2022). Important outbreaks of WNV lineages 1 and 2 in horses and humans have occurred also recently, mainly in eastern countries (2018), Spain (2020), and Italy (2022) (Bakonyi & Haussig, 2020; European Centre for Disease Prevention and Control (ECDC), 2022; Figuerola et al., 2022). Outbreaks in wild birds have also been observed to affect species such as the Northern goshawk (Accipiter gentilis) (Aguilera-Sepúlveda et al., 2022), snowy owl (Bubo scandiacus), Chinese merganser (Mergus squamatus), black-tailed gull (Larus crassirostris), great tit (Parus major) (Santos et al., 2022), griffon vulture (Gyps fulvus), the little owl (Athene noctua) (Bravo-Barriga et al., 2021). Although abundant information exists regarding experimental infections of birds with WNV, especially with the WNV/NY99 strain (Komar et al., 2003; Pérez-Ramírez et al., 2014), studies about the pathogenicity of Euro-Mediterranean strains in different avian species are still scarce (Sotelo et al., 2011; Dridi et al., 2013; Lim et al., 2014; Spedicato et al., 2015). In fact, the pathogenicity of new strains is worth to be studied in order to obtain a better understanding of the eco-epidemiology of WNV.

Usutu virus has spread to Europe over the last two decades mainly leading to avian mortalities (Weissenböck et al., 2002; Clé et al., 2019), and although infections in humans are considered asymptomatic or with mild clinical signs, encephalitis or meningoencephalitis cases have also been reported (Cavrini et al., 2009; Pecorari et al., 2009; Gaibani et al., 2013; Nagy et al., 2019; Pacenti et al., 2019). So far, eight lineages of USUV have been described: five European lineages (Europe 1–5) and three African lineages (Africa 1–3) (Cadar et al., 2017). Usutu virus has been identified from mosquitos (Busquets et al., 2008; Calzolari et al., 2012; Jöst et al., 2011; Vázquez et al., 2011) and birds, such as common blackbird (Turdus merula) and great gray owl (Strix nebulosa), and specific antibodies have been found in common blackbird (T. merula), carrion crow (Corvus corone), Eurasian magpie (Pica pica), house sparrow (Passer domesticus), red-legged partridge (Alectoris rufa), and common turkey (Meleagris gallopavo), among others (Figuerola et al., 2009; Llorente et al., 2013; Clé et al., 2019; Bravo-Barriga et al., 2021; Napp et al., 2021; Marzal et al., 2022). Although USUV distribution in Europe is increasing considerably (Cadar et al., 2017), scarce data from experimental infection in birds are available (Chvala et al., 2005; Chvala et al., 2006; Benzarti et al., 2020; Escribano-Romero et al., 2021; Kuchinsky et al., 2021; Kuchinsky et al., 2022).

In nature, WNV and USUV are often found co-circulating in the same areas, probably due to their similar ecology (Llorente et al., 2013). In Spain, the circulation of WNV and USUV has been known since 2003 (Figuerola et al., 2007) and 2006, respectively (Busquets et al., 2008). West Nile virus was isolated for the first time in Spain in 2007 from vertebrate hosts (golden eagle, Aquila chrysaetos; Jimenez-Clavero et al., 2008) and identified in vectors in 2006 (C. pipiens; Vázquez et al., 2010) and 2008 (Culex perexiguus; Vázquez et al., 2011). Usutu virus was detected in vectors in 2006 (C. pipiens; Busquets et al., 2008). In addition, in the south of Spain, serological evidence supports the co-circulation of both viruses in the same populations of red-legged partridge (Llorente et al., 2013). This fact could indicate that this species can play a relevant role in the epidemiology of these flaviviruses in Spain. Moreover, it has been shown as a suitable animal model for WNV experimental research. Notably, it was found to reach viremic levels high enough to infect mosquitoes (i.e., it is a competent host). Furthermore, it is useful to discriminate between WNV strains in terms of pathogenicity (Sotelo et al., 2011; Pérez-Ramírez et al., 2018; Gamino et al., 2021). However, the susceptibility of this wild bird species to USUV infection and disease, as well as its competence for virus transmission and overall epidemiological role, is still unclear.

In Southern Spain, WNV lineage 1 and a USUV Africa 2 lineage strains were detected from mosquitoes C. perexiguus in 2008 and 2009, respectively (Vázquez et al., 2011). In this area, co-circulation of WNV and USUV has been detected in birds and vectors (Llorente et al., 2013), and numerous human cases of WNV infections have been noted (Rodríguez-Alarcón et al., 2021). However, the pathogenicity of these WNV and USUV strains in wild bird hosts is still unknown.

Therefore, the main aim of this study is to evaluate the course of the infection of the WNV strain (WNV/08) and the USUV strain (USUV/09) isolated from Southwestern Spain in bird hosts by means of experimental inoculations in the red-legged partridge bird model. We examined mortality, morbidity, viremia, and virus load in blood, feathers, oral swabs, and organs and seroconversion in order to evaluate the pathogenic potential of these two flaviviruses and the potential role of the red-legged partridge as a competent reservoir host in nature.





Materials and methods




Viruses and virus preparations

Two strains of WNV (WNV/NY99, North American reference strain, and WNV/08 Spanish strain) and one Spanish strain of USUV (USUV/09) were used in this study. The origins of the Spanish strains can be consulted in Vázquez et al. (2011), and details about passage since isolation are described in Table 1. All the strains were titrated by plaque assay in Vero cells, and virus titers were given in plaque-forming units (pfu).


Table 1 | Viral strains used in this study, origins, sources, and the number of passages in cell culture.







Experimental inoculations of red-legged partridges

Six-week-old red-legged partridges (A. rufa) (n = 39) were obtained from the Lugar Nuevo breeding facility (Estación de Referencia de la Perdiz Roja, Consejería de Medio Ambiente y Ordenación del Territorio-Junta de Andalucía, Andújar, Spain, 38°16′N; 4°6′W). The partridges were transported to the biosafety level 3 (BSL-3) facilities at CISA-INIA (Centro de Investigación en Sanidad Animal, Valdeolmos, Spain) and distributed in four groups in wire mesh cages (three cages with 10 birds and another with 9) after external deparasitation. The partridges were provided with a commercial diet for game birds and water ad libitum throughout the experiment. Previous exposure of the individuals to WNV and USUV was evaluated serologically using a commercially available competitive ELISA (INgezim West Nile Compac, INGENASA, Madrid, Spain) and virologically by real-time RT-PCR (Del Amo et al., 2013).

After 7 days for acclimatization, three groups composed of 10, 10, and 9 red-legged partridges in their seventh week of age were inoculated subcutaneously in the neck (104 pfu/individual) with the strains WNV/NY99, WNV/08, and USUV/09, respectively. The inocula were diluted in 100 μl/individual of phosphate-buffered saline (PBS) with 0.2% bovine serum albumin (BSA). The fourth group (negative control group, n = 10) was sham-inoculated with an equivalent volume of PBS with 0.2% BSA and maintained in a separate cage.

Animal care, handling, and experimental procedures were authorized by the INIA Committee of Ethics and Animal Experimentation (reference: 10/033826).





Clinical follow-up and collection of samples

Partridges were observed daily for disease symptoms up to 15 days post-inoculation (dpi). All the birds were weighed at 1, 3, 5, 7, 9, 12, and 15 dpi. To assess the course of viremia and viral load in blood, samples were collected at 1, 3, 5, 7, and 9 dpi. Blood (0.1 ml) was collected in sterile polypropylene tubes filled with 0.9 ml of BA-1 diluent (Hanks M-199 salts, 0.05 M Tris, pH 7.6, 1% BSA, 0.35 g/L of sodium bicarbonate, 100 U/ml of penicillin, 100 μg/ml of streptomycin, and 1 μg/ml of amphotericin B) and stored at −80°C until analysis. To assess the antibody response, a second blood sample (0.1–0.2 ml/individual) was collected at 3, 5, 7, 9, 12, and 15 dpi in dry tubes and allowed to clot at 37°C for 1 h followed by overnight incubation at 4°C to obtain serum. Oropharyngeal swabs and immature rump feathers were collected at 1, 3, 5, 7, 9 12, and 15 dpi. Swabs were placed in sterile polypropylene tubes containing 1 ml of PBS, and feathers were collected in empty sterile polypropylene tubes. Both types of samples were stored at −80°C until analysis. At 15 dpi, three animals from each group were necropsied, and samples (approximately 0.1 g) of the brain, heart, kidney, spleen, and liver were collected in tubes containing 0.9 ml of PBS for PCR analysis. The individual that died during the experiment was necropsied, and samples of the brain, heart, kidney, spleen, and liver were collected. Single-use scalpels and forceps were used to avoid cross-contamination. Sham-inoculated (negative control group) partridges were handled, sampled, and analyzed in parallel, exactly in the same way as the virus-inoculated groups.





Virus detection assays

Viremia was measured by standard plaque formation assays as described (Payne et al., 2006). The viral genome was extracted following different previous preparation steps depending on the type of sample. Blood samples, diluted in 0.9 ml of BA-1 (see above), were centrifuged at 6,000 ×g for 5 min, and 200 μl from the supernatant was used for RNA extraction. For feathers, the vascular pulp was aseptically removed from the umbilicus with forceps and placed in tubes containing 0.9 ml of PBS (one pulp per sampling day and animal). Tissues from necropsies and feather pulps in PBS were homogenized for 2 min at 30 cycles/s using a TissueLyser homogenizer (QIAGEN, Valencia, CA, USA) followed by a centrifugation step at 6,000 ×g for 5 min to clarify homogenates. The swab suspensions were vortexed and then clarified at 6,000 ×g for 5 min. RNA from blood, organs, feathers, and swabs was extracted using BioSprint 15 platform (QIAGEN) and subjected to real-time RT-PCR (RRT-PCR), as described previously (Del Amo et al., 2013). Samples with Ct > 40.0 were considered negative (Del Amo et al., 2013).





Antibody detection assays

Virus-neutralizing antibodies in serum were titrated by virus neutralization test (VNT) in 96-well microplates as described (Llorente et al., 2019). Serum dilutions (from 1:5 to 1:1,280) were assayed in parallel against the reference strains WNV Eg-101 (GenBank accession number AF260968) or USUV SAAR‐1776 (GenBank accession number AY453412).





Statistical analyses

The survival curves between the groups of partridges infected with the different strains were calculated by Kaplan–Meier analysis and analyzed by log-rank test using IBM SPSS (IBM Corporation). Differences in weight variations during the experiment (dependent variable) among groups were analyzed by means of linear mixed models. The variables day, viral strain, and the interaction between both were included as independent factors. Individual identity was included as a random factor. Differences in body weight variation among groups at specific dpi were analyzed by a pairwise t-test. Viral genome load in blood, feathers, and oral swabs were compared between the groups infected with WNV using the Kruskal–Wallis test. Statistical analyses were run in R software 3.2.5 (R Core Team, 2016) using the package lme4 (Bates et al., 2015).






Results




Pathogenicity for red-legged partridge

All partridges inoculated with either WNV/08 or WNV/NY99 showed unspecific clinical signs (e.g., weight loss, ruffled feathers, and lethargy), while no clinical signs were observed in partridges inoculated with USUV/09. Statistically significant differences in weight variation during the infection were observed between groups. Weight gain throughout the experiment was significantly lower in the individuals infected with WNV/NY99 (estimate = −0.541; Std. error = 0.089; p-value < 0.001) or with WNV/08 (estimate = −0.478; Std. error = 0.087; p-value < 0.001) in comparison with the negative control group. However, the group infected with USUV/09 did not show a significant difference in weight during the experiment in comparison with the negative control group (estimate = −0.118; Std. error = 0.089; p-value = 0.181) (Figure 1). Statistically significant differences in body weight variation between the control and WNV/08-inoculated group were observed at specific dpi (at 7 dpi, p = 0.02; at 9 dpi, p = 0.02; at 12 dpi, p = 0.04) and between control and WNV/NY99 (at 7 dpi, p = 0.02; at 9 dpi, p = 0.02).




Figure 1 | Weight curve of red-legged partridges after virus inoculation expressed as the percentage of initial weight through different days post-inoculation. Bars represent the standard error of the mean.



Only one bird infected with WNV/08 died at 7 dpi, but non-significant differences in mortality rate in this group in comparison with the other groups were detected (p = 0.317).

Birds inoculated with WNV/NY99 or WNV/08 strains started to show symptoms at 5–7 dpi. From this day on, surviving partridges started to gain weight, although the average weight in the WNV-inoculated groups remained lower than in the USUV group and the negative control group at the end of the experiment (Figure 1). The control group stayed healthy and steadily increased weight during the experiment as expected for the age of the birds (7 weeks old at the start of the experiment).





Viral detection in blood, feathers, oral swabs, and organs

All WNV-inoculated partridges developed a detectable virus genome in blood from 1 to 9 dpi, with a peak of viral RNA load at 3 dpi. Non-significant differences in average Ct values between WNV strains were found throughout the experiment (29.35 for WNV/NY99 and 29.11 for WNV/08) (χ2 = 0.79, d.f. = 1, p-value = 0.37) (Figure 2). Regarding the USUV/09-inoculated group, viral RNA load in blood was detected, at a high Ct value (i.e., >36), in 60% (6/10) of the individuals at 3 or 5 dpi (Figure 2).




Figure 2 | Mean daily blood viral genome load for the three inoculated virus groups. Each point represents the mean Ct obtained for the surviving individuals at different times post-inoculation. Bars represent the standard error of the mean.



All inoculated partridges developed detectable viremia by plaque assay for both WNV strains analyzed. The viremia peak was observed at 3 dpi. Statistically significant differences were detected between the two WNV-inoculated groups, with WNV/08 giving higher viremia titers (1.97 × 106 pfu/ml) than WNV/NY99 (6 × 105 pfu/ml) (p = 0.04). Only three partridges developed detectable viremia at 3 dpi for USUV/09 and only one at 5 dpi. The viremia peak was also observed at 3 dpi with a mean of 8 × 102 pfu/ml (Figure 3).




Figure 3 | Mean daily viremia for the three inoculated virus groups. Each point represents the mean viremia for the surviving individuals at different times post-inoculation. Bars represent the standard error of the mean.



In feathers, viral genome load was similar in WNV/NY99 and WNV/08 groups (χ2 = 0.85, d.f. = 1, p-value = 0.36), with the peak at 7 dpi with average Ct values of 26.99 for WNV/NY99 and 28.54 for WNV/08 (Figure 4). For USUV/09-infected birds, only one individual showed viral genome in feathers at 5 dpi with a Ct value of 35.86 (Figure 4).




Figure 4 | Viral genome load of feather pulps collected from the surviving individuals of the three inoculated virus groups at different days post-inoculation. Bars represent standard error of the mean.



West Nile virus genome was detected in oral swabs of the inoculated partridges from 3 dpi to the end of the experiment (15 dpi) but at lower viral RNA loads than in blood and feathers. Statistically significant differences were not observed in the two WNV-inoculated groups (χ2 = 0.13, d.f. = 1, p-value = 0.72). The peak of viral RNA load in swabs was reached at 7 dpi for both WNV strains at Ct values of 34.20 for WNV/NY99 and 33.72 for WNV/08 (Figure 5). In the USUV-inoculated group, the virus genome was detected in oral swabs only in two birds at 7 dpi at extremely low rates (Ct values of 39.49 and 39.97, respectively).




Figure 5 | Viral genome load of oropharyngeal swabs collected from the surviving individuals of the three inoculated virus groups at different days post-inoculation. Bars represent standard error of the mean.



At the end of the experiment, in the WNV/NY99-inoculated group, low viral RNA loads were detected in some of the organs (brain, heart, kidney, or spleen) of the three animals analyzed. The highest viral RNA load was obtained in the brain, while the virus genome was completely absent from the liver. In the group inoculated with WNV/08, the viral genome was found only in the heart and spleen from one out of three analyzed birds at 15 dpi, with the highest viral RNA load detected in the heart. In the bird that succumbed to the WNV/08 infection at 7 dpi, the viral genome was detected in all the organs analyzed (brain, heart, liver, kidney, and spleen), with the highest viral RNA load in the kidney and the lowest in the liver. The Usutu virus genome was not detected in any of the organs of the three animals analyzed at 15 dpi (Table 2).


Table 2 | Virus genome (Ct values) in organs by day post-inoculation and virus strain.







Seroconversion

All surviving partridges inoculated with WNV and USUV developed antibodies. Neutralizing antibodies were first observed at 5 dpi. By day 7, all inoculated individuals had seroconverted, reaching maximum neutralizing antibody titers at 9–15 dpi (Figure 6).




Figure 6 | Neutralizing antibody response in serum of inoculated red-legged partridges measured by virus neutralization test. Bars represent standard error of the means.








Discussion

Our results show that red-legged partridges are susceptible to WNV/NY99, WNV/08, and USUV/09 infection. However, on the basis of the observed viremia and viral loads in blood, it seems that this species is a competent host for analyzed WNV isolates but not for USUV.

Previous studies have evidenced that red-legged partridges are susceptible to infection and disease and are transmission-competent hosts for several L1 and L2 WNV strains (Sotelo et al., 2011; Pérez-Ramírez et al., 2018). In these studies, important differences in terms of host competence capacity and pathogenicity for the different strains studied were observed (Sotelo et al., 2011; Pérez-Ramírez et al., 2018). However, the WNV strains analyzed in our study (WNV/08 and WNV/NY99) did not differ in either viral loads in blood or pathogenicity for the infected animals. Both strains produced similar morbidity, and although one individual infected with WNV/08 died, this did not mean a significant difference in mortality between both strains. Indeed, viral load profiles in organs, feathers, and oropharyngeal swabs during the infection were also similar. Infection of both WNV strains analyzed (WNV/NY99 and WNV/08) induced viremia values over 105 pfu/ml, which is the value considered as the threshold necessary to infect a mosquito that may feed on an infected bird (see Komar et al., 2003). Consequently, the red-legged partridge would constitute a competent host for these two strains. Thus, our results support a potential role for the red-legged partridge in the transmission of WNV in Southern Spain, where this species is endemic and the virus circulates intensively with new cases reported in every transmission season (Figuerola et al., 2022).

Regarding USUV, the virus has caused numerous deaths in birds in European countries (Weissenböck et al., 2002; Ziegler et al., 2015; Vilibic-Cavlek et al., 2020), and USUV-specific antibodies have been found in a larger range of wild bird species (Figuerola et al., 2009; Manarolla et al., 2010; Becker et al., 2012; Llorente et al., 2013; Michel et al., 2019; Bravo-Barriga et al., 2021; Napp et al., 2021; Marzal et al., 2022), evidencing exposure to USUV infection and its circulation in different European countries. However, little is known about the competence capacity of different bird species for USUV transmission due to the very scarce experimental studies performed in wild birds, particularly in natural reservoir hosts. To our knowledge, USUV experimental infection trials have been carried out in only five avian species: domestic goose (Anser anser f. domestica) (Chvala et al., 2006), domestic chicken (Gallus gallus domesticus) (Chvala et al., 2005; Kuchinsky et al., 2021), domestic canary (Serinus canaria) (Benzarti et al., 2020), Eurasian magpie (Escribano-Romero et al., 2021), and house sparrow (Kuchinsky et al., 2022). Only canaries and sparrows developed viremia levels high enough to be considered competent hosts (Benzarti et al., 2020; Kuchinsky et al., 2022). However, domestic geese, Eurasian magpies, and domestic chickens infected with USUV did not show clinical signs and did not develop high viremia levels (Chvala et al., 2005; Chvala et al., 2006; Escribano-Romero et al., 2021).

From the data of viremia and viral load in blood obtained in this study, we have found out that the red-legged partridge is susceptible to USUV infection. Nevertheless, only 30% of the infected animals showed detectable viremia, and the mean peak of viremia at 3 dpi is very low, under 103, being lower than the threshold necessary to infect a mosquito (Kuchinsky et al., 2022). Considering these data, partridge is not a competent host for USUV.

While we did not observe relevant differences in mortality rates between WNV and USUV, important differences were evidenced in terms of morbidity. West Nile virus-infected animals suffered a significant delay in weight gain as compared to the control birds. By contrast, USUV-infected partridges gained weight at a similar rate as the control group, which suggests that USUV is not pathogenic for red-legged partridges. Similar results were found for domestic canaries and house sparrows by Benzarti et al. (2020) and Kuchinsky et al. (2022), respectively.

The USUV/09 strain has been inoculated previously in 2-day-old chickens by Kuchinsky et al. (2021). They found that all the chickens survived and that no clinical signs of disease, including weight loss, were observed, but the individuals showed high viremia levels (i.e., >5 Log10 pfu/ml) (Kuchinsky et al., 2021). These viremia values could be due to the age of the individuals considering that 2-week-old chickens did not show high viremia (Chvala et al., 2005). In addition, the USUV/09 strain has been also inoculated in knockout mice (interferon α/β receptor 1 knockout (Ifnar1−/−)) showing similar pathogenicity as the African USUV strains (South Africa 1959, Uganda 2010, and Senegal 2003) and higher pathogenicity than the European USUV strain (USUV Netherlands 2016) (Kuchinsky et al., 2020).

Interestingly, the previous studies of experimental USUV infections in birds (Benzarti et al., 2020; Kuchinsky et al., 2022) point to an association of host competence and susceptibility to USUV infection with bird families, where passerines (sparrow and canary) are competent hosts and highly susceptible to USUV infection, whereas ducks and chickens (Anatidae and Phasianidae families, respectively) seem to be not competent hosts and barely susceptible to USUV infection. This is in agreement with the field observations, where most USUV detections in Europe are found in passerines. Our results observed in red-legged partridges, belonging to the Phasianidae family, are in line with these observations. However, more USUV experimental infection studies with other avian species are needed to find out which species could act as competent hosts or even as super spreaders. Likewise, differences in viremia levels or clinical signs after infection could vary depending on the USUV strain involved, as already demonstrated for WNV. Until now, to our knowledge, only one study has evaluated the susceptibility of wild birds (i.e., house sparrows) to different USUV strains (Uganda 2012 and the Netherlands 2016 belonging to Africa 3 and Europe 3 lineages, respectively), finding differences in the competence between them (Kuchinsky et al., 2022). It would be advisable to experimentally assess other recent WNV and USUV strains circulating in Europe to gain a better understanding of the transmission dynamics of these viruses in the wild.





Conclusion

In summary, we established that red-legged partridges are susceptible to the infection by WNV/08 strain, showing a similar pathogenicity as for WNV/NY99 strain. However, although red-legged partridges are susceptible to the infection by USUV/09, they are not competent hosts for the transmission of this strain. Further studies using different avian species and a variety of WNV and USUV strains co-circulating in Europe are necessary to understand the complex transmission dynamics of both viruses.
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In Spain, the largest human West Nile virus (WNV) outbreak among humans was reported in 2020, constituting the second most important outbreak in Europe that season. Extremadura (southwestern Spain) was one of the affected areas, reporting six human cases. The first autochthonous human case in Spain was reported in Extremadura in 2004, and no other human cases were reported until 2020. In this work, we describe the first WNV human outbreak registered in Extremadura, focusing on the most important clinical aspects, diagnostic results, and control actions which followed. In 2020, from September to October, human WNV infections were diagnosed using a combination of molecular and serological methods (an in-house specific qRT-PCR and a commercial ELISA for anti-WNV IgM and IgG antibodies) and by analysing serum, urine, and/or cerebrospinal fluid samples. Serological positive serum samples were further tested using commercial kits against related flaviviruses Usutu and Tick-borne encephalitis in order to analyse serological reactivity and to confirm the results by neutralisation assays. In total, six cases of WNV infection (five with neuroinvasive disease and one with fever) were identified. Clinical presentation and laboratory findings are described. No viral RNA was detected in any of the analysed samples, but serological cross-reactivity was detected against the other tested flaviviruses. Molecular and serological methods for WNV detection in various samples as well as differential diagnosis are recommended. The largest number of human cases of WNV infection ever registered in Extremadura, Spain, occurred in 2020 in areas where circulation of WNV and other flaviviruses has been previously reported in humans and animals. Therefore, it is necessary to enhance surveillance not only for the early detection and implementation of response measures for WNV but also for other emerging flaviviruses that could be endemic in this area.




Keywords: West Nile virus, human infection, flaviviruses, diagnosis, molecular and serological methods, surveillance





Introduction

West Nile virus (WNV) is an important zoonotic virus with symptoms ranging from mild fever to severe lethal neuroinvasive disease in humans. The virus is maintained in an enzootic cycle among mosquitoes belonging to the Culex genus and birds, with mammals (equids and humans) being dead-end hosts. In humans, most of the infections are asymptomatic (80%) and those who develop disease, after an incubation period of 2 to 14 days, usually have mild symptoms such as fever, headache, fatigue, malaise, myalgia, arthralgia, rash, lymphadenopathy, and gastrointestinal symptoms (anorexia, nausea, vomiting, or diarrhoea) (Gray and Webb, 2014; Barzon et al., 2015; Bai et al., 2019). Less than 1% of infected cases develop a neuroinvasive disease (WNND) such as encephalitis, meningitis, and acute flaccid paralysis, frequently associated with risk factors such as aging, solid organ transplant, diabetes, hypertension, and other immunosuppression conditions related to fatal outcome (Lindsey et al., 2012). Moreover, atypical or rare presentations of WNV disease (WNVD) such us myocarditis, pancreatitis, hepatitis, cerebellitis, rhabdomyolysis, and ocular manifestations have also been described (Hasbun et al., 2016; Konjevoda et al., 2019; Velasco et al., 2020). WNVD has sometimes been associated with several sequelae, the most frequent being muscle weakness, fatigue, myalgia, memory loss, depression, and difficulty doing activities of daily living (Carson et al., 2006; Hughes et al., 2007). There is no vaccine for humans, and treatment is supportive as there are no specific antiviral drugs.

In humans, the peak of viraemia is 4–8 days post-infection (dpi). Antibodies can be detected in serum after 3–9 dpi, and the WNV IgM generally persists for over 6 months and may still be detectable for up to 1 year (Barzon et al., 2015). The laboratory-based diagnostic approaches are composed of virus isolation, RT-PCR, serology, and pathological examination. The most commonly used molecular diagnostic technique is real-time reverse transcription polymerase chain reaction (qRT-PCR), as it is a very fast and reliable technique, which also quantifies the viral genome. Serologically, diagnosis is based on the detection of IgM and IgG antibodies against WNV. As cross-reactivity with other flaviviruses may occur, the virus neutralisation tes by virus neutralisation tes against WNV remains the gold standard because of its high specificity and ability to detect and quantify neutralising antibodies to the virus (Tardei et al., 2000; Lustig et al., 2018). The limitation of this assay is that it takes a week to obtain results and, in Europe, a biosafety level 3 laboratory is required.

Since its discovery, WNV has caused human and animal disease outbreaks all over the world, except in Antarctica. In Europe, the virus is endemic and emerging in multiple countries. Over the last two decades, there have been notable increases in the number and extension of human and equine cases. Several genetic lineages of the virus have been detected (Vázquez et al., 2010), but lineages 1 and 2 have been mainly responsible for the disease in humans and equids in European countries. According to reports by the European Center for Disease Prevention and Control (ECDC), a significant increase in the number of human cases was observed in 2018 in Europe, eight times higher than in 2017 (ECDC, 2019). Most locally acquired cases were reported by Italy, Greece, and Romania, representing 39%, 20%, and 18% of EU cases, respectively. During 2020, EU/EEA and EU-neighbouring countries reported 336 locally acquired human cases of WNVD, mostly in Greece, Spain, and Italy (ECDC, 2020). Later, in 2021 (ECDC, 2022a) and 2022 (ECDC, 2022b), 139 and 965 human cases respectively were reported in Europe. In Spain, WNV fever is a notifiable disease. The first two notified human cases were detected in Andalusia in 2010 (García-Bocanegra et al., 2011), although the first known human case—diagnosed retrospectively—occurred in 2004 in Badajoz (Extremadura) (Kaptoul et al., 2007). Three additional cases were notified in Andalusia in 2016 (López-Ruiz et al., 2018), and no autochthonous human cases were reported from 2017 to 2019 in Spain. In the summer of 2020, the greatest number of WNV cases in humans in Spain was described (García San Miguel Rodríguez-Alarcón et al., 2021), with 77 cases detected in southwest Spain (71 from Andalusia and 6 from Extremadura) in areas where the virus was detected in previous years in humans, animals, and/or mosquitoes. Between 2021 and 2022, 10 human cases were reported in Spain, eight in Andalusia, and two in Catalonia, but none in Extremadura (ISCIII, 2022). Several studies in Spain have revealed the circulation of WNV in Andalusia during at least the last two decades. Moreover, the presence of WNV through seroprevalence studies is being detected in other Spanish regions (Extremadura, Catalonia, Castilla La Mancha, Castilla León, Comunidad Valenciana, and Mallorca) in birds, horses, and other mammals (Vanhomwegen et al., 2017; Napp et al., 2021; Casades-Martí et al., 2023).

In 2020 in Extremadura, where WNV human cases had not been reported since 2004, six autochthonous WNVD were described in Badajoz province. These cases were detected in areas where circulation of WNV and other flaviviruses, such as Usutu (USUV) and Tick-borne encephalitis (TBEV), has been described in birds, horses, and/or dogs (García-Bocanegra et al., 2018; Bravo-Barriga et al., 2021; Guerrero-Carvajal et al., 2021). Moreover, in 2020, when the WNV human outbreak occurred, USUV RNA was detected in mosquitoes and USUV-specific antibodies were detected in wild birds close to rural and urban areas, which is indicative of an active circulation and represents a public health threat (Bravo-Barriga et al., 2023). In 2021, no WNV human cases or animal outbreaks were reported through the veterinary surveillance system, and in 2022, there were only three equine outbreaks in Badajoz (Ministry of Agriculture and Fisheries and Food, 2023a; Ministry of Agriculture and Fisheries and Food, 2023b).





Materials and methods




Outbreak detection

On 22/09/2020, the National Reference Laboratory for Arboviruses in Spain (NRL), of the National Center for Microbiology (NCM-ISCIII), confirmed a WNV human case in a patient in the province of Badajoz (Extremadura). In the following 4 weeks, five more cases were detected in surrounding areas, one of them by additional epidemiological investigations and retrospective serological analyses from patients with neurological disease of unknown but suspected viral aetiology. No travel history was described for the six detected WNV human cases.

The data available from the Ministry of Agriculture and Fisheries and Food (Ministry of Agriculture and Fisheries and Food, 2023a; Ministry of Agriculture and Fisheries and Food, 2023b) regarding animal surveillance and human cases were consulted, and a map was made with spatial distribution in livestock regions (sanitary areas concerning veterinary health). This map was created with free software QGIS v.3.18.





Case definition

In Spain, WNVD has been notifiable since 2010. The detection of a single case is considered a Public Health Alert. Epidemiological data are provided as soon as it is available and updated according to the evolution of the cases, following National Guidelines, which contain case definition, public health measures such us seasonal active surveillance of meningoencephalitis cases in certain regions considered at risk, and response in case of an outbreak together with standardised survey of cases. According to the National Guidelines and the European Union case definition, a WNVD human case is suspected when a person lives in/or has visited a high-risk area, or has been bitten by mosquitoes and presents at least one of the following signs or symptoms with or without fever (>38.5°C): encephalitis, meningitis, acute flaccid paralysis, or Guillain-Barré syndrome. Laboratory case definitions and diagnostic algorithms for WNV human infections are defined as laboratory-confirmed or probable cases. At least one laboratory criterion is required to confirm the case: isolation of the virus, nucleic acid detection in a clinical sample, IgM detection in cerebrospinal fluid (CSF), or WNV IgM and IgG detection in sera confirmed by the neutralisation assay. The presence of WNV-specific antibodies in a serum sample allows only probable case classification. Laboratory results need to be interpreted according to flavivirus vaccination status (European Commission, 2018; ISCIII, 2021).





Ethical statement

The cases reported in this study were investigated with routine procedures according to the national surveillance plan for WNV infection. A unique ID to ensure the anonymity of patients and no patient identifiers were included in the study. The study was approved by the Ethical Committee of ISCIII (No. CEI PI 06_2023).





Microbiological investigations

In the regional hospitals, the acute serum samples were tested by serological methods to detect recent infection due to Borrelia spp., Leptospira spp. and Coxiella burnetii, and by molecular methods to detect herpes simplex virus, varicella zoster virus, enterovirus, and cytomegalovirus in the central nervous system (CNS). The CSF samples were also biochemically analysed.

For WNV diagnosis, the samples were sent to the NCM-ISCIII. Molecular and serological methods were used in serum, urine, and CSF samples. The presence of WNV RNA was investigated in serum, urine, and CSF acute samples using a specific WNV qRT-PCR (Vázquez et al., 2016). Anti-WNV immunoglobulin M (IgM) and immunoglobulin G (IgG) antibodies were determined in human CSF by sera acute and convalescent samples, using WNV IgM Capture DxSelect and WNV IgG DxSelect ELISA kits (Focus Diagnostics, Cypress, California, USA).

Specimens found positive for WNV antibodies were also tested against other flaviviruses (USUV and TBEV) to exclude possible cross-reactivity. The methods used were USU IgG ELISA Euroimmun assay and TBE IgG and IgM indirect immunofluorescence assays (IFA) (Flavivirus Mosaic 1, Euroimmun, Lübeck, Germany) for TBEV. These assays were performed according to the manufacturer’s instructions. WNV IgM-positive results were confirmed performing the WNV IgM assay, which was carried out in parallel in the presence and absence of antigen.

To confirm the specificity of the antibody response, positive or indeterminate sera in both WNV IgG and IgM ELISA tests were assayed by neutralisation test (NT) against WN (strain HU6365/08), USU (strain HU10279/09), and TBE (strain Neudorfl) viruses. For this purpose, samples were tested in duplicate. Briefly, serum samples were inactivated at 56°C for 30 min and then twofold dilutions (25 µl) of the samples ranging from 1:8 to 1:512 were placed in a 96-well tissue culture microplate (Nunc A/S, Roskilde, Denmark) and mixed with 25 µl containing 100 tissue culture infectivity doses (100 TCID50) of the virus. After 1 h of incubation in a 5% CO2 incubator at 37°C, 50 µl of a Vero E6 cell suspension containing 4 × 105 cells/ml was added to each well. Cultures were maintained for 7 days at 37°C and 5% CO2, and microscopic evaluation of the cytopathic effect was carried out 3, 5, and 7 days after inoculation. The titres of neutralising antibodies were defined as the highest serum dilution that showed >90% neutralisation of the virus challenge. Neutralising antibody titres ≥1:16 were considered positive. Specific responses to viruses were based on the comparison of NT titres obtained in parallel against the three flaviviruses, and the neutralising immune response observed was considered specific when NT titres for a given virus were >fourfold higher than the titre obtained for the other viruses. All these procedures were performed in a biosafety level 3 laboratory.

The WNV NAT (Nucleic Acid Testing) screening in blood donations in Extremadura was performed on individual samples using the commercial cobas® WNV Test on the cobas 6800 System (Roche Diagnostics). This screening was performed until the end of the WNV season attending to the recommendations of official organisms.






Results




Description of human cases of WNV infection

Between September and October 2020, six human cases of WNV infection were identified. The first WNV case was diagnosed on 22 September and the last one on 16 October. Symptom onset occurred between 1 and 30 September. All the patients were over 50 years old, and the average age was 64 (range 51 to 80). Two were women and four were men. No epidemiological link according to municipality of infection was found. All cases were admitted to the hospital and presented fever and other WNVD-related symptoms such as headache (n = 3), malaise (n = 2), dizziness (n = 2), diarrhoea (n = 1), vomiting (n = 1), cough (n = 1), hypertension (n = 1), and arthromyalgia (n = 1). Five of them presented WNND and the other one fever with arthromyalgia, headache, lymphopenia, and thrombopenia. Several complications such as asthenia, hypertension, unstable gait, muscle pains, bradypsychia, fever, dizziness, tremors, arthralgia, hydrocephalus, and cognitive impairment were observed, and three patients with previous pathologies presented worse disease evolution. There were no deaths, and all cases were discharged by 23 October. The mean length of stay was 16 days (range 6 to 29) (Table 1).


Table 1 | Summary of clinical data of the patients infected with West Nile virus in Extremadura, Spain, 2020.



None of the patients had a history of travel abroad during the incubation period, and none had been vaccinated against other flaviviruses such as TBEV, yellow fever (YFV), or Japanese encephalitis (JEV).

Patients’ epidemiological, clinical, and laboratory data are presented in Tables 1, 2.


Table 2 | Summary of the molecular and serological results obtained from the analysis carried out in the samples obtained from the patients.







Laboratory results

In total, 24 samples belonging to the six patients were analysed. The acute serum samples were negative for detecting recent infection due to Borrelia spp., Leptospira spp., Coxiella burnetii, herpes simplex virus, varicella zoster virus, enterovirus, and cytomegalovirus. In the CSF, the bacterial culture was negative and the CSF analysis typically showed mononuclear pleocytosis (>15 leucocytes/µl) with elevated protein concentration and a normal glucose level.

There were 15 samples (sera, CSF and urine) examined by qRT-PCR for WNV, none of which were positive (Table 2). All the cases were confirmed by detection of neutralising antibodies against WNV by the neutralisation assay in serum samples, although in four out of six cases, diagnosis was also confirmed by detection of IgM antibodies in CSF. The titre of the neutralising WNV antibodies was low, in a range from 1/16 to 1/64. A convalescent serum was obtained in four patients, and a slight rise in the neutralisation titre was found. All the human serum samples showed IgM positivity for WNV and seroconversion or a rise of the IgG level. IgM against TBEV was also tested in some acute and convalescent serum samples by IFI giving negative results, except one sample that showed positive immunofluorescent signal at 8 days post-symptom onset (dpo). However, all convalescent samples IgG positive for WNV showed cross-reactivity in IgG against TBEV and USUV, showing a high degree of cross-reactivity in these assays between these flaviviruses, but no neutralising antibodies against TBEV or USUV were detected.





Outbreak control measures

After the first human case diagnosis on 22 September, a control of the blood and organs donation system was activated, according to the Ministry of Health regulations, the National Transplant Organization, and the European Commission directive 2014/110/UE (Scientific Committee for Transfusion Safety, 2021). Regarding the measures adopted to prevent the transmission of the virus through blood donations in risk areas, once the first confirmed WNV case was detected, all donations in the affected areas were blocked during the incubation period of the first case. Moreover, blood collections were cancelled in high-risk areas until September 29 when WNV NAT screening was introduced. This measure to control donations was maintained until the end of the virus circulation season. All the samples tested by NAT screening were negative. Moreover, an active surveillance was established by epidemiological surveillance units and Hospital Clinical Services, and all clinicians were alerted through the Extremadura Health Service. A retrospective search for possible WNVD human cases (undiagnosed meningitis and meningoencephalitis from Badajoz province) was intensified after the first case, identifying five probable cases of which one was confirmed by laboratory methods. Additional measures were activated, including information campaigns on mosquito bite prevention, cleaning potential mosquito-breeding sites, recommendations for tissue-sample handling, postmortem examination, and safety in transfusions and transplants. Additionally, at a Regional level, an entomological surveillance was established. Furthermore, at a National level, a review and update of the national guidelines for surveillance and rapid risk assessments was performed (Spanish Ministry of Health, 2020).

According to the data available from the Ministry of Agriculture and Fisheries and Food (2023a) and (2023b) regarding animal surveillance, seven cases of WNV were reported in horses belonging to three livestock regions (sanitary areas concerning veterinary health), between 4 September and 23 October in six areas in Extremadura (Caceres and Badajoz), all very close to the affected area where the human cases were detected (Figure 1). Of the seven horses, five (71%) were detected in Badajoz province and two (29%) in Caceres province. Five of them (71%) were diagnosed in September and three of them a few days before the first human case (Table 3).




Figure 1 | Areas with WNV equine foci or human cases. Data from 2004 to 2020.




Table 3 | Epidemiological information of the equine and human cases in Extremadura, Spain.








Discussion

During the 2020 WNV transmission season, Spain was the second country with more human WNV infections in Europe, registering the highest human WNV outbreak ever in the country with a total of 77 cases. Six patients were infected in Extremadura, the region where the first autochthonous human case was retrospectively identified in 2004 and no other cases had been reported until 2020. The absence of human cases reported in previous seasons in this area could be explained by a lack of clinical suspicion as most infections are asymptomatic (80%). Even when WNV infection is suspected, the diagnosis is complicated and a combination of molecular and serological assays is necessary. Generally, patients with severe clinical symptoms seek medical care, therefore the probability of detecting and reporting them is higher. In this outbreak, the six described cases exhibited fever, the most common clinical signs of the infection, and five of them (83%) presented neurological disease. Taking into account that less than 1% of infected cases develop a WNND, a high number of WNV infections would have gone undiagnosed. Thus, educational plans targeting citizens, clinicians, public health workers, and decision makers should be carried out in order to increase the awareness of WNV and other emerging diseases.

WNVD in humans is associated with mild symptoms (fever, headache, chill, malaise, myalgia, arthralgia, rash, vomiting, nausea, anorexia), most of which were present in the patients described in this outbreak. However, atypical or rare presentations such as myocarditis, pancreatitis, hepatitis, cerebellitis, rhabdomyolysis, and ocular manifestations were not observed even though the patients described in this work presented several of the risk factors related with worse disease evolution and aftermath such as the age (ranging between 50 and 80), living in rural areas in contact with animals, diabetes, hypertension, cardiovascular disease, and chronic lymphocytic leukaemia. In fact, several sequelae have been described in some of these patients such as unstable gait, muscle pains, bradipsychia, dizziness, tremors, forgetfulness, asthenia, hydrocephalus, arthralgia, muscle paints, dyspnoea, and cognitive impairment, especially in patients with chronic morbidities. In general, age and gender are the main intrinsic predisposing factors related to WNVD. It has been reported that individuals older than 50 years of age are more susceptible to severe infections with neurological involvement and that patients older than 75 generally succumb to the infection (Gray and Webb, 2014). The latter could be explained by age-related innate immunosenescence. Regarding gender, more men have been described among WNVD cases, probably because they have more outdoor occupations and are more exposed to mosquito bites. In fact, in rural areas, WNV outbreaks and disease incidence and prevalence have been linked with agricultural activities. In the outbreak described in this work, although there were more men infected, we cannot draw conclusions due to the small number of cases. Other major risk factors are preexisting medical conditions such as cancers, cardiovascular diseases, and diabetes (chronic morbidities), and immunosuppressed individuals have a 40 times higher risk of contracting the disease and dying from WNV infection (Lindsey et al., 2012).

WNV diagnosis was possible in all cases by serological assays. From all patients, CSF, sera, and urine samples were available and analysed. Although all acute samples (<7 dpo) were available in four of the six patients, no positive results were obtained by qRT-PCR. Urine samples from different dpo (from 8 to 35) were analysed by PCR because in several studies viral RNA was detected in urine for much longer (including up to a month postinfection) than in plasma and with higher viral load (Barzon et al., 2014). However, all of the urine samples analysed in this work were negative.

In Extremadura, viral information about the WNV human and equine cases has not been available yet, even though sporadic WNV outbreaks in horses have been reported at least since 2015 (Ministry of Agriculture and Fisheries and Food, 2023a; Ministry of Agriculture and Fisheries and Food, 2023b). A recent study carried out in birds of this region (Bravo-Barriga et al., 2021) revealed WNV lineage 1 circulation, the same lineage that was detected previously in neighbouring areas in birds (Castilla La Mancha, 2007), mosquitoes (Andalusia, 2008; and 2020), and horses (Andalusia, 2010) (Sotelo et al., 2009; García-Bocanegra et al., 2011; Vázquez et al., 2011). These studies showed a high prevalence (18.23%) and active circulation of WNV in wild birds during the period 2017–2019. These seroprevalence levels are higher than those found in other European countries and very similar to those detected in birds from Doñana National Park, an endemic WNV area in Andalusia (López et al., 2011). Another study carried out in dogs in the southwest of Spain revealed the presence of neutralising antibodies against WNV and TBEV, demonstrating the circulation of these viruses in these areas (García-Bocanegra et al., 2018). Moreover, the recent detection of USUV (RNA in mosquitoes and USUV-specific antibodies in birds) and an undetermined flavivirus highlights the widespread circulation of WNV in this endemic area and its co-circulation with USUV and other flaviviruses (Bravo-Barriga et al., 2023). In the six patients studied in this work, cross-reactive IgG antibodies against USUV and TBEV were detected in all the convalescent sera samples tested, but not in the CSF. Although the presence of cross-reactive antibodies against the three flaviviruses was observed in the ELISA and IFA assays, confirmation of WNV infection was possible by neutralisation assays. Taking into account flavivirus co-circulation and the serological cross-reactivity described among these viruses, the laboratory findings should be carefully addressed and a combination of molecular and serological techniques is necessary for a complete diagnosis of this infection. Therefore, although no human infections by USUV or TBEV have been reported in Extremadura until now, when a human WNV infection is suspected in this area, a differential diagnosis should be carried out against these flaviviruses—which may also be endemic in this area—and serological cross-reactions should be excluded.

The history of detection of WNV for more than 15 years both in birds and horses, as well as the increase in human cases described in this work, indicates its establishment and spread in Extremadura, Spain. Moreover, the recent detection of USUV close to urban areas represents a public health threat that requires inclusion in the differential diagnoses in patients with compatible symptoms. Therefore, it is necessary to establish surveillance programs for these emerging flaviviruses and to develop coordinated national plans integrating multisectoral and interregional participation from a one-health approach.
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Hepatitis is an inflammation of the liver whose etiology is very heterogeneous. The most common cause of hepatitis is viral infections from hepatotropic viruses, including hepatitis A, B, C, D and E. However, other factors such as infections from other agents, metabolic disorders, or autoimmune reactions can also contribute to hepatitis, albeit to a lesser extent. On April 5, 2022, the United Kingdom Health Security Agency alerted the World Health Organization (WHO) on the increased incidence of severe acute hepatitis of unknown causes (not A-E) in previously healthy young children, with symptoms of liver failure that in some cases required liver transplantation. By July 2022, 1,296 cases were reported in 37 countries. Acute hepatitis of unknown causes is not an exceptional phenomenon: in fact, it represents more than 30% of cases of acute hepatitis in children, however in the present instance the large proportion of severe cases was surprising and alarming (6% of liver transplants and almost 3% mortality). Multiple hypotheses have been proposed to explain the etiology of such higher proportion of acute hepatitis, including their co-occurrence in the context of COVID-19 pandemic. This is a review of the history of a clinical threat that has put in check a world health care system highly sensitized by the current COVID-19 pandemics, and that it looks like has ended with the arguments that the severe acute pediatric hepatitis is caused by Adeno-associated virus 2 (AAV2) infection associated with a coinfection with a helper virus (human Adenovirus HAdV or human herpesvirus 6) in susceptible children carrying HLA-class II antigen HLA-DRB1*04:01.
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Introduction

Hepatitis is an inflammation of the liver, which can affect the portal tract or the hepatic acinus or combine both phenotypes. The causes of hepatitis are multi etiological. Initially, a possible infection by hepatotropic viruses, such as hepatitis viruses A, B, C, D and E (not A-E) was proposed as a main cause, however other infectious agents may also be responsible in a minority of patients (Box 1). Liver damage can also arise as a post-toxin event to drugs or botanicals. Other events may include excessive accumulation of fat in the hepatocytes, or NAFLD (non-alcoholic fatty liver disease)/NASH (non-alcoholic fatty liver disease-steato-hepatitis), or autoimmunity/immune dysregulation. The diagnosis of acute hepatitis of unknown origin not A-E generally refers to liver injury caused by the exclusion of known infectious or non-infectious factors (Box 1). This disease represents over 30% of the cases of acute hepatitis in children (Alonso et al., 2017).


 Box 1 Definition of cases to report and guidelines for ruling out known etiologies.

Definitions of cases. ECDC case definition. (a) Confirmed: A person presenting with an acute hepatitis (non hepA-E*) with serum transaminase >500 IU/l (Aspartate Transaminase-AST or Alanine Transaminase-ALT), who is 10 years and under, since 1 January 2022. (b) Possible: A person presenting with an acute hepatitis (non hepA-E*) with serum transaminase >500 IU/l (AST or ALT), who is 11 to 16 years, since 1 January 2022. (c) Epi-linked: A person presenting with an acute hepatitis (non hep A-E*) of any age who is a close contact of a confirmed case, since 1 January 2022. (*) Cases with other explanations must be discarded. WHO case definition. (a) Confirmed case: not available. (b) Probable case: A person with acute hepatitis (not A, B, C, D, E*) with serum transaminase levels >500 IU/L (AST or ALT). 16 years of age or younger, as of October 1, 2021. (*) Cases with other explanations must be discarded.

Guidelines for ruling out know etiologies. (1) PCR tests using blood/serum samples for adenovirus, enterovirus, human herpes virus 1, 2, 3, 4, 5, 6 and 7, hepatitis A, C and E virus; (2) Serological tests for hepatitis A, B, C, and E viruses, EBV, and cytomegalovirus (CMV) in addition to SARS-CoV-2; (3) Blood culture for bacteria if fever is present; (4) Panel of multiplex PCR respiratory viruses (including adenovirus, enterovirus, influenza virus, human bocavirus, and SARS-CoV-2) from the earliest possible throat swab; (5) Multiplex PCR gastrointestinal virus panel (including adenovirus, sapovirus, norovirus, enterovirus) in a stool sample; (6) Culture of stool for common bacterial enteropathogens, including Salmonella; (7) Test for adeno-associated and Adenovirus co-infection.

Serologic testing for anti-streptolysin O (ASO), throat swab culture for group A hemolytic streptococci, and serum/urine tests for leptospirosis should be considered if clinically indicated. Toxicology screening with blood and urine samples should also be considered.







A new health alarm in children: another deja vu feeling or it is actually happening?

Today, scientific and technological advancements have reached unparalleled levels of precision, sophistication, and power, enabling us to investigate diseases that occurred in ancient times, long before historical records were even conceived (Rodríguez-Frías et al., 2021). These extraordinary advances in technology and communication, coupled with the researchers’ ability of channeling their creativity, have fostered true neural networks among professionals worldwide. Irrespective of any alarming situation, this interconnected global medical community can be used to face present and future unknown clinical scenarios.

One such scenario emerged on April 5, 2022, when the United Kingdom Health Security Agency (UKHSA) alerted the World Health Organization (WHO) about a notable increased incidence of severe acute hepatitis of unknown cause among young children (UKHSA, 2022). Almost simultaneously, a similar situation was reported at the Children’s Hospital of Alabama (USA), where the majority of children admitted with acute hepatitis had an unknown cause (Gutierrez Sanchez et al., 2022), raising significant concerns due to the severity of its clinical presentation and the young age of the affected children. The number of admissions in 2022 in UK, was equal or greater than the total annual admissions in previous years. Similarly, the Women’s and Children’s Hospital in Alabama (USA) reported an increase, with 10 cases admitted between January and March 2022 compared to 1 to 5 cases per year previously (Kelgeri et al., 2022).

Consequently to these observations, the European Center for Diseases Prevention and Control (ECDC) and the Center for Disease Control and Prevention (CDC) issued a warning about hepatitis of unknown origin in children (who/ecdc, 2022; World Health Organization (WHO), 2022). Of the 13 cases notified by the British agency to the WHO, 10 cases aroused in Scotland in children of 11 months to 5 years of age and required hospitalization. One child had an onset of symptoms in January 2022 and nine cases on March 2022. The children presented frequent non-specific gastrointestinal symptoms, such as diarrhea and vomiting, progressing to jaundice, abdominal pain, nausea, and malaise, with elevated aminotransferase (ALT) and bilirubin levels. On April 8, 2022, an UK nationwide investigation identified a total of 74 cases with similar characteristics to the original 10 cases, including high aminotransferase levels (>500 IU/L) in serum, being negative for hepatitis A to E virus infections. Conceivably, patients with milder hepatitis may have not been detected and therefore notified.

In light of the aforementioned scenarios, WHO, ECDC, CDC, and UKHSA agencies reached a consensus on the definition for the acute hepatitis, similar to the one employed in Scotland, based on exclusion of other causes of acute hepatitis. In this new definition, the category of “confirmed case” was replaced by “probable case” (Box 1). It should be noticed that all documented cases coexisted with previously reported cases, including those diagnosed under different criteria. Between April and September 14, 2022, a total of 1,296 probable cases had been reported from 37 countries/regions (Table 1), 40% of them (519) were from Europe, predominantly from Scotland and the UK (277), while 28% were from US (364), with approximately 55 cases requiring liver transplantation and 29 resulted in death (Gong et al., 2022). These data, along with the ongoing prevalence of SARS-CoV-2 infection, led the cases of severe acute hepatitis in children be considered a potentially new “health alarm”.


Table 1 | Distribution of the 1296 cases reported up to July 12, 2022.



In the last decade the evident success of vaccinations against hepatitis A and B viruses has caused a great reduction of acute infections of known origin. Nonetheless, certain viruses other than the classical hepatotropic ones (A to E) that are frequent in childhood, also present a certain hepatotropism, such as Epstein-Barr Virus (EBV), herpes simplex virus; varicella-zoster virus; human herpesvirus 6, 7, and 8; human parvovirus B19; adenoviruses; cytomegalovirus; among others (Gallegos-Orozco and Rakela-Brödner, 2010). These viruses together with other possible non-viral, toxic or autoimmune dysfunctions may cause a severe disease in a minority of patients (Box 1). In such cases, liver damage is very rapid and it is accompanied by important elevations of liver enzymes (over 100 times the upper limit of the normal range) ALT and aspartate aminotransferase (AST). In these severe cases, patients experience a rapid deterioration in their condition, resulting in significant liver function impairments such as coagulopathy, jaundice, and encephalopathy, which can ultimately progress to liver failure. In rare instances, liver failure may require transplantation, and in many patients with functional deficiencies no marked elevations of aminotransferases are observed and most of them recover due to the remarkable regenerative capacity of the liver.

In large series of children hospitalized with liver failure, most of them (between 49-64.5%) met the criteria of pediatric acute liver failure of unknown etiology or indeterminate (Squires et al., 2006; Squires et al., 2014; Leiskau et al., 2023). In a 2017 study from the Pediatric Acute Liver Failure Study Group (PALFSG) including over 1,000 children, 30% of miss-diagnosis were reported with more than 60% of cases observed in children of 1 to 5 years of age (Alonso et al., 2017). Given the extraordinary youth of the affected individuals, any possible cause should be explored including genetic and environmental triggers, able to explain the most severe cases(Centers for Disease Control and Prevention (CDC), 2022; Squires et al., 2022). As previously stated, although rare, acute hepatitis of unknown etiology in children is not a new entity, but the current alarming situation seems truly exceptional.

Currently, while the situation of acute hepatitis of unknown etiology in children remain as “open active alert”, we consider helpful to provide an update as of October 27, 2022, specially focusing on the WHO European Region having important repository Historical Archives. Considering the 22 countries (HAEC 2022), 563 cases have been reported: Austria (6), Belgium (14), Bulgaria (1), Cyprus (2), Denmark (8), Finland (1), France (10), Greece (20), Ireland (29), Israel (5), Italy (47), Latvia (1), Luxembourg (1), Netherlands (16), Norway (6), Poland (22), Portugal (26), Republic of Moldova (1), Serbia (1), Spain (54), Sweden (12) and the United Kingdom (280) (Ministerio de Sanidad, 2022; who/ecdc, 2022). The epidemiological curve shows the cases by date of symptoms onset (381 cases), date of hospitalization (159 cases) and date of notification at the national level. The cases (numbers) by week in Europe as of October 27 are shown in Figure 1 (Pan et al., 2022; World Health Organization (WHO), 2022), showing that there was a notable increase in cases from week 12, remaining stable until week 18 with 28 to 39 cases reported per week. Although late reporting may affect recent case numbers, there was a steady decline in weekly reported cases starting from week 18. The majority of patients (75.7%) were five years old or younger. In Europe, there were seven deaths related to the disease out of the 364 reported cases. Among the reported cases, 98 (26.9%) required admission to the Intensive Care Unit. Out of the 313 cases with available information, 24 cases (7.7%) underwent a liver transplant. Among 440 cases analyzed for different adenovirus detection, 231 (52.5%) tested positive. The highest positivity rate was observed in whole blood samples (49.5%). Adenovirus typing information was only available for eleven cases: type 31 (n = 1), type 40 (n = 3), type 41 (n = 5) and other types (n = 2). Among 384 cases analyzed for SARS-CoV-2 detection using PCR, 40 (10.4%) were positive. However, serology results for SARS-CoV-2 were available for only 109 cases, with a higher frequency of 68 (62.4%) positive cases. In addition, out of 162 cases with vaccination data against COVID-19, 143 (88.3%) were not vaccinated (Ministerio de Sanidad, 2022).




Figure 1 | Severe acute hepatitis in children, in Europe WHO region, by week. Data updated up to 27 October 2022, and obtained from WHO (World Health Organization (WHO), 2022).



A global predisposition based on gender and ethnicity was observed. In Spain, the Health Alerts and Emergencies Coordination Center (HAECC) issued a report on April 22, 2022, regarding “Alert of severe acute hepatitis of unknown causes, non A-E, in children under 10 years in UK. Situation in Spain”. The report stated that as of November 10, there were 59 unrelated cases of liver failure in children under investigation in Spain, with 48 of them being 10 years old or younger. No cases with epidemiological link were found. A microbiological study of 59 cases, confirmed the absence of known causes of hepatitis in 32 of them (viruses A to E, leptospira, parvovirus B19, herpes simplex, and varicella zoster virus, were negative) (Ministerio de Sanidad, 2022). When the 32 cases were analysed for herpes virus, 8 patients (25%) were found positive for herpes viruses, 6 of them for cytomegalovirus (CMV), 1 was herpes type 6 and the last was epstein-barr virus (EBV) plus herpes type 7. Additionally, 15 out of the 32 cases (47%) were positive for adenovirus, and 3 cases resulted positive for enterovirus in serum (one of them typed by metagenomics as coxsackie B4). Further analysis of the 15 adenovirus-positive cases revealed infection of type-2 adenovirus (1 case), and type-41 adenovirus (1 case) using metagenomics. In addition, 4 other adenoviruses (two types 5 and two types 41) were identified using PCR/partial sequencing. In addition, using metagenomics, 8 cases of adenovirus revealed the adeno associated, dependovirus-parvovirus A (AAV), and 2 cases were AAV type 2. Interestingly, AAVtype 2 has not been previously associated with any human pathology. Additionally, other viruses of known pathogenic interest have been found: 1 coronavirus NL63, 1 echovirus 11, 3 sapporo virus, and 2 parechovirus. Multiple pathogens were found in 15 cases, while no pathogens were found in 10 cases. The HAECC report in Spain concluded that adenovirus was commonly detected in severe acute hepatitis of unknown causes.

It is worth mentioning that the liver histology of autoimmune hepatitis is very similar to that induced by drugs or toxins, characterized by the presence of eosinophils. Hepatitis has been reported as part of a multisystem inflammatory syndrome in children (MIS-C) (Heinz et al., 2020; Xu et al., 2020). While it is well-known that influenza viruses, coronavirus, herpesvirus, CMV and EBV virus can cause hepatitis in both immunocompetent and immunocompromised adults and children (Spengler, 2020), none of the aforementioned viruses can be associated with the current case of severe acute hepatitis in pediatric patients. Regarding the management of clinical patients, the majority of children with severe acute hepatitis typically achieve full recovery with supportive care. However, it is important to acknowledge that the clinical course of the disease can be unpredictable, and in rare instances, it may progress to acute liver failure. Therefore, it is crucial for clinicians to be well-informed about the signs that indicate disease severity progression and to stablish a threshold for referring patients to a liver transplant center (Leiskau et al., 2023) (Box 1).





Was SARS-CoV-2 infection a critical cofactor for the development of severe acute hepatitis in children?

The prevalence of induced hepatic dysfunction including “cytokine storm” injury (Li and Fan, 2020; Trevenzoli et al., 2020), increased susceptibility to HAdVs contagion or a greater virulence of the adenovirus caused by the concurrent SARS-CoV-2 infection(Brodin and Arditi, 2022), hyper immunization-related factors (Avci and Abasiyanik, 2021; Bril et al., 2021; Rocco et al., 2021; Vuille-Lessard et al., 2021), molecular mimicry (Lai et al., 2022), and auto-inflammatory dysregulation caused by the virus itself (Vojdani and Kharrazian, 2020; Bril et al., 2021; Rocco et al., 2021; Vuille-Lessard et al., 2021), have supported a potential relationship between SARS-CoV-2 infection and the severe acute hepatitis in children. However, only 15% of the children with available data in Europe and 10% of cases in USA, meet the conditions (World Health Organization (WHO), 2022). For example, in the previously mentioned series of 44 children from the same hospital in Birmingham, Al, USA, only one child tested positive for SARS-CoV-2, 6-8 weeks prior a seizure episode (Kelgeri et al., 2022). For acute hepatitis, only 11 of 39 children were positive for SARS-CoV-2 at admission.

The increase in severe acute hepatitis coincided with the moment in which the Delta variant alternated with the Omicron variant. The latter was described to cause gastrointestinal symptoms in children, such as vomiting, diarrhea, abdominal pain, and anorexia, suggesting an increase in intestinal tropism of SARS-CoV-2 that overlaps with the described ACE2 expression in the small intestine (Zhang et al., 2022). Interestingly, despite the high expression of ACE2 in hepatocytes and cholangiocytes, and that the viral tropism for the liver and the underlying mechanisms have been stablished (Wanner et al., 2022), the hepatic involvement of COVID-19 is very rare (Louis et al., 2022). This observation appears to rule out a direct implication of Omicron infection and non A-E acute hepatitis cases. However, concomitant infections of Omicron with HAdV-F41, or Adeno Associated Virus 2 (AAV2) was proposed by Grand (Grand, 2022). An attractive hypothesis suggests that SARS-CoV-2 may be acting as a superantigen, suggesting that these cases of severe acute hepatitis in children infected by SARS-CoV-2 could be caused by a previous HAdV-F41 infection in the intestine (Brodin and Arditi, 2022). This idea stems from the description of cases where severe hepatitis resulted from a multisystem inflammatory syndrome (MIS) observed in children with COVID-19 (Cantor et al., 2020). However, MIS typically occurs 3-4 weeks after the peak of COVID-19, and 60% of seropositive children with MIS have no detectable virus, indicating that MIS may result from the immune response following the infection (Verdoni et al., 2020). It is worth noting the persistence of SARS-CoV-2 viral RNA in the gastrointestinal tract of children compared to adults, potentially leading to repeated activation of the immune system (Wong et al., 2021; Xing et al., 2020; UKHSA, 2022). The SARS-CoV2 envelope glycoprotein S (Spike) contains a sequence with structural motif similar to a bacterial “superantigen” (enterotoxin B from Staphylococcus aureus) (Cheng et al., 2020), capable of directly binding to T cell receptors and triggering excessive and uncontrolled activation of the immune system (Brown and Bhardwaj, 2021; Noval Rivas et al., 2021; Ramaswamy et al., 2021; Sacco et al., 2022). Analogous to HIV-1 patients, children previously infected with SARS-CoV-2 may experience repetitive immune activation due to the prolonged presence of SARS-CoV-2 in the gastrointestinal tract (Brodin, 2022; Xia et al., 2022). Consequently, if, normally, the immune system activates less than 0.001% of the available T lymphocytes, in the presence of a superantigen up to 30% T lymphocytes are activated, generating a massive release of proinflammatory cytokines (Brodin, 2022), similarly to what has been reported for multiple bacterial toxins or viral molecules (Pérez-Gracia et al., 2022). Under these conditions, children may become susceptible to other viral infections, and repeated activation by adenovirus coinfection could increase the risk of toxic shock and liver damage (Yarovinsky et al., 2005; Brodin and Arditi, 2022). This scenario may arise from the interaction between the SARS-CoV-2 superantigen and a host sensitized with HAdV-41F (Brodin and Arditi, 2022). MIS is observed in a small proportion of children, appearing a few weeks or months after disease onset, even in cases of mild disease, leading to hepatitis that requires hospitalization in 40% of cases. It has been suggested that the deterioration of the intestinal barrier associated with these infections allows the viruses to enter the bloodstream, triggering inflammation (Cantor et al., 2020; Yonker et al., 2021). Animal studies have demonstrated that HAdVs infection sensitizes subjects to subsequent staphylococcal enterotoxin B-mediated toxic shock, resulting in liver failure and death. This phenomenon may be attributed to HAdV-induced type 1 immune dysregulation, characterized by excessive production of IFN-γ and IFN-γ-mediated hepatocyte apoptosis (Yarovinsky et al., 2005). Therefore, it is suggested that severe acute hepatitis in children could have a similar mechanism, resulting from HAdVs infection with intestinal trophism in children previously infected with SARS-CoV-2 (Brodin and Arditi, 2022).

Despite initially appearing as an enticing hypothesis, the relationship of the disease with the SARS-CoV-2 infection was not confirmed (Brodin and Arditi, 2022; Pérez-Gracia et al., 2022). Moreover, the recent study by Ho et al., has confirmed that that there is no direct link between COVID-19 and the occurrence of acute hepatitis (Ho et al., 2023), thereby debunking the captivating “superantigen” hypothesis.





The contribution of HAdV as potential triggers of severe acute hepatitis in children?

Adenovirus infections have been frequently reported in countries where cases of severe acute hepatitis have been documented, with approximately 90% of affected children testing positive for human adenovirus (HAdVs) in the two cohorts from Alabama (USA) and the United Kingdom (UK). Adenoviruses (family Adenoviridae) are 90–100 nm non enveloped viruses, with an icosahedral nucleocapsid containing a linear genome (double-stranded, ds) dsDNA that ranges between 26 and 48 Kb. These agents have a broad variety of vertebrate hosts. In humans, more than 50 distinct adenovirus serotypes are recognized associated to illnesses that range from the common cold to life-threatening multi-organ disease in people with a weakened immune system (Lynch et al., 2011). Currently, 88 human adenoviruses (HAdVs) of seven species have been defined (Human Adenovirus A to G) associated with different conditions (Benkő et al., 2022).

Adenovirus serotypes 40-41 have a higher affinity for the gastrointestinal tract among the different adenovirus species, being HAdV-41 infection one of the most frequent causes of viral gastroenteritis in children. These serotypes have been reported in immunosuppressed individuals related to numerous conditions such as hematopoietic stem cell transplantation, solid organ transplantation, human immunodeficiency virus infection, chemotherapy, and congenital hepatitis, or immunodeficiency syndromes (Rocholl et al., 2004; Ozbay Hoşnut et al., 2008; Khalifa et al., 2022). Despite, they are not associated to hepatitis in immunocompetent children (Rocholl et al., 2004; Hough et al., 2005; Kawashima et al., 2015), multi organ infections with HAdVs, including hepatitis, from very focal to very extensive, have been reported occasionally in immunocompetent newborns (Schaberg et al., 2017). In the case of immunocompromised adults, hepatitis caused by these adenovirus is lethal, while in pediatric patients lethality is approximately 60-65% (Ronan et al., 2014).

It is noticeable that all 9 children in the Alabama series and 27 of the 30 children who underwent molecular testing in the UK study, tested positive for HAdV human adenovirus type F41 (HAdV-F41) (Karpen, 2022; UKHSA, 2022). Indeed, HAdV has been detected in whole blood specimens, with the high positivity rate of 69% in EU, suggesting its role as a pathogenic microorganism. According to UK respiratory infection surveillance data, a significant increase in the rate of HAdVs infection in healthy children has been observed in recent weeks compared to previous years, especially in children from 1 to 9 years of age (UKHSA, 2022). Remarkably, serum viral load values of HAdV-F41 in patients with progression to liver failure, especially those who required liver transplantation, were substantially higher compared to patients who recovered spontaneously: median of 20,722 versus 2,733 viral copies/mL (Kelgeri et al., 2022). Altogether these reports represent adequate evidence that HAdV-F41 may have been involved as a cause for pediatric liver failure (Garnett et al., 2009).

However, some questions arise regarding the aforementioned observations. The ECDC report indicates that more than 25% of children with severe acute hepatitis tested positive for HAdVs infection in their respiratory, serum or stool samples (who/ecdc, 2022). However, concerns about the accuracy of these findings are raised due to the detection of positive throat swabs in 11% of healthy children in the same ECDC report. Furthermore, studies have shown that some children may test positive for adenovirus only in whole blood and at very low concentrations (Leen and Rooney, 2005; Djeneba et al., 2007; Song et al., 2016). Histological studies of liver biopsies from affected patients also fail to provide evidence of hepatocellular adenoviral infection (Gutierrez Sanchez et al., 2022). It is important to note that the standard reference method for diagnosing HAdVs-related hepatitis is the detection of the virus in inclusion bodies in liver biopsies (Schaberg et al., 2017), which have not been found in the reported cases mentioned above. Finally, the absence of adenovirus in hepatocytes, but the presence of severe liver injury leading to acute liver failure, may be related to an abnormal immune response of the host’s hepatic immune system(Pérez-Gracia et al., 2022) (Rocholl et al., 2004; Ozbay Hoşnut et al., 2008; Khalifa et al., 2022).

In summary, the previous reports indicate that 90% of affected children tested positive for human adenovirus in two cohorts from USA and the UK. Additionally, adenovirus positivity was found in 55% of cases in Europe and 45% in the USA (World Health Organization (WHO), 2022). This finding provides sufficient evidences that HAdVs may be involved, in some way, in causing severe acute hepatitis in children.





The contribution of HAdV in association with AAV2 as a cause of severe acute hepatitis in children

AAV2 is a single-stranded DNA virus with 4675 nucleotides which belongs to the family Parvoviridae, genus Dependoparvovirus (ICTV, 2023). The AAV2 virus has a broad tissue tropism that can only replicate in the presence of a “helper” virus, often a Human Adenoviruses (HAdV), but also herpesvirus or even human papillomavirus for productive replication in mammalian cells (Casto et al., 1967; Buller et al., 1981; Carter, 2004; Samulski and Muzyczka, 2014). AAV itself did not cause any disease in the absence of helper virus, AAVs can give rise to latent infections where the viral DNA is maintained as circular episomes or is integrated in the chromosomal DNA (Muzyczka and Berns, 2001; Kerr et al., 2006; Samulski and Muzyczka, 2014). Although contact with AAVs is nearly universal, with more than 70% of the population having antibodies to AAV1–3 and AAV5, the presence of viral DNA has been detected in only a small proportion of cases. In fact, AAVs infection has not been linked to any specific human disease and typically elicits a mild immune response. Even immunocompromised patients exhibit very low levels of viremia, and there is limited evidence to suggest that AAVs cause clinical symptoms. These observations indicate that AAVs do not play, by itself, a pathogenic role in organ-specific diseases or in highly immunocompromised populations (Heugel et al., 2011).

Surprisingly, a recent study carried out in Scotland, detected the AAV2 virus in plasma of 9 out of 9 children and in the liver of 4 out of 4 patients, but no positivity was found in serum/plasma of 13 age-matched healthy controls (Ho et al., 2023). In addition, 12 children infected with adenovirus (HAdV) with normal liver function were found negative for AAV, and similarly, the HAdV was not detected in 33 hospitalized children with hepatitis of other etiologies. In this study HAdV (species C and F) and human herpesvirus 6B (HHV6B) have been detected in 6 out of 9 and 3 out of 9 affected cases respectively, including in 3 out of 4 and 2 out of 4 liver biopsies.

In the same report, it was observed that 8 out of 9 patients had the HLA-DRB1* 04: 41 class II allele, present at a much lower frequency in the general Scottish population, indicative of an association of this allele with the increased susceptibility to infection with the above mentioned viruses (Ho et al., 2023).

In this context, prolonged lockdowns have been proposed as a factor limiting children’s exposure to HAdVs and AAV, potentially reducing their natural immunity. Sequencing data indicate no amino acid differences in the E1A, E2A and E4 HAdVs proteins, and no relevant differences have been reported in the AAV2 (AAVv66) capsid that could impact their tropism. Nevertheless, patients displayed some dissimilarities compared to healthy controls (Grand, 2022; Gutierrez Sanchez et al., 2022; Morfopoulou et al., 2022; Ho et al., 2023). On the other hand, alterations in AAVv66 have been observed diminishing its ability to bind heparin. These changes may account for increased virion stability, production, evasion of neutralizing antibodies, enhanced tissue spread, and improved transduction potential to the central nervous system (Hsu et al., 2020; Ho et al., 2023).

The evidence for the presence of HAdV41 in many cases of severe acute hepatitis in children is strong, and recent studies provide unequivocal confirmation of AAV2 involvement. These findings suggest that HAdVs may potentially act as a helper virus for AAV2 (Leiskau et al., 2023), with/without eventual mutations in the AAV2 genome (Grand, 2022; Morfopoulou et al., 2022; Ho et al., 2023).

Technological solutions based on high-throughput sequencing methodologies have improved the chances of detecting DNA and RNA viruses in a clinical sample. Using metagenomic (Ibañez-Lligoña et al., 2023) to identify both RNA and DNA viruses next-generation sequencing (NGS) on NextSeq500 (Illumina) platform, and target enrichment NGS using VirCapSeq-VERT Capture probes, together with reverse transcription-polymerase chain reaction (RT-PCR), serology and in situ hybridisation(ISH), Ho et al. detected recent infection with AAV2 in the plasma and liver samples of 81% of the Scottish pediatric hepatitis cases and only in 7% of controls. Interestingly, an increase in HAdV diagnoses in Scotland directly preceded the outbreak of unknown severe hepatitis in children of a similar age (UKHSA, 2022). A helper virus is required to support AAV2 replication, and AAV2 RNA was detected within ballooned hepatocytes suggesting the presence of replicating virus. Moreover, authors found a strong association between affected children and the Human Leucocyte Antigen (HLA) class II DRB1*04:01 allele, since it was identified in 93% (25/27) cases compared with the background frequency of 10/64 (16%) in study controls (Ho et al., 2023), and only 0.11% in UK unrelated biobank samples.





To summarize

Regarding the etiology of Pediatric Severe Acute Hepatitis, recent publication emphasizes that there is no link between COVID-19 and the current outbreak, contradicting previous suggestions. Autoimmune disease is also deemed less likely due to the absence of autoantibodies in affected cases and atypical histology in liver specimens. Results from Ho et al. strongly indicate a plausible association between concurrent HAdV infection and coinfected or reactivated AAV2 infection, leading to severe acute hepatitis in susceptible children carrying the HLA class II allele HLA-DRB1*04:01. This study paves the way for population-level investigations into the role of AAV2 and a helper virus (such as HAdV and/or HHV6B) of pediatric severe acute hepatitis with an unknown etiology.
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DC-SIGN is a C-type lectin expressed in myeloid cells such as immature dendritic cells and macrophages. Through glycan recognition in viral envelope glycoproteins, DC-SIGN has been shown to act as a receptor for a number of viral agents such as HIV, Ebola virus, SARS-CoV, and SARS-CoV-2. Using a system of Vesicular Stomatitis Virus pseudotyped with MERS-CoV spike protein, here, we show that DC-SIGN is partially responsible for MERS-CoV infection of dendritic cells and that DC-SIGN efficiently mediates trans-infection of MERS-CoV from dendritic cells to susceptible cells, indicating a potential role of DC-SIGN in MERS-CoV dissemination and pathogenesis.
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Introduction

In the last 20 years, three coronaviruses have been identified as highly pathogenic for humans, which are severe acute respiratory syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome coronavirus (MERS-CoV), and severe acute respiratory syndrome coronavirus 2 (SARS−CoV−2). In June 2012, a highly pathogenic coronavirus was identified at a hospital in Jeddah, Saudi Arabia, and later it was named Middle East respiratory syndrome coronavirus (MERS-CoV) (Zaki et al., 2012). The mortality rate of the virus was estimated at approximately 40% (Al Awaidy & Khamis, 2019). Dipeptidyl peptidase 4 (DPP4) has been demonstrated to be the functional cellular receptor for MERS-CoV (Raj et al., 2013). DPP4 or CD26 is primarily expressed on the surface of certain cell types, including epithelial cells in the respiratory tract, endothelial cells, and immune cells such as monocyte-derived DC (Mo-DC) (Scobey et al., 2013; Zhong et al., 2013; Chu et al., 2014). The importance of viral receptors has been thoroughly researched and it is a key factor in interpreting the pathogeny of the virus (Raj et al., 2013).

In these scenarios, the viral receptors present on dendritic cells (DCs) become interesting. DCs are found in the skin and mucosal tissue (van Kooyk, 2008) and circulate through extracellular spaces, actively surveying the presence of foreign antigens. They are considered the first line of defense against pathogenic invasion due to their abundant expression of various receptors on their cell surface. These include pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs) and C-type lectin receptors (CLRs) that recognize structures with a high mannose content (Lundberg & Rydnert, 2014).

It has been evidenced that the expression of the C-type lectin DC-SIGN (Dendritic cell-specific ICAM-3-grabbing nonintegrin) on dendritic cells plays an important role in the entry and dissemination processes of various viruses, such as the human immunodeficiency virus (HIV), which is one of the most studied cases. Conventional HIV infection involves virus binding to the CD4 receptor, followed by interaction with co-receptors such as CCR5 or CXCR4 on CD4+ T lymphocytes to initiate direct infection or cis infection. However, there is an alternative pathway. In dendritic cells, DC-SIGN recognizes the high mannose region of the HIV gp120 protein, conferring upon dendritic cells the ability to facilitate trans-infection. This means that dendritic cells can capture the virus and transmit it to susceptible cells that express the necessary receptors for viral entry. It has been shown that this mechanism represents a significant route of virus dissemination from mucosal surfaces to replication in T cells present in secondary lymphoid organs through the interaction of DC-SIGN with immature dendritic cells (Geijtenbeek et al., 2000).

These host binding factors also play a crucial role in viral infection mechanisms as they increase the density of viral particles on cell surfaces, promoting their adhesion and consequently facilitating access to the real receptors (Thépaut et al., 2021). These mechanisms that facilitate trans-infection, where secondary presentation through non-permissive cells avoid immunological recognition, play a relevant role not only in HIV but have also been described in other viruses such as SARS-CoV, SARS-CoV-2, Ebola virus, or Dengue (Alvarez et al., 2002; Tassaneetrithep et al., 2003; Jeffers et al., 2004; Léger et al., 2016; Guo et al., 2021; Lempp et al., 2021; Thépaut et al., 2021).

Therefore, this study aimed to explore the role of DC-SIGN present in dendritic cells in the viral infection and dissemination mechanisms of MERS-CoV.





Materials and methods




Cell lines

African Green Monkey Cell Line (Vero E6) and Baby hamster kidney cells (BHK-21, 12-14-17 MAW, Kerafast, Boston, MA) were cultured in Dulbecco´s modified Eagle medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 25 μg/mL gentamycin, and 2 mM L-glutamine.





Production of human monocyte-derived dendritic cells

Blood samples were obtained from healthy human donors (Hospital Universitario 12 de Octubre, Madrid, Spain) subject to informed consent and IRB approval. Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll density gradient centrifugation (Ficoll Paque, GE17-5442-02, Sigma-Aldrich). To generate monocyte-derived dendritic cells (MDDCs), CD14+ monocytes were purified using anti-human CD14 antibody-labeled magnetic beads and iron-based LS columns (Miltenyi Biotec) and used directly for further differentiation into dendritic cells (Domínguez-Soto et al., 2011). Differentiation to immature MDDCs was achieved by incubation at 37°C with 5% CO2 for 7 days and subsequent activation with cytokines GM-CSF (1000 U/mL) and IL-4 (500 U/mL) (Miltenyi Biotec) every other day.





Production of pseudotyped recombinant Vesicular Stomatitis Virus

rVSV-luc pseudotypes (PSV) were generated following a published protocol (Whitt, 2010). First, BHK-21cells were transfected using Lipofectamine 3000 (Fisher Scientific) to express the different viral envelope glycoproteins: Ebola virus Makona Glycoprotein (EBOV-GP, GenBank KM233102.1) and S protein of MERS-CoV (NC_019843) were synthesized and cloned into pcDNA3.1 by GeneArt AG technology (Life Technologies, Regensburg, Germany); S protein of SARS-CoV-2 (codon-optimized; kindly provided by J. García-Arriaza, CNB-CSIC, Spain) or S protein of SARS-CoV (SinoBiological, Cat: VG40150-G-N) were cloned into a pCMV/hygro vector. After 24 h, transfected cells were inoculated with a replication-deficient rVSV-luc pseudotype (MOI: 3–5) (Kerafast, Boston, MA). After 1 h incubation at 37°C, cells were washed exhaustively with PBS and then DMEM supplemented with 5% heat-inactivated FBS, and 25 μg/mL gentamycin and 2 mM L-glutamine were added. PSV were collected 24 h post-inoculation, clarified from cellular debris by centrifugation, and stored at -80°C. Infectious titers were estimated as tissue culture infectious doses by limiting dilution of rVSV-luc-pseudotypes on Vero E6 cells. Luciferase activity was determined by luciferase assay (Steady-Glo Luciferase Assay System, Promega).





Antibodies and inhibitors

The antibodies used in the experiments were Mouse IgG2a Isotype Control (Invitrogen), MERS Coronavirus Spike Protein neutralizing Antibody MA5-29975 (Invitrogen), Invitrogen CD26 Monoclonal Antibody (BA5b) (Invitrogen), Human DC-SIGN+DC-SIGNR Antibody (R&D Systems), PE anti-human CD209 (DC-SIGN) Antibody (Biolegend), and CD26 Monoclonal Antibody (BA5b) PE (Invitrogen). As a lectin-binding control, mannan from Saccharomyces cerevisiae (Sigma-Aldrich) was used. Mannan is used in experiments to inhibit C-type lectin receptors, such as DC-SIGN due to its ability to block the interaction between these receptors and viral or pathogenic ligands. Being a complex polysaccharide, mannan competes with the binding sites of the receptors, acting as a decoy and preventing the attachment of infectious agents to host cells (Jan et al., 2018).





Direct (in cis) cellular infection with PSV

primary cells MDDCs (5x104) were challenged with MERS-CoV, SARS-CoV, SARS-CoV-2, EBOV-GP pseudotyped recombinant viruses (MOI: 0.5–2), mannan, and different antibodies (Figure 1). After 24 h of incubation, cells were washed twice with PBS and lysed for luciferase assay.




Figure 1 | Cis-infection in monocyte-derived dendritic cells. Outline of the direct infection assay. MDDC cells are exposed to recombinant rVSV MERS-CoV, EBOV, SARS-CoV, and SARS-CoV-2 pseudotypes, and also in the presence of mannan, isotype control antibody, anti-DC/L-SIGN, anti-DPP4, and neutralizing anti-MERS antibodies. After 24 hours, the cells are washed and lysed for the luciferase assay. Made with Biorender.com.







Trans-infection assays with PSV

For trans-infection studies, MDDCs (5x104) were challenged with recombinant MERS-CoV, SARS-CoV, SARS-CoV-2, or EBOV-GP pseudotyped viruses (MOI: 0.5–2) and incubated for 2h with rotation (Figure 2). The antibodies were incubated with the MDDC cells 40 minutes prior to virus exposure, except for the neutralizing antibody against MERS, which was incubated with the virus for 40 minutes before the addition of the cells. After the incubation time, cells were then centrifuged at 1200 rpm for 5 minutes and washed six times with PBS supplemented with 0.5% bovine serum albumin (BSA) and 1 mM CaCl2 to ensure the removal of unbound virus from the cell receptor. The inclusion of CaCl2 in the wash buffer helps to maintain the integrity and functionality of DC-SIGN during the experimental procedures. After that, MDDCs were then resuspended in RPMI medium and co-cultivated with adherent Vero E6 cells (1.5x105 cells/well) on a 24-well plate. After 24h, the supernatant was removed and the monolayer of Vero E6 was washed with PBS six times and lysed for luciferase assay. These washes were performed to remove the co-cultivated dendritic cells from the Vero E6 cells and ensure that the infection observed in the Vero E6 cells was due to the trans-infection process and not direct infection that may occur in the MDDC cells. In order to control this variable, a parallel trans-infection experiment with MERS-CoV was also conducted on MDDC cells under the same conditions. After the incubation period, the dendritic cells were not co-cultivated with the Vero E6 target cells following the washes with PBS. The levels of RLU/s in the infection readout after 24 hours indicate the amount of MERS-CoV that had successfully entered through direct infection in the dendritic cells during the two-hour incubation period.




Figure 2 | Trans-infection in monocyte-derived dendritic cells. Outline of the trans-infection assay. MDDC cells are exposed to recombinant rVSV MERS-CoV, EBOV, SARS-CoV, and SARS-CoV-2 pseudotypes, and also in the presence of mannan, isotype control antibody, anti-DC/L-SIGN, anti-DPP4, and neutralizing anti-MERS antibodies and incubated for 2h. After the incubation time, cells were centrifuged at 1200 rpm for 5 minutes and washed six times with PBS. MDDCs were then resuspended in RPMI medium and co-cultivated with adherent Vero E6 cells. After 24 hours, the cells were washed and lysed for the luciferase assay. They were made with Biorender.com.







Verification of DC-SIGN’s role as a trans-receptor for MERS-CoV

The duration of migration for a dendritic cell from the mucosal layers where MERS-CoV could potentially adhere to a deeper tissue where infection initiation occurs remains uncertain. To enhance our comprehension of this biological phenomenon, a trans-infection assay was conducted, incorporating varying time intervals between attachment and infection. In order to monitor the viral entry of MERS-CoV into MDDCs during these incubation periods, an infection assay was carried out under identical conditions. Trypsin treatment: To discern between viral attachment and entry into the cell, a trypsin treatment experiment (Hanley et al., 2010) was conducted on MDDCs both before and after exposure to the MERS-CoV virus. This was performed to ascertain whether trans-infection was stopped.






Results




DC-SIGN does not act as a direct receptor for MERS-CoV

MERS-CoV PSV demonstrated a clear capability to infect MDDC in cis, and levels of infection were reduced in the presence of anti-DC/L-SIGN although it was not significant, and it was reduced by mannan (Figure 1). Cis infection of MDDC with SARS-CoV-1 and SARS-CoV-2 PSV displayed a total absence of infection, whereas EBOV PSV exhibited clear infection of MDDC that was inhibited by anti-DC-SIGN as demonstrated before (Alvarez et al., 2002).

The isotype control antibody employed alongside the anti-DC/L-SIGN and anti-DPP4 antibodies confirmed the specificity of the primary antibody binding, ruling out any potential effects from other protein interactions or nonspecific Fc receptor binding. Cis infection by MERS-CoV in the presence of anti-DPP4 antibody exhibited a significant reduction, thereby demonstrating the utilization as a direct cellular receptor by MERS-CoV. Infection with MERS-CoV was completely abolished in the presence of its neutralizing antibody (Figure 3).




Figure 3 | Cis-infection in Monocyte-derived Dendritic Cells (MDDC) with pseudoviruses based in rVSV-luc. Percentage of cis-infection in MDDCs, with SARS-CoV-2, SARS-CoV, MERS-CoV, and EBOV-GP, compared with infection in the absence of antibodies. Bars represent the mean SEM of the mean of four independent experiments with cells from two different donors performed in duplicates. Data were compared among multiple independent groups using one-way ANOVA (P= <0,0001) using GraphPad Prism v8. Cis-infection values are expressed as Percentage (%).



The results showed percentages (%) considering cis-infection in the absence of antibodies as 100% of infection.

To evaluate the effectiveness of these antibodies, a cis infection assay was conducted in human 293T cells and African green monkey Vero E6 cells.

The results showed that 293T cells were infected by MERS-CoV and SARS-CoV-2. MERS-CoV and SARS-CoV-2 infections in 293T were not inhibited by isotype control antibody; however, infection with MERS-CoV in the presence of the anti-DPP4 antibody showed a significant reduction, unlike SARS-CoV-2 where the infection persisted. Additionally, MERS-CoV infection has been inhibited in the presence of the neutralizing antibody (Supplementary Figure 1).

On the other hand, cis-infection showed that Vero E6 cells were infected by MERS-CoV and SARS-CoV-2 and this infection was not inhibited by isotype control antibody. Infection with MERS-CoV in the presence of the anti-DPP4 antibody did not show a significant reduction due to the anti-DPP4 antibody being a human antibody. Additionally, MERS-CoV infection has been inhibited in the presence of the neutralizing antibody (Supplementary Figure 2).





DC-SIGN acts as a trans-receptor for MERS-CoV

The trans-infection assay in MDDC with MERS-CoV PSV led to high levels of infection and anti-DC-SIGN exhibited a significant reduction in infectivity showing that DC-SIGN promoted an efficient trans-infection by MERS-CoV from MDDC to Vero E6 cells (Figure 4). Similar DC-SIGN-specific trans-infection was also shown for SARS-CoV, SARS-CoV-2, and EBOV PSV.




Figure 4 | Trans-Infection in Monocyte-derived Dendritic Cells (MDDC) with pseudoviruses based in rVSV-luc. Percentage of trans-infection in MDDCs with SARS-CoV-2, SARS-CoV, MERS-CoV, and EBOV-GP compared with trans-infection in the absence of antibodies. Bars represent the mean SEM of the mean of four independent experiments with cells from two different donors performed in duplicates. Data were compared among multiple independent groups using one-way ANOVA (P= <0,0001) using GraphPad Prism v8. Trans-infection values are expressed as Percentage (%).



An isotype control antibody was used for both anti-DC/L-SIGN and anti-DPP4 antibodies to confirm that the binding of the primary antibody is specific and not the result of other protein interactions or non-specific binding of the Fc receptor. The trans-infection mediated by MERS-CoV was entirely suppressed when its neutralizing antibody was present, and the control of inhibition of infection mediated by lectin receptors mannan reduced the trans-infection. Finally, trans-infection by MERS-CoV in the presence of the anti-DPP4 antibody did not show a significant reduction.

On a separate note, to control the viral entry of MERS-CoV into MDDCs during these incubation periods, a concurrent trans-infection experiment involving MDDC cells was also carried out using identical conditions. Subsequent to the incubation phase, the dendritic cells were not co-cultured with the Vero E6 target cells after PBS washes. The levels of relative light units per second (RLU/s) in  the infection readout after 24 hours demonstrated minimal infection by MERS-CoV, in comparison with the levels of trans-infection in Vero E6 (Supplementary Figure 3).

To further explore the role of DC-SIGN as a trans-receptor for MERS-CoV, an infection assay was conducted under identical conditions at different time points. The assay demonstrated effective trans-infection at 2, 6, and 12 hours, with the highest binding observed at the six-hour mark. The parallel assay in MDDCs revealed that viral entry into the cells increases with the incubation time, albeit remaining modest in comparison to the levels of trans-infection observed in Vero E6 cells (Supplementary Figure 4).

The results of the trypsin treatment experiment followed by PBS washing demonstrated that trans-infection is halted when MDDCs are treated both before exposure to the MERS-CoV virus and after virus attachment. There were no significant differences between pre-incubation and post-incubation trypsin treatment during the trans-infection assay (Supplementary Figure 5).





Analysis of receptor expression levels

PE anti-human CD209 (DC-SIGN) Antibody (Biolegend) and CD26 Monoclonal Antibody (BA5b) PE (Invitrogen) were employed to quantify the expression of the DC-SIGN receptor (Supplementary Figure 6) and DPP4 receptor (Supplementary Figure 7) on Monocyte-Derived Dendritic Cells (MDDCs). The expression was analyzed by flow cytometry in a Cytek Aurora with FlowJo V10.7.1 software.






Discussion

We studied the interaction of DC-SIGN with MERS-CoV. DC-SIGN, also named CD209 or dendritic cell-specific (DC) intercellular adhesion molecule-3-grabbing non-integrin (ICAM-3), is expressed in immature dendritic cells of peripheral tissues that we can find in diverse places such as the tonsils, mucous tissues, lymph nodes, monocyte-derived DCs, and spleen (Geijtenbeek et al., 2002). This type-C lectin recognizes highly glycosylated ligands present in pathogens such as viruses and human tissues through the recognition of carbohydrates mediated by the receptor’s CDR (Soilleux et al., 2002). It has been proved that DC-SIGN expressed in DCs has an important role in the entry and dissemination of different viruses like the known case of the human immunodeficiency virus (HIV). Even though DC-SIGN is not a direct receptor of this virus for the viral entry for it does not mediate in the host cell, it confers to DCs the ability to facilitate trans-infection, that is, to capture the virus and transmit it to permissive cells that express the necessary receptors for the viral entry. This mechanism has been demonstrated as an important route for the dissemination of the virus from mucous surfaces to its replication in T cells present in secondary lymphoid organs by binding to DC-SIGN in immature DCs (Geijtenbeek et al., 2000). These binding factors of the host are key elements in viral infection mechanisms for they increase the density of viral particles at the cell surfaces, increasing its adhesion to them and thus boosting the access to their real receptors (Thépaut et al., 2021). These mechanisms facilitate trans-infection where a secondary presentation by non-permissive cells evading the immunological recognition system plays a role not only for HIV but for other viruses as well.

Even though in the bibliography the interaction between DC-SIGN lectin and MERS-CoV is described (Campana et al., 2020; Rahimi, 2020; Chapoval & Keegan, 2021), until now no study has experimentally proved such interaction. We have studied if MERS-CoV, whose canonical receptor is dipeptidyl peptidase-4 protein (DPP4), could have DC-SIGN as an alternative receptor for cis or trans-infection.

A study by Chu et al. (2014) proved productive infection by MERS in dendritic cells. Those patients who were infected with MERS-CoV, in clinical terms, developed coagulopathy, multiorgan dysfunction, lymphopenia, neutrophilia, and thrombocytopenia. It is worth mentioning that the virus is not only detected in the respiratory system but also in the urine, blood, and feces of infected people, which would support a systemic dissemination of the virus. For this reason, in people infected with MERS-CoV, monocyte-derived macrophages and dendritic cells could act as potential dissemination carriers by facilitating viral spread to the lymph nodes where, due to the interaction with T cells, they would boost the storm of cytokines and/or chemokines, imitating the scenery in SARS-CoV-1, worsening the clinical profile of the infected individual. In that study, they proved the existence of a productive infection in dendritic cells by MERS-CoV, which is something that does not happen in SARS-CoV (Chu et al., 2014).

The present study aims to explore if MERS-CoV can use DC-SIGN as a direct receptor, in this way partially explaining the productive infection demonstrated in dendritic cells in the direct infection of the virus discussed by Chu et al., or if it can also act, as it does in SARS-CoV-1 and SARS-CoV-2, as a binding factor, as well as its possible role in viral dissemination.

Cis-infection showed infection of dendritic cells by MERS-CoV PSV; however, anti-DC-SIGN could not significantly reduce infection indicating that this is not dependent on DC-SIGN though the decrease in the levels of infection in the presence of mannan indicates that a lectin receptor might be involved.

Trans-infection assays with MDDCs showed an increase in the infection values of target Vero E6 cells and a significant decrease in the presence of anti-DC-SIGN, indicating that the lectin is acting as a trans-receptor for MERS-CoV. The exact mechanism of how trans-infection occurs and the subsequent spread of the virus to other cells is still being studied. It is possible that the virus, once captured by dendritic cells, can be transported to other cells through various mechanisms, such as cell-to-cell contact or the release of viral particles.

The biological relevance of the interaction of DC-SIGN with MERS-CoV through the trans-infection process in the pathogenesis of severe respiratory disease remains to be explored.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The studies involving humans were approved by Comité Investigación Clínica Hospital Universitario 12 de Octubre (Reference CEIm 20/157). The studies were conducted in accordance with the local legislation and institutional requirements. The human samples used in this study were acquired from Blood samples were obtained from healthy human donors (Hospital Universitario 12 de Octubre, Madrid, Spain) under informed consent and IRB approval. Written informed consent for participation was not required from the participants or the participants’ legal guardians/next of kin in accordance with the national legislation and institutional requirements.





Author contributions

NL performed the experiments. JL, FL and MMT collaborated in research. RD directed the investigation. NL and RD wrote the paper. All authors contributed to the article and approved the submitted version.





Funding

This work was supported by grants from the Instituto de Investigación Carlos III, ISCIII, CIBERINFEC, and FIS PI2100989 by the European Commission; Horizon Europe Framework programme: Project EPIC-CROWN-2 ID: 101046084; Fundación Caixa-Health Research (Project StopEbola HR18-00469); Comunidad de Madrid Retar-A COVID P2022/BMD-7274 and PAII62/21-ANTICIPA/2021-23 to RD​.





Conflict of interest

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





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2023.1177270/full#supplementary-material




References

 Al Awaidy, S. T., and Khamis, F. (2019). Middle east respiratory syndrome coronavirus (MERS-CoV) in Oman: Current situation and going forward. In Oman Med. J. 34 (3), 181–183. doi: 10.5001/omj.2019.36

 Alvarez, C. P., Lasala, F., Carrillo, J., Muñiz, O., Corbí, A. L., and Delgado, R. (2002). C-Type Lectins DC-SIGN and L-SIGN Mediate Cellular Entry by Ebola Virus in cis and in trans.  J. Virol. 76, 13, 6841–6844. doi: 10.1128/JVI.76.13.6841

 Campana, P., Parisi, V., Leosco, D., Bencivenga, D., Della Ragione, F., and Borriello, A. (2020). Dendritic cells and SARS-CoV-2 infection: Still an unclarified connection. Cells 9 (9), 2046. doi: 10.3390/cells9092046

 Chapoval, S. P., and Keegan, A. D. (2021). Perspectives and potential approaches for targeting neuropilin 1 in SARS-CoV-2 infection. Mol. Med. 27 (1), 162. doi: 10.1186/s10020-021-00423-y

 Chu, H., Zhou, J., Wong, B. H.-Y., Li, C., Cheng, Z.-S., Lin, X., et al. (2014). Productive replication of Middle East respiratory syndrome coronavirus in monocyte-derived dendritic cells modulates innate immune response. Virology 454–455, 197–205. doi: 10.1016/j.virol.2014.02.018

 Domínguez-Soto, A., Sierra-Filardi, E., Puig-Kröger, A., Pérez-Maceda, B., Gómez-Aguado, F., Corcuera, M. T., et al. (2011). Dendritic cell-specific ICAM-3-grabbing nonintegrin expression on M2-polarized and tumor-associated macrophages is macrophage-CSF dependent and enhanced by tumor-derived IL-6 and IL-10. J. Immunol. (Baltimore Md. : 1950) 186 (4), 2192–2200. doi: 10.4049/jimmunol.1000475

 Geijtenbeek, T. B. H., Engering, A., and van Kooyk, Y. (2002). DC-SIGN, a C-type lectin on dendritic cells that unveils many aspects of dendritic cell biology. J. Leukocyte Biol. 71 (6), 921–931. doi: 10.1189/jlb.71.6.921

 Geijtenbeek, T. B. H., Kwon, D. S., Torensma, R., van Vliet, S. J., van Duijnhoven, G. C., Middel, J., et al. (2000). DC-SIGN , a dendritic cell – specific HIV-1-binding protein that enhances trans -infection of T cells. Cell 100, 587–597. doi: 10.1016/s0092-8674(00)80694-7

 Guo, L., Liang, Y., Li, H., Zheng, H., Yang, Z., Chen, Y., et al. (2021). Epigenetic glycosylation of SARS-CoV-2 impact viral infection through DC&L-SIGN receptors. IScience 24 (12), 103426. doi: 10.1016/j.isci.2021.103426

 Hanley, T. M., Blay Puryear, W., Gummuluru, S., and Viglianti, G. A. (2010). PPARgamma and LXR signaling inhibit dendritic cell-mediated HIV-1 capture and trans-infection. PLoS Pathog. 6 (7), e1000981. doi: 10.1371/journal.ppat.1000981

 Jan, M., Upadhyay, C., Alcami Pertejo, J., Hioe, C. E., and Arora, S. K. (2018). Heterogeneity in glycan composition on the surface of HIV-1 envelope determines virus sensitivity to lectins. PLoS One 13 (3), e0194498. doi: 10.1371/journal.pone.0194498

 Jeffers, S. A., Tusell, S. M., Gillim-Ross, L., Hemmila, E. M., Achenbach, J. E., Babcock, G. J., et al. (2004). CD209L (L-SIGN) is a receptor for severe acute respiratory syndrome coronavirus. Proc. Natl. Acad. Sci. U. S. A. 101 (44), 15748–15753. doi: 10.1073/pnas.0403812101

 Léger, P., Tetard, M., Youness, B., Cordes, N., Rouxel, R. N., Flamand, M., et al. (2016). Differential use of the C-type lectins L-SIGN and DC-SIGN for phlebovirus endocytosis. Traffic 17 (6), 639–656. doi: 10.1111/tra.12393

 Lempp, F. A., Soriaga, L., Montiel-ruiz, M., Benigni, F., Noack, J., Park, Y., et al. (2021). Lectins enhance SARS-CoV-2 infection and influence neutralizing antibodies. Nature 598, 342–347. doi: 10.1038/s41586-021-03925-1

 Lundberg, K., and Rydnert, F. (2014). Human blood dendritic cell subsets exhibit discriminative pattern recognition receptor profiles. Immunology 142, 279–288. doi: 10.1111/imm.12252

 Rahimi, N. (2020). C-type lectin CD209L/L-SIGN and CD209/DC-SIGN: Cell adhesion molecules turned to pathogen recognition receptors. Biology 10 (1), 1. doi: 10.3390/biology10010001

 Raj, V. S., Mou, H., Smits, S. L., Dekkers, D. H. W., Müller, M. A., Dijkman, R., et al. (2013). Dipeptidyl peptidase 4 is a functional receptor for the emerging human coronavirus-EMC. Nature 495 (7440), 251–254. doi: 10.1038/nature12005

 Scobey, T., Yount, B. L., Sims, A. C., Donaldson, E. F., Agnihothram, S. S., Menachery, V. D., et al. (2013). Reverse genetics with a full-length infectious cDNA of the Middle East respiratory syndrome coronavirus. Proc. Natl. Acad. Sci. U. S. A. 110 (40), 16157–16162. doi: 10.1073/pnas.1311542110

 Soilleux, E. J., Morris, L. S., Leslie, G., Chehimi, J., Luo, Q., Levroney, E., et al. (2002). Constitutive and induced expression of DC-SIGN on dendritic cell and macrophage subpopulations in situ and in vitro. J. Leukocyte Biol. 71 (3), 445–457. doi: 10.1189/jlb.71.3.445

 Tassaneetrithep, B., Burgess, T. H., Granelli-piperno, A., Trumpfheller, C., Finke, J., Sun, W., et al. (2003). DC-SIGN ( CD209 ) mediates dengue virus infection of. J. Exp. Med. 197, 823–829. doi: 10.1084/jem.20021840

 Thépaut, M., Luczkowiak, J., Vivès, C., Labiod, N., Bally, I., Lasala, F., et al. (2021). DC/L-SIGN recognition of spike glycoprotein promotes SARS-CoV-2 trans-infection and can be inhibited by a glycomimetic antagonist. PLoS Pathog. 17 (5), 1–27. doi: 10.1371/journal.ppat.1009576

 van Kooyk, Y. (2008). C-type lectins on dendritic cells: Key modulators for the induction of immune responses. Biochem. Soc. Trans. 36 (6), 1478–1481. doi: 10.1042/BST0361478

 Whitt, M. A. (2010). Generation of VSV pseudotypes using recombinant ΔG-VSV for studies on virus entry, identification of entry inhibitors, and immune responses to vaccines. J. Virological Methods 169 (2), 365–374. doi: 10.1016/j.jviromet.2010.08.006

 Zaki, A. M., van Boheemen, S., Bestebroer, T. M., Osterhaus, A. D. M. E., and Fouchier, R. A. M. (2012). Isolation of a novel coronavirus from a man with pneumonia in Saudi Arabia. New Engl. J. Med. 367 (19), 1814–1820. doi: 10.1056/NEJMoa1211721

 Zhong, J., Rao, X., Deiuliis, J., Braunstein, Z., Narula, V., Hazey, J., et al. (2013). A potential role for dendritic cell/macrophage-expressing DPP4 in obesity-induced visceral inflammation. Diabetes 62 (1), 149–157. doi: 10.2337/db12-0230




Publisher's note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Labiod, Luczkowiak, Tapia, Lasala and Delgado. 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.




ORIGINAL RESEARCH

published: 06 December 2023

doi: 10.3389/fcimb.2023.1163569

[image: image2]


Insights into the function of ESCRT complex and LBPA in ASFV infection


Lucía Barrado-Gil, Isabel García-Dorival, Inmaculada Galindo, Covadonga Alonso and Miguel Ángel Cuesta-Geijo *


Departmento Biotecnología, INIA-CSIC, Centro Nacional Instituto Nacional de Investigación y Tecnología Agraria y Alimentaria, Madrid, Spain




Edited by:
 Ana Falcón, Algenex, Spain

Reviewed by: 

Rohit K Jangra, LSU Health Sciences Center-Shreveport, United States

Moona Huttunen, University of Jyväskylä, Finland

*Correspondence: 

Miguel Ángel Cuesta-Geijo
 cuesta.miguelangel@inia.csic.es


Received: 17 February 2023

Accepted: 13 November 2023

Published: 06 December 2023

Citation:
Barrado-Gil L, García-Dorival I, Galindo I, Alonso C and Cuesta-Geijo M& (2023) Insights into the function of ESCRT complex and LBPA in ASFV infection. Front. Cell. Infect. Microbiol. 13:1163569. doi: 10.3389/fcimb.2023.1163569



The African swine fever virus (ASFV) is strongly dependent on an intact endocytic pathway and a certain cellular membrane remodeling for infection, possibly regulated by the endosomal sorting complexes required for transport (ESCRT). The ESCRT machinery is mainly involved in the coordination of membrane dynamics; hence, several viruses exploit this complex and its accessory proteins VPS4 and ALIX for their own benefit. In this work, we found that shRNA-mediated knockdown of VPS4A decreased ASFV replication and viral titers, and this silencing resulted in an enhanced expression of ESCRT-0 component HRS. ASFV infection slightly increased HRS expression but not under VPS4A depletion conditions. Interestingly, VPS4A silencing did not have an impact on ALIX expression, which was significantly overexpressed upon ASFV infection. Further analysis revealed that ALIX silencing impaired ASFV infection at late stages of the viral cycle, including replication and viral production. In addition to ESCRT, the accessory protein ALIX is involved in endosomal membrane dynamics in a lysobisphosphatydic acid (LBPA) and Ca2+-dependent manner, which is relevant for intraluminal vesicle (ILV) biogenesis and endosomal homeostasis. Moreover, LBPA interacts with NPC2 and/or ALIX to regulate cellular cholesterol traffic, and would affect ASFV infection. Thus, we show that LBPA blocking impacted ASFV infection at both early and late infection, suggesting a function for this unconventional phospholipid in the ASFV viral cycle. Here, we found for the first time that silencing of VPS4A and ALIX affects the infection later on, and blocking LBPA function reduces ASFV infectivity at early and later stages of the viral cycle, while ALIX was overexpressed upon infection. These data suggested the relevance of ESCRT-related proteins in ASFV infection.
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1 Introduction

Currently, African swine fever (ASF) is considered as a major emerging threat since it has increased its incidence and spread over Central and Eastern Europe to Southeast Asia, America, and Oceania, causing high economic burden and impact on animal health (Alonso et al., 2018; Mighell and Ward, 2021; Schambow et al., 2022). ASF usually results in hemorrhagic fever in domestic pigs and wild boar, with a case fatality rate close to 100%. The etiological agent causing ASF is the African swine fever virus (ASFV), the only member of the Asfarviridae family and also part of the nucleocytoplasmic large DNA virus (NCLDV) group, including Mimiviridae, Poxviridae, Iridoviridae, faustoviruses, pandoraviruses, and pacmanviruses (Andreani et al., 2017; Koonin and Yutin, 2019; Koonin et al., 2020). The development of strategies to prevent and control ASFV is a major challenge due to the dearth of commercial vaccines or antiviral treatments as well as the existence of wildlife reservoirs contributing to its impact and increasing difficulties to control the disease. Subsequently, animal movement restrictions and slaughtering of infected animals are the only possible solutions during the outbreaks (Costard et al., 2009; Urbano and Ferreira, 2022). In this scenario, it is necessary to continue to decipher the mechanisms underlying ASFV infection.

ASF virions are icosahedral multi-layered structures of approximately 200 nm in diameter, comprising a DNA-containing nucleoid, which is then surrounded by the core shell or matrix. In the internal face of the inner viral membrane, the capsid is assembled around this internal membrane. Lastly, a further envelope is acquired when the virus buds out at the host cell plasma membrane. The external envelope is not essential for viral infection. New details have been recently unveiled about the complexity of the virion structure (Liu et al., 2019; Wang et al., 2019; Andres et al., 2020).

ASFV enters the cell via clathrin- and dynamin-mediated endocytosis (Hernaez and Alonso, 2010; Galindo et al., 2015) and macropinocytosis (Sanchez et al., 2012; Hernaez et al., 2016). The late endosome is a crucial compartment for viral fusion, involving the NPC intracellular cholesterol transporter 1 (NPC1) (Matamoros et al., 2020; Cuesta-Geijo et al., 2022). Fusion would allow penetration towards the cytosol to finally start replication (Cuesta-Geijo et al., 2012; Sanchez et al., 2017). The viral factories made by ASFV are highly complex structures, induced by profound reorganization of the organelles that comprise membranes recruited from the endosomal pathway (Cuesta-Geijo et al., 2017) and the secretory pathway, which may contribute to the induction of cellular stress responses. ASFV mature particles utilize the cytoskeletal network to egress from the viral factory to the cell surface (Carvalho et al., 1988; Jouvenet et al., 2004), a travel depending on the late structural protein E120R (Andres et al., 2001).

The endosomal sorting complex required for transport (ESCRT) machinery is crucial for various cellular membrane-reorganization events including membrane remodeling, sealing, or repair, as required in several viral infections (Vietri et al., 2020; Olmos, 2022). In fact, enveloped retroviruses (HIV) and +strand RNA viruses (such as filo-, arena-, radon-, and paramyxoviruses) redirect cellular ESCRT proteins to the plasma membrane, leading to budding and fission of the viral particles from infected cells (McCullough et al., 2013; Vietri et al., 2020). In addition, the ESCRT machinery leads the constitution of the viral replication complex of a variety of viral families that require alterations of cellular membranes for successful replication (Torii et al., 2020; Meng and Lever, 2021). A closely related virus, such as Vaccinia virus (VACV), hijacks ESCRT to facilitate virus maturation, egress, and spread by ESCRT-mediated VACV wrapping. Moreover, multivesicular bodies (MVBs) serve as a major non-cisternae membrane source for the formation of intracellular enveloped viruses (IEVs) (Huttunen et al., 2021).

The ESCRT complex comprises four core complexes called ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III, plus the vacuolar protein sorting-associated protein 4 (VPS4) and additional accessory proteins such as ALG-2 interacting protein X (ALIX) homodimer (Katzmann et al., 2001; Babst et al., 2002; Saksena et al., 2009; Schoneberg et al., 2017). ESCRT subunits are activated as a cascade, starting with ESCRT-0 (HRS) that recruits ESCRT-I, while, in turn, ESCRT-I interacts with the ESCRT-II complex. Then, ESCRT-II initiates the formation of the ESCRT-III complex that needs energy to depolymerize (Korbei, 2022; Olmos, 2022). ATPase VPS4, which has the isoforms VPS4A and VPS4B, hydrolyzes ATP to provide the necessary energy to recycle ESCRT-III (Babst et al., 1998). VPS4 balance out cytosolic ESCRT-III and allows a change of ESCRT-III filaments during the membrane scission process (Adell et al., 2014; Mierzwa et al., 2017; McCullough et al., 2018).

As mentioned before, ALIX is a crucial actor in ESCRT dynamics. It is a cytosolic protein identified on the basis of its association with pro-apoptotic signaling (Vito et al., 1999). However, ALIX regulates other cellular mechanisms, including endocytic membrane trafficking, cell adhesion, and cytoskeletal remodeling (Odorizzi, 2006). In addition, several viral families exploit ALIX for budding (Carlton et al., 2008; Zhai et al., 2011; Votteler and Sundquist, 2013) or replication (Fujii et al., 2009; Liu et al., 2022). This ability to participate in a variety of activities relies in its domain architecture, which allows ALIX to interact with the ESCRT-I subunit TSG101 (Strack et al., 2003; von Schwedler et al., 2003), and the ESCRT-III subunit CHMP4 (Odorizzi, 2006; Fisher et al., 2007; Usami et al., 2007).

ALIX tightly collaborates with LBPA, an unconventional and specific phospholipid localized primarily at the inner late endosome/lysosome (LE/LY) membranes, being crucial for intraluminal vesicle (ILV) formation in a Ca2+-dependent manner (Bissig et al., 2013). Moreover, lysobisphosphatydic acid (LBPA) is involved in the sorting and efflux of LE/LY components, including cholesterol intracellular traffic (Kobayashi et al., 1998; Kobayashi et al., 1999; Gruenberg, 2003; Mobius et al., 2003; Matsuo et al., 2004; Hullin-Matsuda et al., 2007). An obligate direct interaction with the cholesterol transporter NPC2 has been recently revealed, establishing the essential functional nature of NPC2–LBPA interactions in the egress of cholesterol from the LE/LY compartment. Of note is that the importance of the host cholesterol pools in viral fusion and replication including ASFV has been described (Ilnytska et al., 2013; Cuesta-Geijo et al., 2016; McCauliff et al., 2019; Ballout et al., 2020).

Our study gives indications suggesting that these protein machineries affecting cellular membrane dynamics could have a role in the ASFV infection cycle, unveiling lines of evidence about the relevance of ESCRT machinery-related proteins VPS4A and ALIX, as well as the LBPA lipid, as potential new therapeutical targets to combat the infection.




2 Materials and methods



2.1 Cell culture

The Vero (ATCC CCL-81; renal fibroblasts) cell line was cultured in Dulbecco’s modified Eagle medium (DMEM) 1% penicillin-streptomycin (P/S), and 2 mM GlutaMAX (Gibco, Gaithersburg, MD, USA) and supplemented with 5% heat-inactivated fetal bovine serum (FBS). FBS was reduced to 2% in the inoculum at the time of viral adsorption and throughout the infection process. All these mammalian cells were grown at 37°C and 5% CO2 conditions.




2.2 Viruses and infection

We used the Vero-adapted and non-pathogenic ASFV isolate Ba71V (Enjuanes et al., 1976) and fluorescent recombinant viruses Ba71V-30GFP (BPP30GFP) (Barrado-Gil et al., 2017) and Ba71V-Bp54GFP (B54GFP) (Hernaez et al., 2006). BPP30GFP expresses the GFP gene under the promoter of the early viral p30 protein (Barrado-Gil et al., 2017). Recombinant B54GFP expresses GFP as a fusion protein of viral p54, which is an early/late protein that mainly accumulates at the viral replication sites (Rodriguez et al., 1994; Hernaez et al., 2006). ASFV viral stocks were propagated and titrated by plaque assay in Vero cells, as previously described (Enjuanes et al., 1976). When using the recombinant viruses BPP30GFP or B54GFP, green fluorescent plaques were observed 4 days after infection under the fluorescence microscope. ASFV stocks were partially purified using a sucrose cushion (40%) in PBS at 68,000 × g for 50 min at 4°C and were further used at a multiplicity of infection (MOI) of 1 unless otherwise indicated.




2.3 Generation of stable cell lines

To generate Vero cells deficient in VPS4A or ALIX, we used the commercial lentiviral vector containing shRNA to interfere with VPS4A (TRCN000012998) or ALIX (TRCN0000343595), respectively, obtained from Merck (Darmstadt, Germany). A TRC1 pLKO.1-puro empty shRNA was used as control. Lentiviral particles were produced by transfection of HEK293T cells (seeded in 60-mm dishes) with 5 μg of lentiviral vectors, 3 μg of the human immunodeficiency virus (HIV) gag-pol expressing plasmid, and 3 μg of vesicular stomatitis virus-G glycoprotein using Lipofectamine 2000 (Life Technologies, Carlsbad, CA, USA). Supernatants containing the lentivirus were harvested at 48 and 72 h post transfection, 0.45 μm-filtered, and used to transduce Vero cells, which were subsequently selected for puromycin resistance (Life Technologies, 10 μg/mL).




2.4 Antibodies

The following rabbit antibodies were used: VPS4A (H-165) (SCBT, sc-32922), Lamp-1 (Abcam, ab24170), ALIX (Abcam, ab88388), ALIX (Proteintech, 12422-1-AP), or HRS (CST, #14346). Mouse monoclonal antibodies used were as follows: ALIX (Q19) (sc-49268), EEA1 (BD Biosciences, 610457), CD63 (H5C6) (Novus Biologicals, NBP2-42225), p150 (Ingenasa, 17AH2), p72 (Ingenasa,1BC11), p72 (Ingenasa, 18BG3), p30 (a gift from J.M. Escribano, Algenex, Madrid, Spain), or LBPA (6C4) (Echelon Biosciences, Z-SLBPA). ALIX (Q19) (SCBT, sc-9268) was the goat antibody used.




2.5 Flow cytometry

Vero cells were infected with recombinant ASFV BPP30GFP or B54GFP at a MOI of 1 pfu/cell for 16 h. Cells were washed with PBS, harvested with Trypsin-EDTA (Gibco, Gaithersburg, MD, USA), and then washed and collected with flow cytometry buffer (PBS, 0.01% sodium azide, and 0.1% bovine serum albumin). In order to determine the percentage of infected cells per condition (infection efficiency), 10,000 cells per time point were scored using a FACS Canto II flow cytometer (BD Sciences, Franklin Lakes, NJ, USA) and analyzed using the FlowJo software. Infected cell percentages obtained were normalized to values found in control samples.




2.6 Western blot analysis

Cells were seeded in six-well plates and infected with ASFV at a MOI of 1 pfu/cell. Protein lysates were separated based on electrophoretic mobility in sodium dodecyl sulfate polyacrylamide gels (SDS-PAGE) under reducing conditions and transferred to nitrocellulose membranes (Amersham Biosciences, Amersham, UK). Membranes were blocked with 5% skimmed milk powder in PBS−0.05% Tween-20 (Sigma-Aldrich, Saint Louis, MO, USA) for 1 h and further incubated with primary antibody at 4°C overnight. Finally, immunoblot was incubated with suitable horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. Protein expression was analyzed using the molecular imager Chemidoc XRS plus Imaging System. Bands were quantified by densitometry and normalized using the Image Lab software (Bio-Rad, Hercules, CA, USA).




2.7 Immunofluorescence

Vero cells were seeded at a variable density onto 12-mm glass coverslips in 24-well plates before infection. Then, cells were washed with PBS and fixed with 4% paraformaldehyde (PFA) for 15 min. After washing with PBS, cells were permeabilized with 0.1% Triton X-100 in PBS for 10 min. Then, coverslips were washed with PBS and incubated in 2% bovine serum albumin (BSA, Sigma) diluted in PBS for 1 h. Slides were then incubated at room temperature for 1 h in primary antibody diluted in PBS–BSA 1%. Appropriate secondary antibodies conjugated to either Alexa Fluor-488 or -594 (Thermo Fisher, Waltham, MA, USA) were used and cell nuclei were detected with TO-PRO-3 (Thermo Fisher Scientific). Coverslips were mounted on glass slides using ProLong Gold (Thermo Fisher Scientific). Cells were visualized using a TCS SPE confocal microscope (Leica) and image acquisition was performed with a Leica Application Suite Advanced Fluorescence software (LAS AF).




2.8 Immunofluorescence quantitative analysis

Fluorescence labeling of ALIX antibody was measured using ImageJ 1.53c (NIH). Specific ROIs (regions of interest) were designed for 20 cells per condition, and cytoplasmic fluorescence signal above a certain threshold (adjusted as background) was quantified. Results were expressed as the average of intensity and, relative to values detected in control samples, arbitrarily assigned a value of one.

To quantify the amount of LBPA accumulated close to the viral factory, we used the ImageJ plug-in “Fluorescence Ratio” kindly provided by Dr. Sánchez Sorzano (CNB, Madrid, Spain) (Rincon et al., 2011) that allows us to obtain the fluorescence intensity detected at a particular area of the cell related to other areas. The plugin takes into account the fluorescence provided by the background. In our experiment, we computed the ratio between the fluorescence at the viral factory in the perinuclear region and the total cytoplasm of each cell. We measured the intensity in 30 individual cells per condition (MOCK or infected).




2.9 Virus titration

Vero cells were infected with Ba71V or BPP30GFP at a MOI of 1 pfu/cell. After 24 h or 48 h of infection, total viruses from cell lysates and supernatants were collected and titrated by plaque assay in triplicate samples on monolayers of Vero cells. Intracellular virus titers were obtained by repeatedly freezing and thawing infected cells. Vero cells were infected with 10-fold serial dilutions from samples and viral adsorption lasted 90 min in 2% FBS at 37°C. The viral inoculum was then removed and a 1:1 ratio of 2% low-melting-point agarose and complete 2X EMEM was added. Plaque visualization was possible at 10 days after staining with violet crystal. When using the recombinant BPP30GFP, green fluorescent plaques were observed 4 days after infection.




2.10 Quantitative real-time PCR

DNA from Vero cells infected with ASFV at an MOI of 1 pfu/cell for 16 h was purified using the DNAeasy blood and tissue kit (Qiagen) following the manufacturer’s protocol. DNA concentration was measured using a Nanodrop spectrophotometer. The qPCR assay amplifies a region of the p72 viral gene, as described previously (King et al., 2003). The amplification mixture was 200 ng of DNA template added to a final reaction mixture of 20 μL containing 50 pmol sense primers, 50 pmol anti-sense primer, 5 pmol of probe, and 10 μL of Premix Ex Taq (2×) (Takara Bio, Shiga, Japan). Each sample was included in triplicate and values were normalized to standard positive controls. Reactions were performed using the ABI 7500 Fast Real-Time PCR System (Applied Biosystems) with the following parameters: 94°C for 10 min and 45 cycles of 94°C for 10 s and 58°C for 60 s.




2.11 RNA extraction and quantitative PCR analysis

RNA was extracted from Vero cells grown in six-well plates using the RNeasy RNA extraction kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. For retrotranscription, a QuantiTect Reverse Transcription kit (Qiagen) was used to synthesize cDNA, also following the manufacturer’s protocol. cDNA (250 ng) was the template for real-time PCR using the QuantiTect SYBR Green PCR Kit (Qiagen). Reactions were performed using the ABI 7500 Fast Real-Time PCR System (Applied Biosystems, Waltham, MA, USA). Expression of VPS4A was analyzed by using Hs_VPS4A_1_SGQuantiTect Primer Assay QT00022029 (Qiagen) and normalized to an internal control (18S ribosome subunit) to yield the fold expression.




2.12 Statistical analysis

The experimental data were analyzed by one-way ANOVA by GraphPad Prism 6 software. For multiple comparisons, Bonferroni’s correction was applied. When comparing two sample means, an unpaired Student’s t‐test was performed. Values were expressed in bar graphs as mean ± SD of at least three independent experiments unless otherwise noted. A p < 0.05 was considered as statistically significant.





3 Results



3.1 Role of VPS4A in ASFV infection

To determine the impact of the ESCRT complex on ASFV infection, we silenced the expression of VPS4A using shRNA as described above. The reduction of VPS4A expression levels was confirmed by Western blot (Figures 1A, B) and RT-qPCR (Figure 1C). After assessing the silencing, we were interested in identifying whether VPS4A interfered in ASFV infectivity. Wild-type, empty shRNA (empty) and VPS4A shRNA (shVPS4A) Vero cells were infected with ASFV BPP30GFP, a recombinant virus that expresses the GFP protein under the early viral protein promoter p30. No effect was detected at early stages post-infection by flow cytometry using this tagged recombinant virus (Figure 1D). However, when cells were infected with recombinant virus B54GFP, expressing GFP as a p54 fusion protein resulted in an inhibition of the infectivity. In fact, the silencing of VPS4A reduced the percentage of fluorescent cells when measured by flow cytometry at 16 h post infection compared to empty cells (Figure 1E). In agreement with the result shown in Figure 1E, we obtained a significant decrease of ASFV replication in shVPS4A cells analyzed by quantitative PCR (Figure 1F). In order to gain knowledge of the impact of VPS4A silencing in the last stage of ASFV infection, wild-type, empty, and shVPS4A Vero cells were infected with BPP30GFP in order to quantify the amount of intracellular virus produced in each condition, and also evaluate the amount of virus released to the extracellular space. After 24 h of infection, intracellular (IC) and extracellular (EC) virus production were analyzed. Cellular pellets and supernatants were collected and titrated by plaque assay in Vero cells as described in Materials and Methods. As shown in Figure 1G, no significant differences were observed when titrating IC viral production generated in Vero, empty, and shVPS4A Vero cells. Interestingly, the shVPS4A cell line produced less EC viral particles compared to empty Vero cells (Figure 1H).




Figure 1 | Impact of VPS4A silencing in several infection parameters. (A) Representative immunoblot of VPS4A in Vero cells transduced with lentiviral particles encoding VPS4A shRNA (shVPS4A) or empty shRNA (empty) and wild-type Vero cells (Vero) as controls. (B) Densitometric analysis of VPS4A expression in WB using alpha-tubulin as loading control and compared with empty values. (C) VPS4A mRNA levels analyzed by qPCR using VPS4A-specific primers. Ribosomal protein 18S was used as control. Data are presented as a fold compared to empty cells. (D) Infectivity of BPP30GFP (1 pfu/mL) in Vero cells at 16 hpi measured by flow cytometry (GFP fluorescence percentage relative to empty control). (E) Percentage of B54GFP-infected cells (GFP fluorescence relative to empty control) at 16 hpi in Vero cells. (F) Quantification of ASFV genome copy number by real-time PCR 16 hpi and normalized to empty values. Data are presented as a fold and normalized to empty values. (G) Virus titration by plaque assay of intracellular (IC) virions generated in wild-type, empty, or shVPS4A Vero cells infected with BPP30GFP at a MOI of 1 pfu/mL for 24 (h) (H) Virus titration by plaque assay of extracellular (EC) virions generated in wild-type, empty, or shVPS4A Vero cells infected with BPP30GFP at a MOI of 1 pfu/mL for 24 hpi. Statistically significant differences are indicated by asterisks (*p < 0.05; **p < 0.01; ***p < 0.001).






3.2 Effect of VPS4A silencing in the redistribution of endosomal membranes during ASFV infection

Previous studies have shown a reorganization of endosomal traffic and endosomal membranes remodeling close to the viral replication site or viral factory (VF) (Cuesta-Geijo et al., 2017) that could be eventually altered under the inhibition of the ESCRT component VPS4A. The ASFV VF is the site where the viral replication takes place, and it is visualized as a perinuclear structure by confocal microscopy.

Empty and shVPS4A Vero cells were infected with ASFV for 16 hpi. Cells were fixed and assayed with immunofluorescence to detect the early endosome marker EEA1, the MVB marker CD63, and the lysosomal marker Lamp1. As previously described, immunofluorescence images showed EEA1-labeled early endosomes around the VF. The VF was recognized by the labeling with the structural viral protein p150 at 16 hpi in infected empty cells (Figure 2A). Silencing of VPS4A maintained EEA1 recruitment close to the VFs (Figure 2A). In CD63 labeling, we detected a diffuse cytoplasmic localization of MVBs in mock empty cells (Figure 2B), while CD63 repositioned close to the VF in infected empty cells. A similar pattern was found in mock- as well as ASFV-infected shVPS4A cells (Figure 2B). When visualizing the reorganization of lysosomes in the absence of VPS4A, no alteration was observed either in mock-infected or in ASFV-infected cells, when comparing empty and shVPS4A cell lines (Figure 2C). In summary, no alterations in the distribution of cellular vesicles were detected in either mock or infected cells under VPS4A silencing conditions.




Figure 2 | VPS4A and vesicle reorganization at viral factories. Representative confocal images of empty and shVPS4A Vero cells uninfected (MOCK) or infected with Ba71V at a MOI of 1 pfu/cell for 16 (h) After fixation, cells were stained for viral core protein p150 (red), DNA (TO-PRO-3, blue), and vesicle membrane marker EEA1 (green) (A), CD63 (green) (B), or Lamp1 (green) (C). Scale bar: 20 µm.






3.3 Impact of VPS4A silencing in ALIX expression during ASFV infection

To gain insight into how silencing VPS4A could affect other ESCRT components and ASFV infection, we focus on HRS (ESCRT-0) and the adaptor protein ALIX, a crucial player for several virus models to pursue a successful infection (Le Blanc et al., 2005; Munshi et al., 2007; Pattanakitsakul et al., 2010; Pasqual et al., 2011; Jiang et al., 2020). This protein participates in actin assembly and membrane remodeling processes settled by ESCRT-III (McCullough et al., 2018; Qiu et al., 2022), which are relevant for several viruses (Lin et al., 2022). We infected wild-type, empty, and shVPS4A Vero cells with ASFV at a MOI of 1 pfu/cell and they were harvested at 16 hpi. Western blot analysis showed a tendency towards the increase of ESCRT-0 component HRS in silenced VPS4A cells, slightly dependent on ASFV infection (Figure 3A). Similar data were observed in Vero wild-type cells, used as control. When studying ALIX expression, we observed an increase in cells infected with ASFV at 16 hpi compared to mock cells. This increment was independent of the silencing of VPS4A (Figure 3B). Finally, we monitored the pattern of ALIX during ASFV infection in both empty and shVPS4A Vero cells by immunofluorescence (Figure 3C). In agreement with immunoblot experiments, infected shVPS4A cells (lower panel, Figure 3C) showed a higher ALIX labeling than mock shVPS4A cells (lower panel, Figure 3C). Similar results were obtained from empty cells (upper panel, Figure 3C). ALIX distribution around viral factory (labeled with p72) was detected in both cell lines (Figure 3C). These results point out that HRS is dependent on VPS4A silencing but weakly on ASFV infection. Conversely, ALIX overexpression occurs under infection conditions and it is not related to VPS4A depletion.




Figure 3 | ALIX expression in cells lacking VPS4A. (A, B) Representative immunoblot and densitometric analysis of HRS expression (A) or ALIX expression (B) in MOCK and infected samples harvested at 16 hpi (MOI of 1 pfu/cell) for wild-type Vero cells (Vero), empty shRNA (empty), or VPS4A shRNA (VPS4A). ASFV infection was detected by using viral protein p30. Alpha-tubulin was used as loading control. Data are presented as mean ± SD of densitometry values from two independent experiments. (C) Illustrative confocal images of empty (upper panel) and shVPS4A (lower panel) Vero cells stained with ALIX (green). Viral factories were detected with the antibody against p72 (red) and DNA with TO-PRO-3 (blue). Quantification of ALIX staining in MOCK or infected (ASFV) in empty and shVPS4A cell lines. Each dot represents a single cell (n = 20). Scale bar: 20 µm. Statistically significant differences are indicated by asterisks (**p < 0.01; ***p < 0.001).






3.4 ASFV replication and virus production are impacted by ALIX knockdown

Using a validated shRNA targeting ALIX, we conducted RNA silencing of the protein in Vero cells to investigate the function of ALIX in ASFV infection. Immunoblotting of cell lysates revealed that gene knockdown reduced protein expression of ALIX at 10% after silencing (Figures 4A, B).




Figure 4 | ALIX depletion affects ASFV infection. (A, B) Representative immunoblot of ALIX in Vero cells transduced with lentiviral particles encoding ALIX shRNA (shVPS4A) or empty shRNA (empty) and wild-type Vero cells (Vero) as controls. (B) Densitometric analysis of ALIX expression in WB using GAPDH as loading control and compared with empty values. Data are presented as mean ± SD of densitometry values from two independent experiments. (C, D) Flow cytometry of wild-type, empty, and shALIX Vero cells infected with fluorescent recombinant ASFV BPP30GFP (C) or B54GFP (D) at a MOI of 1 pfu/mL for 16 hpi. (E) Quantification of ASFV DNA by qPCR at 16 hpi. Data are presented as a fold and normalized to empty values. (F, G) Virus titration by plaque assay of intracellular (IC) and extracellular (EC) virions generated in wild-type, empty, or shALIX Vero cells infected with BPP30GFP at a MOI of 0.1 pfu/mL for 48 h, respectively. Statistically significant differences are indicated by asterisks (*p < 0.05; **p < 0.01; ***p < 0.001).



After that, cells were infected with ASFV. As observed in Figure 4C, viral internalization of ASFV BPP30GFP was not affected, since early viral protein expression p30 was unaltered after ALIX knockdown, detected through GFP by flow cytometry. Conversely, the late viral protein p54 decreased under silencing conditions (Figure 4D). Indeed, we confirmed this by observing a significant decrease of ASFV replication in shALIX Vero cells by using qPCR (Figure 4E).

To further assess a function for ALIX at later stages at the viral cycle, we analyzed the viral production by the plaque assay. In agreement with viral replication results, silencing of ALIX triggered a 1.5 log reduction in intracellular viral titer, as well as in extracellular viral titer in shALIX Vero cells compared to empty Vero cells (Figures 4F, G).




3.5 LBPA plays a role in ASFV infection

Enhanced expression of ALIX and its role in ASFV infection lead us to study the possible involvement of lysobisphosphatidic acid (LBPA), an unconventional lipid that interacts with ALIX, in regulating endosomal homeostasis and cholesterol efflux from the LE, which are crucial for ASFV infection.(McCauliff et al., 2019). To test the effect of LBPA in ASFV entry and infection, we used the blocking monoclonal antibody LBPA 6C4 that inhibits LBPA activity (Kobayashi et al., 1998) and LBPA–ALIX interaction (Pattanakitsakul et al., 2010). We first tested the correct LBPA antibody internalization (Figure 5A). Thus, Vero cells were incubated with anti-LBPA antibody for 24 h and subsequently infected with BPP30GFP (MOI of 1 pfu/cell). Pre-incubation with anti-LBPA antibody resulted in a significant decrease of ASFV entry at 6 hpi, as observed when we analyzed the percentage of GFP-positive cells by flow cytometry (Figure 5B). In concordance with the previous results, we detected a higher impact of LBPA blocking at later stages of the infection, reaching almost 50% of inhibition in Vero cells treated and infected with B54GFP (Figure 5C). Our observations of reduced ASFV infectivity under LBPA antibody treatment was further supported by a decrease in total viral production (Figure 5D). Finally, we illustrated the pattern of endogenous LBPA by staining Vero-infected cells at 16 hpi and processing them by confocal microscopy. As shown in Figure 5E, LBPA staining distributed with the same pattern as late endosomes, around the viral factories in infected cells colocalizing with p150-labeled replication sites. Quantification of the amount of LBPA clustered around the viral factory (determined as a ratio fluorescence intensity close to the VF/total fluorescence) showed that LBPA accumulates specifically around VFs compared to the cytoplasm in infected cells (ASFV). In uninfected cells (MOCK), LBPA signal distribution was more homogeneous in the perinuclear region and cytoplasm (Figure 5E).




Figure 5 | LBPA affects ASFV infection. Vero cells were pre-incubated with no antibody (Ctrl) or 50 µg/mL monoclonal antibody anti-LBPA for 24 (h) (A) LBPA internalization was processed for immunofluorescence and analyzed by confocal microscopy (B, C) Cells were then infected with recombinant virus BPP30GFP or B54GFP. In treated samples (LBPA), a virus adsorption period (90 min at 37°C) was conducted in the presence of the Ab. After washing out unbound viral particles, Vero cells were incubated at 37°C in fresh medium. (B) Infectivity of BPP30GFP (1 pfu/mL) in Vero cells at 6 hpi measured by flow cytometry (GFP fluorescence percentage relative to control). (C) Percentage of B54GFP-infected cells (GFP fluorescence relative to empty control) at 16 hpi in Vero cells. (D) Total ASFV production quantified by plaque assay of Vero cells untreated (Ctrl) or incubated with LBPA for 24 h and infected with ASFV. (E) Vero cells infected with ASFV for 16 h and staining with anti-LBPA antibody (green) and core protein p150 (red). Graph shows the quantification of LBPA staining in the perinuclear area related to the cytoplasm in MOCK and infected Vero cells. Each dot in the graph represents the ratio of fluorescence measured at the perinuclear region related to the cytoplasm per cell (n = 30 per condition). Scale bar: 20 µm. Statistically significant differences are indicated by asterisks (**p < 0.01; ***p < 0.001).







4 Discussion

Increasing lines of evidence indicate that several viruses usurp the cellular ESCRT machinery at several infection stages (Votteler and Sundquist, 2013; Weissenhorn et al., 2013; Scourfield and Martin-Serrano, 2017). However, it is still unknown whether ESCRT proteins could participate in ASFV infection.

ESCRT-III functions are coordinated by the AAA-ATPase VPS4, which regulates the exchange of subunits during ESCRT-III polymerization and disassembly upon membrane remodeling and membrane scission (Davies et al., 2010; Adell and Teis, 2011; Adell et al., 2017; Pfitzner et al., 2020; Vietri et al., 2020). In addition, several virus families exploit VPS4 for a successful infection. This protein has a relevant function in the generation of the virion envelope of herpesvirus in the nucleus of infected cells (Crump et al., 2007; Pawliczek and Crump, 2009; Yadav et al., 2017), and alterations in this protein impair the egress of viral particles through the inner nuclear membrane (Lee et al., 2012; Arii et al., 2018). Classical swine fever virus, Echovirus 1, or Arenavirus also require VPS4 function for their infection (Karjalainen et al., 2011; Pasqual et al., 2011; Liu et al., 2022), and recently, the relevance for VPS4 in HIV budding has been shown (Harel et al., 2022). Nevertheless, in other enveloped viruses, VPS4 has merely an ESCRT-III recycling function (Diaz et al., 2015), or it is needless, as shown for flavivirus replication (Tabata et al., 2016). Consistent with a central role for VPS4 in several viral infections, we proceed to evaluate the impact of silencing VPS4A in ASFV infection. ASFV replication was affected when silencing VPS4A expression in cells, mainly at later stages of the viral cycle. Changes in the level of VPS4A did not impair ASFV infectivity at early stages; therefore, VPS4A silencing suggests an implication for a later stage in viral infection. It could be possible that VPS4A assists the viral progeny assembly during the virion membrane acquisition, as occurs with Vaccinia virus, a closely related nucleocytoplasmic DNA virus (Huttunen et al., 2021). In fact, VPS4A silencing reduced extracellular virus production; hence, this would suggest a potential role for this ESCRT protein in ASFV budding, similarly to HIV-1 (Kieffer et al., 2008; Harel et al., 2022).

The redistribution of membranes, analyzed through endosomal and lysosomal markers, remained altered in infected cells, without any evident effect in the redistribution of vesicle membranes under VPS4A silencing. A plausible reason for this finding could be a functional redundancy between VPS4A and VPS4B that would compensate for the lack of VPS4A at particular infection stages, as has previously been described for other ESCRT components such as CHMP2 or CHMP4 families in flavivirus infection (Tabata et al., 2016).

The ESCRT-0 component HRS initially guides ubiquitinated membrane proteins from early endosomes into ILVs of the MVBs (Vietri et al., 2020). ASFV weakly increased HRS expression; however, virions that traffic through endosomes would occur independently of ILVs, since ILVs have a smaller size than ASFV virions and require the acidic pH of LEs to decapsidate (Cuesta-Geijo et al., 2012). Thus, this requirement of HRS in ASFV infection is not yet well understood.

The accessory ESCRT protein ALIX exerts multiple functions, including endosomal homeostasis in cooperation with other ESCRT components (Gupta et al., 2020; Tran et al., 2022). Contrarily to HRS, ASFV-infected cells overexpressed and relocated ALIX around the viral factory independently of VPS4A silencing. As ALIX was recruited to the viral factory, we hypothesized that the protein could have a role during ASFV infection, supporting later stages during the viral cycle as replication, viral production, or egress, as occurs in flavivirus infection (Tran et al., 2022), HIV-1 (Fujii et al., 2009), or classical swine fever infection (Liu et al., 2022). This assumption was supported by a reduction of p54 expression and viral copy number during replication in cells lacking ALIX. According to these data, viral production was altered, as indicated by the reduction in intracellular and extracellular viral titer. We could speculate about the involvement of ALIX in viral morphogenesis and viral egress since intracellular and extracellular titers were affected, or it could be also a consequence of a defective viral replication. Thereby, since replication is affected and intracellular and extracellular plaque assay results are comparable, with no severe effects in titer, ALIX could support viral replication, but it has a modest role in viral production and budding. Further studies need to be conducted to clarify this issue.

Besides its role with ESCRT, ALIX controls ILV formation in the MVB and LE dynamics through the interaction with LBPA by an exposed site in the ALIX Bro1 domain in a Ca2+-dependent manner (Williams and Urbe, 2007; Bissig and Gruenberg, 2014). Interestingly, it has been recently reported that ASFV triggers the activation of calcium-signaling pathways in endosomes (Galindo et al., 2021).

LBPA is specifically located particularly in the inner leaflet of late endosomes and a variety of viruses, such as dengue virus or vesicular stomatitis virus, take advantage of this molecule for membrane fusion at entry. In fact, pretreatment with anti-LBPA antibody reduces dengue and Arenavirus infection (Pattanakitsakul et al., 2010; Zaitseva et al., 2010; Roth and Whittaker, 2011). We impaired LBPA function by preincubating cells with a blocking function monoclonal antibody against LBPA prior to ASFV infection, which affects endosomal/MVBs homeostasis or back fusion events altering the cholesterol efflux necessary for ASFV infection (Bissig and Gruenberg, 2014; Gruenberg, 2020; Cuesta-Geijo et al., 2022). Our data support the idea that LBPA blocking treatment prior to infection reduces ASFV infectivity at early and late stages post-infection, thus affecting virions trafficking through endosomes, replication, and also viral production. This indicates how LBPA controls ASFV infectivity and viral production, probably by affecting cholesterol efflux, in an ALIX unrelated process, since ALIX knockdown did not alter early protein expression during ASFV infection.

Cholesterol traffic and the main intracellular cholesterol transporters NPC1 and 2 are relevant in ASFV infectivity and replication (Cuesta-Geijo et al., 2022). Thus, the direct interaction between NPC2 and LBPA to regulate cholesterol efflux could possibly affect earlier stages of ASFV infection (McCauliff et al., 2019). Furthermore, LBPA is redistributed to perinuclear locations, where ASFV replication occurs, supporting a function in viral infection at later stages.

Interestingly, recent works have shown that LBPA is important for the life cycle of SARS-CoV-2 (Carriere et al., 2020; Luquain-Costaz et al., 2020), but more studies are required to unveil its mechanism of action in the infection. Our results would support that ASFV needs an efficient cholesterol transport that depends on LBPA and NPC proteins from early steps of the infection, while the LBPA–ALIX interaction, related to ILV formation and back fusion, would remain in the background, since ASF virions fuse with the LE (Cuesta-Geijo et al., 2012; Hernaez et al., 2016).

In summary, our results point out for the first time the involvement of ESCRT-related proteins such as VPS4A, ALIX, and the unconventional phospholipid LBPA in ASFV infection. These molecules are tightly linked to the maintenance of endocytic pathway homeostasis, and their functions impact the infectivity and replication of ASFV. The results presented constitute an interesting opening for addressing the specific function of these proteins in future works, unveiling potential new therapeutic molecules with a putative antiviral activity.
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Nucleotides Amino acid

Genomic Relevant mutations*
region No. substitu- Divergence No. substitu- Divergence
tions (%) tions (%)
5’UTR 96 13 NA NA A481G (Attenuation)
VP4 19 92 1 14
VP2 37 45 2 0.7
P1
region VP3 34 4.7 4 1.7 Ser73Asn (NAg site 3), Thr75Met  (NAg site 3)
u_— i e ; 55 Argl03Lys (NAg site 1), llel43Thr (Attenuation), Ser222Pro
(NAg site 2)
P2 region 325 18.8 25 4.3
P3 region 384 17 27 36
FUTR 3 42 NA NA

*Relevant mutations refer to relevant sites in the Sabin-2 genome described as being involved in Sabin-2 attenuation (Ren et al., 1991) or those predicted neutralizing antigenic (NAg) sites
important for immune recognition (Shulman et al,, 2000; Adu et al, 2007).
NA, not applicable.
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Latin
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Median (range) time from plitidepsin first dose to E-APLICOV inclusion, months

Number of comorbidities, n (%)
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2(222)
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176 (15.3-19.5)
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10 (71.4)
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3(21.4)
1(7.1)
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6 (54.5)

7 (63.6)
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162 (15.2-17.8)

53
(33-72)

23 (67.6)

23 (67.6)
9 (26.5)
1(29)
1(29)

297
(18.4-46.2)

16.8 (15.2-19.5)

None 3(333) 2(14.3) 0 (0) 5(147)
One 1(1L1) 6 (42.9) 6 (54.5) 13 (38.2)
Two or more 5 (55.6) 6 (42.9) 5(45.5) 16 (47.1)
Disease status at randomization, n (%) *

Mild COVID-19 1(1L1) 3(214) 1(9.1) 5(14.7)
Moderate COVID-19 5 (55.6) 7 (50) 7 (63.6) 19 (55.9)
Severe COVID-19 3(333) 4(28.6) 3(273) 10 (29.4)
Vaccination status (COVID-19)

Non-vaccinated patients, n (%) 1(1L1) - - 1(29)
Vaccinated patients, n (%) 8(88.9) 14 (100) 11 (100) 33 (97.1)
1 dose 1(1L1) 4(28.6) 1(9.1) 6 (17.6)
2 doses 4 (44.4) 7 (50.0) 10 (90.9) 21 (61.8)
3 doses 3(333) 3(214) - 6 (17.6)
Serostatus against SARS-CoV-2, n (%)

Negative 1(11.1) 1(7.1) 1(9.1) 3(8.8)
Positive 8(88.9) 13 (92.9) 10 (90.9) 31 (912)

A Estimated using baseline assessments recorded in Electronic Data Capture using severity definitions in FDA Guidance for Industry “COVID-19: Developing Drugs and Biological Products for Treatment or
Prevention”: mild (no shortness of breath or dyspnea, SpO, > 95%, respiratory rate < 20 breaths/min, heart rate < 90 bpm), moderate (shortness of breath with exertion, SpO, > 93% but < 95%, respiratory rate > 20
breaths/min or heart rate > 90 bpm), and severe (shortness of breath at rest or respiratory distress, SpO, < 93%, respiratory rate > 30 breaths/min, heart rate > 125 bpm).

bpm, beats per minute; FDA, Food and Drug Administration; Kg, kilogram; m?, square meter; mg, milligram; min, minutes; N, n, number; SpO;, oxygen saturation.

-, No patients.
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Post-COVID-19 complications Missing

N
Alanine aminotransferase increased « * 1 29 « . 1 29
Alopecia 5 u & - i 29 1 29
Anxiety . . 2 59 . . 2 [ 59
Aspartate aminotransferase increased . . 1 29 . . 1 [ 29
Asthenia . B 11 324 2 59 13 382
Attention deficit 3 E 5 14.7 s 3 5 147
Back pain ; . 1 29 : s 1 29
Blood cholesterol increased # E 1 | 29 s . 1 29
Blood triglycerides increased . . 1 29 . . 1 29
COVID-19 pneumonia . E 1 29 . . 1 29
Chest pressure . . 1 29 . . 1 29
Cough . B 4 118 1 29 5 147
Diabetic metabolic decompensation 3 5 g 3 1 29 1 29
Diarrhea B & 1 29 & i 1 ' 29
Dizziness 1 29 3 88 5 i 4 118
Dyspnea : : 1 29 . : 1 29
Febricula . ® 1 29 - % 1 29
Fibrin D-dimer increased . e 1 29 . a 1 29
Gamma-glutamyltransferase increased " e 2 59 o " 2 59
General malaise . . 5 14.7 . ) 5 147
Headaches . B 3 8.8 B B 3 88
Hyperglycemia : 5 ; 5 1 29 1 29
Interstitial lung disease s B ¥ o 1 29 1 29
Joint pains 3 e 2 59 = . 2 59
Low mood . E 3 8.8 o + 3 8.8
Memory lapses E . 4 11.8 © . 4 11.8
Muscle aches and pains . E 3 8.8 " . 3 88
Palpitations . . 2 59 . . 2 59
Serum ferritin increased . . 2 59 B B 2 59
Tingling in extremity ; 5 5 147 5 5 5 147

G, grade; N, number.
-, No patients.
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Pulmonary function assessment
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I Reduced 2 1 222 | W . § ‘ 2 | 59

FEV| result Normal ] 778 13 929 9 81.8 29 85.3

Reduced 2 222 1 7.1 2 18.2 5 14.7
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0 (Symptoms: Little; Description: Dyspnea only with strenuous exercise); 1 (Symptoms: Mild; Description: Dyspnea when hurrying or walking up a slight hill); 2 (Symptoms: Moderate; Description:
Walks slower than people of the same age because of dyspnea or has to stop for breath when walking at own pace); 3 (Symptoms: Many; Description: Stops for breath after walking just under 100 m
(100 yards) or after a few minutes); 4 (Symptoms: Very much; Description: Too dyspneic to leave house or breathless when dressing) DLCO, diffusing capacity of the lungs for carbon monoxide; FEV,,
forced expiratory volume in one second; FVC, forced vital capacity; mg, milligram; mMRC, modified Medical Research Council; N, number.

., No patients.
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