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Abstract

:

The identification of seven cases of hepatitis E virus infection in a French rural hamlet in April 2015 led to investigations confirming the clustering and identifying the source of the infection. Laboratories and general practitioners in the area actively searched for other cases based on RT-PCR and serological tests. The environment, including water sources, was also checked for HEV RNA. Phylogenetic analyses were performed to compare HEV sequences. No other cases were found. Six of the seven patients lived in the same hamlet, and the seventh used to visit his family who lived there. All HEV strains were very similar and belonged to the HEV3f subgenotype, confirming the clustering of these cases. All the patients drank water from the public network. A break in the water supply to the hamlet was identified at the time the infection probably occurred; HEV RNA was also detected in a private water source that was connected to the public water network. The water flowing from the taps was quite turbid during the break. The private water supply containing HEV RNA was the likely source of the contamination. Private water supplies not disconnected from the public network are still frequent in rural areas, where they may contribute to public water pollution.
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1. Introduction


Hepatitis E virus (HEV) is the most common cause of acute viral hepatitis in the world [1]. HEV is a small virus with a positive-sense, single-stranded ~7.2 kb RNA genome that contains three open reading frames (ORF), ORF1, ORF2 and ORF3. ORF1 encodes a non-structural protein about 1693 amino acids (aa) long, with at least four putative functional domains: methyltransferase, cysteine protease, helicase and RNA-dependent RNA polymerase (RdRp). ORF2 encodes the 660 aa capsid protein, which has been divided into three domains: S (shell), M (middle) and P (protruding). It was recently shown that ORF2 also encodes a secreted free form of the capsid protein (ORF2s) that differs from the actual capsid protein, ORF2i (for infectious). Lastly, ORF3 encodes a 113 or 114 aa phosphoprotein, depending on the genotype, that has ion channel activity and is involved in virus egress from infected cells [2].



This small RNA virus belonging to the Hepeviridae family has been assigned to subfamily Orthohepevirinae for strains infecting mammals and birds and to subfamily Parahepevirinae for strains infecting fish [3]. The subfamily Orthohepevirinae has four genera including the genera Paslahepevirus and Rocahepevirus that infect humans, domestic and wild mammals, the genus Chirohepevirus that infects bats and the genus Avihepevirus that infects birds. Most human infections are due to Paslahepevirus balayani genotypes 1, 2, 3 and 4, and less frequently 7. HEV1 and HEV2 are transmitted by the fecal–oral route in countries with suboptimal sanitary conditions, usually via contaminated water. They cause both sporadic infections and occasional large outbreaks [4]. HEV3 and HEV4 are transmitted zoonotically in developed countries from animal reservoirs, such as pigs, wild boar and deer [5]. Most cases are sporadic with unidentified sources of contamination. Large outbreaks are rare, although there have been several well-documented small clusters of cases from a point-source food outbreak [6,7,8]. A waterborne route of HEV transmission is seldom documented in developed countries but it cannot be excluded. HEV3 has been found in untreated and surface water in a number of European, North and South American, and Asian countries [9,10]. Whether the detected RNA is associated with complete infectious particles remains to be determined. A further argument suggesting that water can be implicated in developed countries is that a study of French blood donors found that drinking bottled water was associated with a lower anti-HEV IgG frequency [11]. All the bottled water sold in France comes from underground complex rock systems several hundred meters below the surface, making it likely safe from virological contamination. The HEV found in the blood is lipid-associated without any viral glycoprotein at the surface, which defines a quasi-enveloped virus. Conversely, in feces, and consequently in the environment, HEV is naked because lipids have been removed by the action of bile salts. Naked particles are very resistant in the environment.



The clinical features of hepatitis E are similar to those of acute viral hepatitis caused by other hepatotropic viruses. HEV has a mean incubation period of 40 days [12], and most infections are asymptomatic. Symptoms, when present, are fever, asthenia and nausea, followed by abdominal pain, vomiting, anorexia, and malaise. Jaundice occurs in about 75% of patients. Fulminant hepatitis can occur in pregnant women living in developing countries. The cause of elevated maternal mortality (30%, with most deaths occurring in the third trimester) remains obscure. Immunosuppressed individuals, including solid organ transplant recipients, patients living with the human immunodeficiency virus (HIV), especially those with a T CD4+ count <200/mm3 or patients with hematological disease receiving chemotherapy, infected by HEV3 or HEV4 may also develop chronic hepatitis and cirrhosis [12]. Acute HEV infections are diagnosed by detecting serum immunoglobulin M antibodies to hepatitis E (anti-HEV IgM) or by detecting the HEV genome in blood [13]. Reported cases of hepatitis E have increased in industrialized countries due to improved diagnostic tools and screening strategies [13]. For instance, HEV IgG prevalence among blood donors in the Midi-Pyrénées increased from 16.6% to 52.5% when using a more sensitive serological test [14].



A general practitioner in the Auvergne Rhone–Alpes region informed the Regional Health Agency (ARS) about the unusual detection of seven cases of HEV infections in April 2015. All the patients lived in a hamlet of a small village with 200 inhabitants. Symptom onset occurred between March and April 2015. The first case, a 78-year-old man with multiple comorbidities, had died. As a result, anti-HEV IgM and anti HEV IgG serological analyses were prescribed for other families in the hamlet. Six other cases, relatives living in three houses, were then identified. The next step was to describe the outbreak, identify the vehicle and source of contamination, and suggest control measures.




2. Materials and Methods


2.1. Descriptive Epidemiology


Case definition: We defined a case as everyone living, or having stayed, in the village X, including hamlet Y, who was infected with HEV (detection of anti-HEV IgM or HEV genome) between January and April 2015.



Descriptive analysis and exploration: Cases were actively searched for by local laboratories and general practitioners. We interviewed the cases by telephone using a standardized questionnaire that included sociodemographic characteristics, symptoms and associated medical attention, risk factors such as chronic illness (particularly hepatic), chronic treatment (e.g., corticosteroid), pregnancy, and risk exposure 2–8 weeks before symptom onset (or the date of sampling for the asymptomatic). The risk exposures included contacts with domestic or farm animals, food and water consumption.




2.2. Clinical Laboratory Investigations


All samples were stored at −20 °C before analysis. Serological (anti-HEV IgM and IgG) tests were performed on blood sera using Wantai enzyme immunoassays (Wantai Biologic Pharmacy Enterprise, Beijing, China) according to the manufacturer recommendations. The concentrations of HEV RNA in plasma samples were determined by A one-stepRT- qPCR targeting the ORF2/ORF3 overlapping region as previously described [15]. Briefly, HEV RNA was extracted from 140 μL samples (QiaAmp viral RNA minikit; Qiagen, Courtaboeuf, France) according to the manufacturer recommendations. The following primers and probe targeting the ORF2/ORF3 overlapping region were used to amplify a 70 nt fragment: forward primer HEVORF3-S (5′-GGTGGTTTCTGGGGTGAC-3′), reverse primer HEVORF3-AS (5′-AGGGGTTGGTTGGATGAA-3′), and the probe 5′–6-carboxyfluorescein (FAM)–TGATTCTCAGCCCTTCGC–6-carboxytetramethylrhodamine (TAMRA)–3′ [15]. For RT-PCR, the 50 μL reaction mix contained 1 μL of SuperScript III Platinum One-Step quantitative RT-PCR system medium (Invitrogen), 15 μL of RNA, primers (200 nM), probes (150 nM), and 40 U/reaction RNase Out (Invitrogen). Reverse transcription was carried out at 50 °C for 15 min, followed by denaturation at 95 °C for 1 min. DNA was amplified with 50 PCR cycles at 95 °C (20 s) and 58 °C (40 s). The limit of detection was 75 IU/mL. The HEV genotype was determined by sequencing a 348-nucleotide (nt) fragment within the ORF2 gene [16]. For viral load <3 log IU/mL, a successful sequencing is obtained in <50% of attempts.



The neighbor-joining (NJ) tree was constructed with the set of reference sequences proposed by Smith et al. [17,18]. Sequences were aligned using ClustalX2.1 and Treeview 1.6.6 software was used to visualize the tree.




2.3. Environmental Investigations


Agents of the Regional Health Agency (ARS) visited village X including hamlet Y on 25 April 2015 in order to determine the geography and public water network architecture. Samples of water were taken from the public network and the hamlet’s private network and sent for analysis at the French Agency for Food, Environmental and Occupational Health & Safety (Anses) [19]. Virus particles were concentrated from 400 mL (well water) and 500 mL (house tap water) samples by membrane filtration under vacuum using a Zetapor (Cuno Filtration SAS 3 M, Cergy Pontoise, France) 47 mm positively charged membrane of pore size 0.45 μm. The filter membranes were then directly incubated for 10 min at room temperature in a 60 mm diameter Petri dish containing 3 mL of NucliSens® easyMAG™ lysis buffer (Biomérieux, Marcy l’Etoile, France).



Nucleic acids were extracted using the NucliSENS® easyMAG™ platform with the “off-board Specific A” protocol according to the manufacturer’s instructions (Biomérieux). Nucleic acids were eluted in 100 µL of elution buffer. An additional purification step was performed with the OneStep™ PCR Inhibitor Removal Kit (Zymo Research, Irvine, CA, USA) to reduce RT-PCR inhibition. A one-step RT-qPCR targeting the ORF2/ORF3 overlapping region was performed. A process control virus (murine norovirus (MNV-1)) and external amplification control RNA (EAC) were applied to monitor the extraction process and to assess any inhibition of amplification. EAC was in vitro transcribed to RNA corresponding to the 5301–5371 positions of genomic sequence AB097812 [19].



The HEV and MNV-1 probes were respectively labeled with the ROX or 6-FAM reporter dyes at the 5′-end, and a HQ2 or BHQ1 at the 3′-end. The sequence of the primer pairs and the TaqMan probes used was as follows: For HEV, the sense primer (HEV-5260-F) was 5′-CGGTGGTTTCTGGGGTGAC-3′, the antisense primer (HEV-5330-R) was 5′-AGGGGTTGGTTGGATGAATATAG-3′ and the TaqMan probe (HEV-5280-T) was 5′-ROX-GGGTTGATTCTCAGC-CCTTCGC–BHQ2-3′. For MNV-1, the sense primer (MNV-3193-F) was 5′-CCGCCATGGTCCTGGAGAATG-3′, the antisense primer (MNV-3308-R) was 5′-GCACAACGGCACTACCAATCTTG-3′ and the TaqMan probe (MNV-3227-T) was 5′-FAM–CGTCGTCGCCTCGGTCCTTGTCAA-BHQ1-3′. All the primers and probes were purchased from Eurofins Genomics (Les Ulis, France) [19]. One-step duplex RT-qPCR amplifications were performed in duplicate on the CFX96™ real-time PCR detection system from Bio-Rad (Marnes-la-Coquette, France).




2.4. Ethical Approval


All interviewed participants gave their oral consent. Biological material and clinical data were obtained only for standard viral surveillance (no specific sampling, no modification of the sampling protocol, no questions in addition to the standardized questionnaire). Data were analyzed using an anonymized database. According to the Public Health French law (CSP Art L 1121-1.1), such a protocol does not require written informed consent.





3. Results


3.1. Descriptive Epidemiology


Seven cases of HEV infection were identified (five men and two women, median age 60 years, range: 27–78), of whom three were asymptomatic, three suffered from isolated asthenia, and one was symptomatic with jaundice, abdominal pain, vomiting, diarrhea, malaise, and an altered general state. The symptomatic case died (Table 1). No additional case was identified despite an active search based on the interview of other general practitioners of the village and local laboratories. Samples collected during weeks 10 and 18 were systematically tested when patients gave their oral consent. Blood samples were taken from five blood donors living in village X who all tested negative for HEV RNA and anti-HEV IgM/IgG.



The hamlet with ten inhabitants had six houses, of which two were vacant. The seven cases lived in four different homes, three of which (home no. 2, 3 and 4, Table 1) were in the same small hamlet Y of village X. The fourth home (home no. 1, where the dead case lived) was outside hamlet Y, but the patient regularly visited his family (home no. 3).



The incubation period and the date of symptoms onset or the sampling date helped to deduce that the seven cases were exposed to the virus from week 2 of 2015 to week 12 of 2015. One case (case no. 3) was present in the village for only 2 weeks (weeks 07–2015 and 08–2015), which prompted us to investigate what happened during those two weeks.



The risk factors for HEV infection were investigated for six of the seven cases (Table 2). None had traveled outside France, but four of them had been in contact with domestic animals and three with farm animals. No one had been in direct contact with wild boar or deer.



We identified no common meal or common food consumption that could be a common source of contamination, and only two cases had eaten boar and deer. They had all eaten pork products, but these were purchased from different nation-wide hypermarkets. They had all consumed water from the public network.




3.2. Clinical Laboratory Investigations


Six of the seven patients that were tested for anti-HEV IgM and IgG were positive at the time of sampling (Table 3). The sample from patient 1 was too small to perform both serologic and molecular analyses; only molecular analysis was performed. The other six patients except for patient 4 (5/6; 83.3%) were positive for HEV RNA (median HEV RNA concentration below 75 UI/mL (range: <75 IU/mL)). HEV subgenotype determination was possible for five samples and all were HEV3f (Figure 1). The subgenotype was confirmed by using blast NCBI tool. The virus samples from all five patients clustered together, with high bootstraps values, suggesting a common source of contamination. The sequences obtained for HEV isolated in patients 6 and 7 were shorter (about 250 nt). However, when comparing the nt sequence identities among the five different strains, identities were all >98.2%.




3.3. Environmental Investigations


Hamlet Y had four principal residences (including the three homes with cases) and two secondary residences (the owners were absent during the exposure period).



The public water network consisted of one principal network suppling the center of village X and a secondary network suppling hamlet Y. The secondary public network develop a leak during weeks 7 of 2015 and 8 of 2015, and the water became turbid. This incident occurred at the same time as the common exposure period of the seven cases (Figure 2). The first case occurred during week 10, three additional cases were diagnosed at week 13, and the last three cases were diagnosed one week later (week 14). The hamlet inhabitants reported significant turbidity (cloudy water) in their water network during February.



A private water network connected to a well was discovered in the house of a hamlet Y inhabitant, which was usually used to feed farm outbuildings and the inhabitant’s house. At the time of investigations and even before, there were no animals. This private network had a connection from the public water network but had no non-return element. In addition, the water catchment area of the private source was not protected to prevent cattle grazing.



Two water samples from the private network contained HEV RNA (Ct values: 35.37 and 36.38 in the house tap water and 31.70 and 31.67 in the well water). The genotype of the virus found in water was not determined because sequencing amplification failed due to the low HEV RNA concentration. The external amplification control (IVT RNA) revealed high PCR inhibition rates of 84,67% and 84,63% for the house tap water and the well water, respectively (in pure RNA extracts).





4. Discussion


Following the report of cases of HEV infection by a general practitioner, investigations were performed to confirm the clustering of these cases and to identify the source of contamination.



The investigations confirmed the spatial and temporal proximity of the cases, with six of the seven living in the same hamlet. The seventh case regularly visited their family in the hamlet. Phylogenetic analysis confirmed that all the patients for whom HEV RNA sequence was determined were contaminated by the same HEV3f strain. The fact that all the sequences were not 100% identical could be explained by intra-host mutations. No additional case was identified despite an active search.



As all the patients were contaminated by the same strain, we looked for a common source of the virus. There was no common source in their food; thus, investigations focused on the water because all the patients drank water from the same public network. Although the HEV incubation period can vary from 15 to 60 days, one case stayed in the hamlet for only 14 days, which shortened the exposure period to 2 weeks. There was a fracture of the hamlet water supply during this period, making the water very turbid. This did not prevent all seven patients from drinking this water. It is very likely that the seven cases were infected via this contaminated water. Unfortunately, no water samples were collected at that time.



HEV1 and HEV2 are known to cause waterborne outbreaks in developing countries [20,21].



For instance, one of the largest HEV epidemics occurred in Kanpur (population, 2.1 million), India, in 1991. The incidence of icteric hepatitis from December 1990 to April 1991 among the inhabitants of 420 randomly sampled houses in 7 of the city’s 50 wards was 3.76% (138 out of 3666 individuals). Consequently, it was estimated that 79,091 persons in the city were affected [21]. An interesting study based on the surveillance of HEV in sewage and drinking water in a resettlement colony of Delhi was performed. A total of 141 cases of viral hepatitis were included during a 3-year period. Out of the 141 cases of viral hepatitis, 41 (29.08%) had evidence of HEV infection, based on the detection of IgM anti-HEV and/or RT-PCR targeting the region encoding ORF1. Sewage and drinking water samples were collected individually from the houses of all viral hepatitis patients, and a drinking water sample was collected daily from the main outlet of the resettlement colony of Gokulpuri. After analysis, 6 of the 141 sewage samples (4.25%) and 2 of the 141 drinking water samples (1.42%) were positive for HEV RNA. All the strains were HEV1, indicating fecal contamination of drinking water and thus supporting the feco-oral mode of transmission of the disease. In this study, the attack rate of hepatitis E virus infection was found to be 0.59 per thousand individuals per year in the population. In previous outbreaks, the attack rates of viral hepatitis E have varied between 0.19 per thousand and 1.7 per thousand [20]. HEV3 has also been detected in shellfish from coastal waters in Europe, and thus, shellfish consumption is another possible route for HEV transmission [22,23]. This is reminiscent of hepatitis A virus (HAV) infection, which is linked to shellfish consumption, causing a debilitating disease and, occasionally, death [24,25,26]. HEV RNA was also detected in river water in the Netherlands [27], in surface water in Slovenia [28], and in sewage water in Europe [29,30]. However, the role of drinking water in spreading HEV is still poorly documented. A recent meta-analysis found HEV RNA in 4.7% (95% CI 0.0–15.8) of drinking waters tested in published studies [9].



The infectious dose for HEV is still not known. Studies on Cynomolgus monkeys indicated that oral infection needs at least 104.5 particles [31]. A Swedish study found low concentrations of HEV RNA (10–130 IU/mL) in tap water [32]. Other naked viruses, such as enterovirus and adenovirus, remain viable in tap water [33]. A more recent Portuguese study found that 27.7% of the drinking water tested contained HEV infectious particles. Infectiousness of the particles was shown in vitro using Vero E6 cells [34]. The Vero E6 cultures were inoculated with 0.5 mL of concentrated (40×, in average) drinking water samples, equivalent to approximately 17.5 L of sampled water (1400 L, in average); humans usually drink 2 L per day.



Lastly, it remains to be determined how the HEV gets into the water network. The two main possibilities are: direct contamination at the break or contamination by a private source. Direct contamination at the break could be due to infiltration of contaminated surface water. In a jaundice outbreak in India, which was probably caused by HEV, the virus might have entered a drinking water pipeline that was damaged during sewer construction [35]. Another outbreak in India was explained by the close vicinity of the drinking water pipelines and a drainpipe. The drain water contaminated the domestic water supply [36]. Changing faulty water pipes and segregating them from drainpipes reduced the outbreak. While no HEV RNA was found in the public water supply at the time of our investigation, the samples were taken long after the break; HEV could have been cleared once the pipe had been repaired and flushed with chlorine. However, the effectiveness of chlorination on HEV remains to be determined [37]. HEV RNA was still detected for 7 days when HEV3 had been exposed to sodium hypochlorite and then inoculated onto PLC/PRF/5 cells, while viral RNA was detected for up to 33 days in cultures inoculated with untreated HEV [38]. These results need to be confirmed but suggest that HEV is at least somewhat sensitive to chlorination.



Another possibility is that the public network was contaminated by a private source. The break in the public network could have led to water from a private source entering the public water network due to the drop in pressure upstream. This is why such installation is forbidden in France. In addition, there was no anti-return device installed to prevent suction of the water from the well. The water sampled (source and tap) in the private network contained the HEV virus genome. However, as we were unable to compare the clinical and environmental strains, it is impossible to confirm this hypothesis. This private source serves only one house, whose owners showed no sign of HEV infection but refused to be tested. It may have been contaminated by the large population of wild boar living in this area [39,40]. Some studies indicate that surface water can be contaminated in the vicinity of pig production facilities, particularly if pig slurry is spread [28,41].



The fact that the owners do not present signs of HEV infection can be explained by the fact that most HEV infections are asymptomatic. During an outbreak of hepatitis E associated with a spit-roasted piglet occurring in France in 2013, 17 cases were identified, but 12 (71%) of the cases were asymptomatic. The diagnosis was based on the detection of biological markers (anti-HEV IgM) [7]. Since the owners were not tested, an HEV infection cannot be excluded based only on the absence of symptoms. Alternatively, the owners were already infected in the past by HEV and have protective anti-HEV IgG. Even though not precisely determined, a vaccine study suggests that the minimum protective concentration of antibodies is 2.5 World Health Organization (WHO) units/mL [42,43].



The main limit of this investigation is that we were unable to obtain the sequences of the HEV detected in the water due to the low HEV RNA concentration and the presence of PRC inhibitors. For low HEV RNA concentrations, the sequencing amplification works in 50% of attempts. In the absence of a HEV sequence from the environmental isolates, a case-control study would have been necessary to definitively confirm that residence in hamlet Y is associated with acquiring HEV infection.




5. Conclusions


To conclude, temporal and spatial investigations suggest that the private water supply containing HEV RNA was the probable source of the outbreak following the break in the network. Private water supplies still connected from the public network are frequent in rural areas, where they are a major contributor to public water pollution. Consequently, an environmental route of transmission should not be overlooked in rural areas.







Author Contributions


S.L.: human sample analysis, data analysis, writing—original draft preparation. S.M., E.V. and L.T.: methodology, on-site investigation. S.P.: methodology, water analysis, writing—review and editing. F.A.: human sample analysis, data analysis, review and editing. C.H.-C., A.F. and S.M.-L.: methodology, water analysis. J.I.: data analysis, writing—review and editing. J.F.: writing—review and editing. G.S.: conceptualization, supervision, methodology, writing—review and editing. All authors have read and agreed to the published version of the manuscript.




Funding


The National Reference Center for Hepatitis E Virus is supported by a grant from the French Public Health Authorities.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Sequences were deposited into GenBank: OQ849730-OQ849734.




Acknowledgments


The English text was edited by Owen Parkes.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kupferschmidt, K. Europe’s new hepatitis problem. Science 2016, 353, 862–863. [Google Scholar] [CrossRef] [PubMed]

	



Lhomme, S.; Marion, O.; Abravanel, F.; Izopet, J.; Kamar, N. Clinical Manifestations, Pathogenesis and Treatment of Hepatitis E Virus Infections. J. Clin. Med. 2020, 9, 331. [Google Scholar] [CrossRef] [PubMed]

	



Purdy, M.A.; Drexler, J.F.; Meng, X.J.; Norder, H.; Okamoto, H.; Van der Poel, W.H.M.; Reuter, G.; de Souza, W.M.; Ulrich, R.G.; Smith, D.B. ICTV Virus Taxonomy Profile: Hepeviridae 2022. J. Gen. Virol. 2022, 103, 001778. [Google Scholar] [CrossRef] [PubMed]

	



Nelson, K.E.; Labrique, A.B.; Kmush, B.L. Epidemiology of Genotype 1 and 2 Hepatitis E Virus Infections. Cold Spring Harb. Perspect. Med. 2019, 9, a031732. [Google Scholar] [CrossRef]

	



Dalton, H.R.; Izopet, J. Transmission and Epidemiology of Hepatitis E Virus Genotype 3 and 4 Infections. Cold Spring Harb. Perspect. Med. 2018, 8, a032144. [Google Scholar] [CrossRef]

	



Renou, C.; Roque-Afonso, A.M.; Pavio, N. Foodborne transmission of hepatitis E virus from raw pork liver sausage, France. Emerg. Infect. Dis. 2014, 20, 1945–1947. [Google Scholar] [CrossRef]

	



Guillois, Y.; Abravanel, F.; Miura, T.; Pavio, N.; Vaillant, V.; Lhomme, S.; Le Guyader, F.S.; Rose, N.; Le Saux, J.C.; King, L.A.; et al. High Proportion of Asymptomatic Infections in an Outbreak of Hepatitis E Associated with a Spit-Roasted Piglet, France, 2013. Clin. Infect. Dis. 2016, 62, 351–357. [Google Scholar] [CrossRef]

	



Tei, S.; Kitajima, N.; Takahashi, K.; Mishiro, S. Zoonotic transmission of hepatitis E virus from deer to human beings. Lancet 2003, 362, 371–373. [Google Scholar] [CrossRef]

	



Takuissu, G.R.; Kenmoe, S.; Ndip, L.; Ebogo-Belobo, J.T.; Kengne-Nde, C.; Mbaga, D.S.; Bowo-Ngandji, A.; Oyono, M.G.; Kenfack-Momo, R.; Tchatchouang, S.; et al. Hepatitis E Virus in Water Environments: A Systematic Review and Meta-analysis. Food Environ. Virol. 2022, 14, 223–235. [Google Scholar] [CrossRef]

	



Fenaux, H.; Chassaing, M.; Berger, S.; Gantzer, C.; Bertrand, I.; Schvoerer, E. Transmission of hepatitis E virus by water: An issue still pending in industrialized countries. Water Res. 2019, 151, 144–157. [Google Scholar] [CrossRef]

	



Mansuy, J.M.; Gallian, P.; Dimeglio, C.; Saune, K.; Arnaud, C.; Pelletier, B.; Morel, P.; Legrand, D.; Tiberghien, P.; Izopet, J. A nationwide survey of hepatitis E viral infection in French blood donors. Hepatology 2016, 63, 1145–1154. [Google Scholar] [CrossRef] [PubMed]

	



Kamar, N.; Izopet, J.; Pavio, N.; Aggarwal, R.; Labrique, A.; Wedemeyer, H.; Dalton, H.R. Hepatitis E virus infection. Nat. Rev. Dis. Prim. 2017, 3, 17086. [Google Scholar] [CrossRef] [PubMed]

	



Lhomme, S.; Legrand-Abravanel, F.; Kamar, N.; Izopet, J. Screening, diagnosis and risks associated with Hepatitis E virus infection. Expert. Rev. Anti-Infect. Ther. 2019, 17, 403–418. [Google Scholar] [CrossRef] [PubMed]

	



Mansuy, J.M.; Bendall, R.; Legrand-Abravanel, F.; Saune, K.; Miedouge, M.; Ellis, V.; Rech, H.; Destruel, F.; Kamar, N.; Dalton, H.R.; et al. Hepatitis E virus antibodies in blood donors, France. Emerg. Infect. Dis. 2011, 17, 2309–2312. [Google Scholar] [CrossRef]

	



Abravanel, F.; Sandres-Saune, K.; Lhomme, S.; Dubois, M.; Mansuy, J.M.; Izopet, J. Genotype 3 diversity and quantification of hepatitis E virus RNA. J. Clin. Microbiol. 2012, 50, 897–902. [Google Scholar] [CrossRef]

	



Legrand-Abravanel, F.; Mansuy, J.M.; Dubois, M.; Kamar, N.; Peron, J.M.; Rostaing, L.; Izopet, J. Hepatitis E virus genotype 3 diversity, France. Emerg. Infect. Dis. 2009, 15, 110–114. [Google Scholar] [CrossRef]

	



Smith, D.B.; Izopet, J.; Nicot, F.; Simmonds, P.; Jameel, S.; Meng, X.J.; Norder, H.; Okamoto, H.; van der Poel, W.H.M.; Reuter, G.; et al. Update: Proposed reference sequences for subtypes of hepatitis E virus (species Orthohepevirus A). J. Gen. Virol. 2020, 101, 692–698. [Google Scholar] [CrossRef]

	



Nicot, F.; Jeanne, N.; Roulet, A.; Lefebvre, C.; Carcenac, R.; Manno, M.; Dubois, M.; Kamar, N.; Lhomme, S.; Abravanel, F.; et al. Diversity of hepatitis E virus genotype 3. Rev. Med. Virol. 2018, 28, e1987. [Google Scholar] [CrossRef]

	



Martin-Latil, S.; Hennechart-Collette, C.; Guillier, L.; Perelle, S. Duplex RT-qPCR for the detection of hepatitis E virus in water, using a process control. Int. J. Food Microbiol. 2012, 157, 167–173. [Google Scholar] [CrossRef]

	



Hazam, R.K.; Singla, R.; Kishore, J.; Singh, S.; Gupta, R.K.; Kar, P. Surveillance of hepatitis E virus in sewage and drinking water in a resettlement colony of Delhi: What has been the experience? Arch. Virol. 2010, 155, 1227–1233. [Google Scholar] [CrossRef]

	



Naik, S.R.; Aggarwal, R.; Salunke, P.N.; Mehrotra, N.N. A large waterborne viral hepatitis E epidemic in Kanpur, India. Bull. World Health Organ. 1992, 70, 597–604. [Google Scholar] [PubMed]

	



Crossan, C.; Baker, P.J.; Craft, J.; Takeuchi, Y.; Dalton, H.R.; Scobie, L. Hepatitis E virus genotype 3 in shellfish, United Kingdom. Emerg. Infect. Dis. 2012, 18, 2085–2087. [Google Scholar] [CrossRef] [PubMed]

	



Said, B.; Ijaz, S.; Kafatos, G.; Booth, L.; Thomas, H.L.; Walsh, A.; Ramsay, M.; Morgan, D.; Hepatitis, E.I.I.T. Hepatitis E outbreak on cruise ship. Emerg. Infect. Dis. 2009, 15, 1738–1744. [Google Scholar] [CrossRef] [PubMed]

	



Pinto, R.M.; Costafreda, M.I.; Bosch, A. Risk assessment in shellfish-borne outbreaks of hepatitis A. Appl. Environ. Microbiol. 2009, 75, 7350–7355. [Google Scholar] [CrossRef] [PubMed]

	



Potasman, I.; Paz, A.; Odeh, M. Infectious outbreaks associated with bivalve shellfish consumption: A worldwide perspective. Clin. Infect. Dis. 2002, 35, 921–928. [Google Scholar] [CrossRef]

	



Le Guyader, F.; Haugarreau, L.; Miossec, L.; Dubois, E.; Pommepuy, M. Three-year study to assess human enteric viruses in shellfish. Appl. Environ. Microbiol. 2000, 66, 3241–3248. [Google Scholar] [CrossRef]

	



Rutjes, S.A.; Lodder, W.J.; Lodder-Verschoor, F.; van den Berg, H.H.; Vennema, H.; Duizer, E.; Koopmans, M.; de Roda Husman, A.M. Sources of hepatitis E virus genotype 3 in The Netherlands. Emerg. Infect. Dis. 2009, 15, 381–387. [Google Scholar] [CrossRef]

	



Steyer, A.; Naglic, T.; Mocilnik, T.; Poljsak-Prijatelj, M.; Poljak, M. Hepatitis E virus in domestic pigs and surface waters in Slovenia: Prevalence and molecular characterization of a novel genotype 3 lineage. Infect. Genet. Evol. 2011, 11, 1732–1737. [Google Scholar] [CrossRef]

	



La Rosa, G.; Pourshaban, M.; Iaconelli, M.; Vennarucci, V.S.; Muscillo, M. Molecular detection of hepatitis E virus in sewage samples. Appl. Environ. Microbiol. 2010, 76, 5870–5873. [Google Scholar] [CrossRef]

	



Miura, T.; Lhomme, S.; Le Saux, J.C.; Le Mehaute, P.; Guillois, Y.; Couturier, E.; Izopet, J.; Abranavel, F.; Le Guyader, F.S. Detection of Hepatitis E Virus in Sewage After an Outbreak on a French Island. Food Environ. Virol. 2016, 8, 194–199. [Google Scholar] [CrossRef]

	



Tsarev, S.A.; Tsareva, T.S.; Emerson, S.U.; Yarbough, P.O.; Legters, L.J.; Moskal, T.; Purcell, R.H. Infectivity titration of a prototype strain of hepatitis E virus in cynomolgus monkeys. J. Med. Virol. 1994, 43, 135–142. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Kjellberg, I.; Sikora, P.; Rydberg, H.; Lindh, M.; Bergstedt, O.; Norder, H. Hepatitis E virus genotype 3 strains and a plethora of other viruses detected in raw and still in tap water. Water Res. 2020, 168, 115141. [Google Scholar] [CrossRef]

	



Lee, S.H.; Kim, S.J. Detection of infectious enteroviruses and adenoviruses in tap water in urban areas in Korea. Water Res. 2002, 36, 248–256. [Google Scholar] [CrossRef]

	



Salvador, D.; Neto, C.; Benoliel, M.J.; Caeiro, M.F. Assessment of the Presence of Hepatitis E virus in Surface Water and Drinking Water in Portugal. Microorganisms 2020, 8, 761. [Google Scholar] [CrossRef]

	



Kumar, T.; Shrivastava, A.; Bhatia, D.; Mitra, Y.; Kumar, A.; Hussain, S.; Chauhan, L.S.; Laserson, K.F.; Narain, J.P.; Kumar, R.; et al. Jaundice outbreak likely caused by HEV in Amritsar, Punjab, India, 2013. BMC Public Health 2019, 19, 464. [Google Scholar] [CrossRef] [PubMed]

	



Tripathy, A.S.; Sharma, M.; Thorat, N.C.; Jadhav, S.; Koshatwar, K.A. An outbreak of hepatitis E in Yavatmal, India, 2019. J. Med. Virol. 2021, 93, 3761–3768. [Google Scholar] [CrossRef]

	



Lenglet, A.; Ehlkes, L.; Taylor, D.; Fesselet, J.F.; Nassariman, J.N.; Ahamat, A.; Chen, A.; Noh, I.; Moustapha, A.; Spina, A. Does community-wide water chlorination reduce hepatitis E virus infections during an outbreak? A geospatial analysis of data from an outbreak in Am Timan, Chad (2016–2017). J. Water Health 2020, 18, 556–565. [Google Scholar] [CrossRef]

	



Berto, A.; Van der Poel, W.H.; Hakze-van der Honing, R.; Martelli, F.; La Ragione, R.M.; Inglese, N.; Collins, J.; Grierson, S.; Johne, R.; Reetz, J.; et al. Replication of hepatitis E virus in three-dimensional cell culture. J. Virol. Methods 2013, 187, 327–332. [Google Scholar] [CrossRef] [PubMed]

	



Fenaux, H.; Chassaing, M.; Berger, S.; Jeulin, H.; Gentilhomme, A.; Bensenane, M.; Bronowicki, J.P.; Gantzer, C.; Bertrand, I.; Schvoerer, E. Molecular features of Hepatitis E Virus circulation in environmental and human samples. J. Clin. Virol. 2018, 103, 63–70. [Google Scholar] [CrossRef]

	



Kaba, M.; Davoust, B.; Marie, J.L.; Colson, P. Detection of hepatitis E virus in wild boar (Sus scrofa) livers. Vet. J. 2010, 186, 259–261. [Google Scholar] [CrossRef]

	



Gentry-Shields, J.; Myers, K.; Pisanic, N.; Heaney, C.; Stewart, J. Hepatitis E virus and coliphages in waters proximal to swine concentrated animal feeding operations. Sci. Total Environ. 2015, 505, 487–493. [Google Scholar] [CrossRef] [PubMed]

	



Shrestha, M.P.; Scott, R.M.; Joshi, D.M.; Mammen, M.P., Jr.; Thapa, G.B.; Thapa, N.; Myint, K.S.; Fourneau, M.; Kuschner, R.A.; Shrestha, S.K.; et al. Safety and efficacy of a recombinant hepatitis E vaccine. N. Engl. J. Med. 2007, 356, 895–903. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Shih, J.W.; Xia, N.S. Long-term efficacy of a hepatitis E vaccine. N. Engl. J. Med. 2015, 372, 2265–2266. [Google Scholar] [CrossRef] [PubMed]








[image: Viruses 15 01149 g001 550] 





Figure 1. Phylogenetic tree based on partial ORF2 sequences (348 nt). Genbank accession numbers: OQ849730-OQ849734. 
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Figure 2. Estimated exposure period and symptom onset (or sampling date for the asymptomatic) for the seven cases of hepatitis E virus infection. Case number with the same color indicates co-inhabitants. 
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Table 1. Clinical and demographic characteristics of the seven cases of hepatitis E virus infection.
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	Case
	Age (Years)
	Sex
	House Number Where the Patients Live
	Sampling Date (Year-Week)
	Comorbidities
	Clinical Signs
	Disease Outcome
	Estimated Exposure Period (Week)





	Case 1
	78
	Male
	1
	2015-10
	Diabetes, heart failure, chronic alcoholism
	Jaundice, vomiting, diarrhea, alteration of the general state
	Death
	2–8



	Case 2
	46
	Female
	2
	2015-13
	-
	Asthenia
	Self-limiting
	5–11



	Case 3
	63
	Female
	3
	2015-14
	-
	Asthenia
	Self-limiting
	7–8



	Case 4
	60
	Male
	3
	2015-13
	-
	None
	-
	5–11



	Case 5
	27
	Male
	3
	2015-13
	-
	Asthenia
	Self-limiting
	5–11



	Case 6
	58
	Male
	4
	2015-14
	-
	None
	-
	6–12



	Case 7
	62
	Male
	4
	2015-14
	-
	None
	-
	6–12
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Table 2. Risk exposures for six cases of hepatitis E virus infection.
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	Risk Factor
	Number of Patients





	Travel abroad
	0/6



	Contact with:
	



	Domestic animals
	4/6



	Farm animals
	3/6



	Boar or deer
	0/6



	Consumption of pork products:
	



	Cured ham
	6/6



	Bacon
	6/6



	Dry-cured sausage
	6/6



	Garlic sausage
	5/6



	Sausage
	5/6



	Pork roast
	5/6



	Boiled ham
	4/6



	Liver pâté
	4/6



	Black pudding
	1/6



	Raw pork liver products
	0/6



	Consumption of shellfish
	2/6



	Consumption of water from public network
	6/6
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Table 3. Clinical laboratory results for the seven cases of hepatitis E virus infection.






Table 3. Clinical laboratory results for the seven cases of hepatitis E virus infection.





	Case
	Detection of Anti-HEV IgM
	Detection of HEV RNA
	HEV RNA Concentration (IU/mL)
	Genotype/Subgenotype





	1
	not tested
	positive
	96,750
	3f



	2
	positive
	positive
	<75
	3f



	3
	positive
	positive
	325
	-



	4
	positive
	negative
	-
	-



	5
	positive
	positive
	<75
	3f



	6
	positive
	positive
	<75
	3f



	7
	positive
	positive
	<75
	3f
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