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Abstract

:

Hepatitis E virus (HEV) has emerged as a public health concern in Brazil. From the first identification and characterization of porcine and human HEV-3 strains in the 2000s, new HEV subtypes have been identified from animal, human, and environmental isolates. As new potential animal reservoirs have emerged, there is a need to compile evidence on the zoonotic dissemination of the virus in animal hosts and the environment. The increasing amount of seroprevalence data on sampled and randomly selected populations must be systematically retrieved, interpreted, and considered under the One Health concept. This review focused on HEV seroprevalence data in distinct animal reservoirs and human populations reported in the last two decades. Furthermore, the expertise with experimental infection models using non-human primates may provide new insights into HEV pathogenesis, prevention, and environmental surveillance.
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1. Introduction


Hepatitis E virus (HEV) is a quasi-enveloped or non-enveloped, positive-sense single-stranded RNA virus comprising 6.8 to 7.2 kb in length, organized in three open reading frames (ORFs). HEV strains are classified in the Family Hepeviridae into two subfamilies that infect mammals and birds (Orthohepevirinae) or fish (Parahepevirinae), five genera (Paslahepevirus, Rocahepevirus, Avihevirus, Chirohepevirus, and Piscihepevirus), and ten species. The species of zoonotic origin, Paslahepevirus balayani and Rocahepevirus ratti, include HEV strains derived from humans and several mammalian species [1,2,3]. Members of the Paslahepevirus balayani species are classified into eight genotypes and several subtypes. The updated list of proposed reference sequences for P. balayani subtypes classification now includes the subtypes 1g, 3k, 3l, 3m, and 8a [4]. Genotypes 1 and 2 (HEV-1 and HEV-2) exclusively infect humans, whereas genotypes 3 and 4 (HEV-3 and HEV-4) infect humans and other animal species, mostly swine; genotypes 5 and 6 have only been found in wild boars, whereas genotypes 7 and 8 were isolated from camels, with one report of HEV-7 transmission to human - a liver transplant recipient who regularly consumed camel meat and milk [5]. Of note, the genus Rocahepevirus, which infects rodents, shrews and carnivores, can also infect humans [6,7].



The virus is primarily transmitted via the fecal-oral route from contaminated water or food. The World Health Organization (WHO) estimates that HEV infection affects about 20 million people in developed and developing countries, causing 44,000 deaths a year due to acute severe or fulminant hepatitis [8]. HEV is prevalent worldwide, but the disease is most common in East and South Asia, and Africa. In Brazil, as in other countries in South America, HEV-3 is, currently, the only genotype identified in humans [9,10,11,12], animal hosts [13,14,15,16,17,18,19,20,21,22,23,24], and environmental matrices [14,25,26].



Hepatitis E has emerged as a public health concern in Brazil since the HEV-3 subtypes identified in domestic pigs are closely related to human HEV-3 strains and, therefore, must be considered under the One Health concept. In this review, we primarily focused on the species Paslahepevirus. balayani, which is presently responsible for most HEV infections in humans. Here, we review and discuss Brazilian studies from the serological and molecular identification of HEV-3 in swine and humans; HEV seroprevalence data in distinct human populations; experimental infection studies using animal models; and perspectives on prevention and environmental surveillance.




2. Hepatitis E Virus in Animal Reservoirs in Brazil


Except for the P. balayani genotypes 1 and 2, it is known that HEV, among other relevant viruses that cause hepatitis, is well characterized as a zoonotic virus. After the identification of a swine HEV-4 in the midwestern United States [27], worldwide research groups have developed serological and molecular investigations in several other animal hosts, including wild boars [28], deers [29], wild rats [30,31,32], chickens [33], fish (cutthroat trout) [34], rabbits [35], camels [36], and bats [37]. Swine (domestic pigs and wild boars) and cervids are considered potential reservoirs due to their epidemiological importance [38,39].



In Brazil, the first study searching for serological evidence of HEV infection in animal reservoirs was developed by our research group in 2004–2005, using a standardized enzyme immunoassay [40] modified to detect species-specific anti-HEV IgG antibodies in several animal species [41]. Anti-HEV IgG, specifically for the respective species, were detected in cows (1.4%), dogs (7%), chickens (20%), and pigs (24.3%) from ten commercial farms in Rio de Janeiro state. Additionally, wild rodents (Nectomys sp.), which were randomly captured within a commercial swine farm, also had anti-HEV IgG detected. However, HEV RNA and genotypes were not investigated in this study [41]. Similarly, Kabrane-Lazizi et al. [30] and Favorov et al. [31] found a high anti-HEV positivity (59.7% and 44%-90%, respectively) in wild rats from the United States. A further study reported the isolation of the zoonotic HEV-3 (genus Paslahepevirus) from the liver tissues of one of the 446 rats examined [42]. Furthermore, rat HEV-C1 (genus Rocahepevirus), which can also cause zoonotic infection, has been detected in wild rats in many countries in Europe, Asia, and North America [43]. In Brazil, novel Rocahepevirus species (formerly Orthohepevirus species C) were identified in the murine rodents Necromys lasiurus (1.19%) and Calomys tener (3.66%) [44].



From the serological evidence of HEV circulation in several animal species in Brazil, a subsequent study showed the characterization of HEV-3 in swine herds from Rio de Janeiro and Mato Grosso states (southeast and midwest regions, respectively), being the first description of this genotype circulation in the country [13]. This research group also showed the detection of HEV-3 in swine and effluent samples from slaughterhouses [14] and the first autochthonous human case [9], raising the discussion of zoonotic transmission potential. Afterwards, several studies debated the zoonotic aspect of hepatitis E in Brazil. Studies developed in the south region showed the circulation of HEV subtype 3b in fecal, liver, and bile samples from healthy pigs in different growing stages. Results revealed a potential source for HEV infection for consumers of pig livers or workers directly dealing with animals or products of animal origin [15,16]. An investigation developed in the Eastern Brazilian Amazon showed the co-circulation of subtypes 3c and 3f in slaughtered swine from different regions of the Pará state, pointing to a genetic potential for recombination and the emergence of new subtypes [17]. In 2013, another study developed in Mato Grosso state evaluated HEV circulation in pigs from large-scale and family-scale farms. The presence of HEV antigens in fragments of the small intestine sample, shown by immunohistochemistry, evidenced the risk of zoonotic transmission. The study showed the co-circulation of subtypes 3b and 3f, adding more information on HEV genetic diversity in the country [18].



Further investigations showed high seroprevalence and HEV-3 detection in swine and pork products from the South [21,22,25,26], Northeast [23,24], and Midwest regions [19]. In 2019, HEV-3 from swine in the Northeast region was partially sequenced, and the study revealed the proximity of HEV subtype 3f to human isolates from Brazil. Notably, parsimony ancestral states analysis indicated gene flow events from HEV cross-species infection, suggesting a significant role of pig hosts in viral spillover (24). Thus far, all studies that detected HEV in swine populations in Brazil have shown a close relationship with human isolates. These data suggest that HEV’s zoonotic ability, not to mention the possibility of adaptation to new animal species, must be considered an important issue for human and animal health.



Considering other potential reservoirs, de Souza and colleagues, in 2018, described a study in rodents from São Paulo State. In this study, the authors applied a high-throughput approach and identified novel orthohepeviruses in blood samples from Necromys lasiurus and Calomys tener species (Cricetidae), bringing perspective to the host range and viral diversity of the Hepeviridae family in Brazil, including the genus Rocahepevirus [44]. Interestingly, a rodent HEV strain, which was further detected in Hungary, showed close phylogenetic relation with the Brazilian strain detected in Necromys Lasiurus, but clearly separated from other Muridae-associated strains, suggesting the presence of a Cricetidae-specific genotype in Europe and South America [45]. Recently, Severo and colleagues also described a seroprevalence of 13.1% among wild boars hunted for population control in Santa Catarina (SC) state, south of Brazil. The study aimed to evaluate the health status suggesting a potential risk to public health and swine herds, considering the One Health approach [46]. Original data from another study developed in the South region of Brazil showed the detection of HEV-3 in bovine liver samples commercialized in butcheries [47]. Thus far, other than in swine and wild boars, HEV-3 (subtype 3f) was recently detected in one capybara (Hydrochoerus hydrochaeris), a large rodent found in many urban parks in Brazil [48]. The data presented above reinforces the necessity for studies to discuss inspection regulations and food security issues.




3. HEV Prevalence in the Brazilian Population


HEV is primarily transmitted via the fecal-oral route, being the principal etiological agent of acute viral hepatitis in Asia and Africa, where it has been associated with waterborne outbreaks. Therefore, from 1990 to 2000, HEV prevalence studies focused on impoverished communities settled in rural and urban areas at the neighborhood of big cities [49,50] or living in precarious sanitary conditions in remote Brazilian Amazon villages [51,52,53,54]. In Rio de Janeiro, Trinta et al. [49] assessed distinct (presumptive) risk groups, such as asymptomatic individuals living in urban and rural areas, blood donors, intravenous drug users (IVDU), hemodialysis patients, and patients with acute non-A, non-B, and non-C (non-A-C) viral hepatitis referred to the Laboratory of Viral Hepatitis, IOC/Fiocruz, from 1994 to 1996 [49]. Similarly, Paraná et al. assessed patients from a referral hospital for liver diseases and blood donors from Salvador, Bahia state [55] (Table 1).



3.1. Acute Non-A, Non-B, and Non-C Hepatitis Patients


The earliest studies in Brazil reported an alleged outbreak and high HEV prevalence rates in patients with acute hepatitis from Brazilian Amazon villages (12%) and urban areas from the Northeastern region (17% to 29%) [55]. In contrast, Trinta et al. [49] found a low HEV seroprevalence in acute non-A-C hepatitis patients (2.1%) from Rio de Janeiro (Southeastern region), even lower than in blood donors (4.3%) and equivalent to that found in inhabitants from rural (2.1%) (49) and urban areas (2.1%) [50] from the same city (Table 1). Important to note that two anti-HEV EIAs, the commercially available enzyme immune assay (EIA) Abbott Laboratory (Chicago, IL, USA), and a new EIA using two recombinant proteins developed and standardized by Obriadina et al. [40,49], were used in Rio de Janeiro seroprevalence studies. Such a discrepancy in anti-HEV seropositivity (2% to 38%) between the studies developed in Northeast and Southeast regions cannot be only attributed to socioeconomic/regional differences. Indeed, further studies employing a different EIA reported a lower anti-HEV prevalence (5.3% to 5.9%) in acute non-A-C hepatitis serum samples retrospectively analyzed [65,66] (Table 1). Most likely, it could have been due to the lack of sensitivity/specificity of the first-generation anti-HEV IgG/IgM commercialized EIA used in the earliest serological surveys (1990–2000) (Table 1).



The first autochthonous human case of acute hepatitis E in Brazil was retrospectively identified and molecularly characterized by Lopes dos Santos and colleagues from the Viral Hepatitis and Technological Development in Virology laboratories, IOC/Fiocruz [9]. The 30-year-old patient reported a history of undercooked pork meat consumed a few weeks before the onset of acute hepatitis. This HEV strain clustered within HEV-3 (subtype 3b) sequences and was closely related to porcine HEV-3 strains previously identified in Rio de Janeiro [13]. These findings evidenced the cross-species infection with HEV-3, probably via the food-borne transmission route, with implications for public health. Two further studies retrospectively evaluated HEV RNA and antibodies prevalence in serum samples from sporadic cases of acute non-A-C hepatitis patients. Although anti-HEV IgM have been detected (0.3% and 3.4%) in both cohorts, HEV RNA was undetectable. [65,66]. Thus far, few sporadic cases but no outbreaks of hepatitis E have been notified to the Brazilian Ministry of Health.




3.2. Rural Populations


The broad circulation of the zoonotic HEV-3 among Brazilian swine farms motivated several research groups to investigate HEV prevalence in individuals at potential risk of zoonotic or occupational transmission. Vitral et al., 2005 reported a 6.3% anti-HEV prevalence among swine handlers from Rio de Janeiro state [41]. A further cross-sectional study developed in several swine farms in Mato Grosso state (Central Brazil) found an 8.4% (95% CI, 5.6% to 12.2%) anti-HEV prevalence among individuals exposed to swine [56] (Table 1). Most of them lived on subsistence family farms, without access to potable water or public sewage systems. The control group, composed of blood donors from the urban area who had never handled swine, showed a lower (4%, 95% CI, 1.3% to 10.4%) anti-HEV prevalence (Table 1). However, the multivariate analysis did not confirm the association between anti-HEV positivity and the occupational risk of infection.



Further studies focused on remote areas of the Brazilian Amazon Basin - mainly Acre and Rondonia states, which have been destinations of increasing floods of migrants from central-south Brazil, since the 1970’s. The National Integration Program, a colonization project originally designed to resettle 100,000 families between 1971–1974, reached a million families by the 1980’s. Intermittently, migration “booms” to Amazonian states have occurred whenever there is a large demand for a frontier product or natural resource stimulated massive rural-urban migration to the region. However, for small scale agriculturists, such overcrowded settlements do not provide an alternative to poverty [86]. Consequently, poor housing conditions, disorganized human concentrations, a lack of sanitary infrastructure, and predatory invasion of the forest determine the outbreak of important malaria outbreaks, with high levels of morbidity and associated mortality [87].



Aiming to evaluate the prevalence and risk factors for HEV infection between people living in agricultural settlements, and in urban, rural, or riverine communities of the Brazilian Amazon Basin, a total of 1,831 serum samples obtained in cross-sectional studies—designed to evaluate the epidemiology of malaria and other intestinal parasites—between 2004 and 2013, were retrospectively analyzed. Anti-HEV IgG/IgM antibodies were detected by EIA using the Biokit (Barcelona, Spain) or Mikrogen (Neuried, Germany) kits commercially available at the time of the retrospective serological analysis (2013–2016). In one of the largest agricultural settlements in Acre, the westernmost state of Brazil, located in the southwestern Amazon, Vitral et al. [57] developed a cross-sectional study to evaluate and compare the prevalence and risk factors for HAV and HEV infections in this subset. Of interest, the authors did not observe a significant spatial clustering of HAV and HEV seropositivity, despite the high HAV seroprevalence (82.9%) found in this population. Although anti-HEV prevalence (12.9%; 95% CI, 9.5% to 16.2%) was much lower than that observed for HAV, Acre’s agricultural settlers presented a considerably higher HEV prevalence compared to those reported in rural settlements of Central Brazil [(3.9%; 95% CI, 2.8% to 5.4%), and (3.3%; 95% CI, 1.6% to 6.1%)] [59,60] (Table 1). Interestingly, a similar anti-HEV prevalence rate (14.6%) was found in rural settlers from Rondônia state, which is also located in the south-west Amazon [58] (Table 1). Both Rondônia and Acre states present very low human development index (0.66–0.69), with approximately 70% of their populations living in rural areas [88]. It is essential to consider that Acre and Rondônia’s agricultural settlements are mainly composed of migrants from the southern and southeastern regions and, indeed, are not representative of the native inhabitants. Interestingly, the southern and southeastern regions present the highest anti-HEV prevalence rates in Brazil regarding seroprevalence studies in general populations and blood donors (Table 1).




3.3. Brazilian Traditional Peoples


Studies aiming to determine the epidemiological features of HEV infection in Brazil have assessed HEV seroprevalence among “Povos e Comunidades Tradicionais” (Traditional Peoples and Communities) [89]. According to the National Policy for Sustainable Development, traditional peoples in Brazil are “culturally differentiated population groups that recognize themselves as such. They occupy and use territories and natural resources as a condition for their cultural, social, religious, ancestral, and economic organization, using knowledge, innovations and practices generated and transmitted by tradition”. This concept interweaves indigenous, afro-descendant (“quilombolas”), and riverine. Brazilian riverine people can be descendants of Africans, Europeans, or from Brazilian native peoples. They primarily live in wooden houses built on stilts extending across river and stream banks; therefore, riverine communities are characterized by their floodplain livelihood [90].



The high endemicity of HEV infection in developing countries directly correlates with the lack of potable water and sanitation access. For instance, in South-East Asia, the use of river water for drinking and cooking is significantly associated with HEV genotype 1-associated hepatitis. Therefore, the anti-HEV prevalence in the riverine population is usually very high (40% to 60%) [91]. In contrast, a low HEV seroprevalence (approximately 4%) was found in Brazilian riverine communities from the Western Amazon [54] and Eastern Amazon [61]. The former study investigated the prevalence and risk factors for viral hepatitis in riverine families from the Furo do Maracujá island, located in the Pará state, North Brazil (Table 1). This insular population, whose main economic activity is the cultivation and extraction of a berry fruit called açaí (Euterpe oleracea Mart.), was selected for sampling due to its remote location (1° 22’ 23.502” S, 47° 52’ 20.593” W) and poor sanitation conditions [90]. The low HEV seroprevalence contrasts with the very high HAV endemicity in those regions. Although water samples have not been assessed, there have been no report of outbreaks and sporadic cases of acute HEV infection associated with HEV genotype 1 (which is prevalent in East and South Asia, and Africa) in Brazil so far.



In Brazil, an estimated three thousand afro-descendent communities — the so-called “quilombolas” — are distributed throughout the five geographic regions. Historically, Quilombos were established in Brazil during the colonization period (1500–1822), which was marked by the exploitation and enslavement of native (indigenous) and Afro-descendant peoples [92]. Because the Quilombolas communities are predominantly located in isolated or semi-isolated rural areas, Souza et al. [62] realized a study aiming to describe the demographic and epidemiological characteristics of afro-descendant rural communities from Pará state, Eastern Brazilian Amazon. The studied population settled near the forest, under precarious sanitation conditions and without access to safe water. Notwithstanding, the study disclosed a very low anti-HEV IgM/IgG seroprevalence (1.6%), lower than those reported in riverine communities (4.0%) [54,93], and rural settlers (12.9% to 14.6%) from the same region [57,58] (Table 1).



HEV prevalence data in Brazilian indigenous communities are scarce. Villar et al. [63] recently reported a very low (0.19%) anti-HEV prevalence in the Apinajé indigenous community in Brazilian western Amazon. Preliminary results of a cross-sectional developed in indigenous communities living in the Brazilian Amazon Rainforest showed a low anti-HEV prevalence (2.8% to 5.7%) (Table 1). This study was designed to evaluate the prevalence of malaria and intestinal parasites coinfection in the Yanomami Marari community [64]. Malaria diagnoses were carried out at the Laboratory of Immunoparasitology, Fiocruz, Rio de Janeiro. Parasitological analyses were carried out at the Tropical Medicine Centre, Rondônia. Anti-HEV analyses were carried out at the Laboratory of Technological Development in Virology—Fiocruz, Rio de Janeiro.




3.4. Occupational or Behavioral Risk Groups


Further studies have focused on individuals at (presumptive) high risk of exposure to HEV, such as urban garbage collectors, and illicit non-injecting drug users. Recyclable waste pickers (RWP) have close contact with garbage, wasted food, and polluted water, being at high occupational risk of infection with gastroenteric pathogens [94]. Although hepatitis E and A viruses can be transmitted by contaminated water or food, the occupational risk for those workers has been less assessed. In a cross-sectional study enrolling people working at waste recycling cooperatives, the authors estimated a 5.3% (95% CI, 3.7% to 8.3%) IgG anti-HEV prevalence (Table 1), which does not differ from overall estimates for the general Brazilian population [73]. Similarly, a case-control study was developed in Mexico to evaluate the occupational risk of HEV infection [95]. The authors reported a higher HEV seroprevalence (16.3%) in waste pickers than in the control group (9.3%). Further studies are needed to confirm whether working on garbage collection sets represents a risk of HEV infection.



In Brazil, crack-cocaine abuse, a drug scene mostly related to vulnerability and social exclusion, has emerged as a serious public health issue. The potential risk of HEV infection associated with crack-cocaine (CCU) has been evaluated in recent cross-sectional studies, which showed high anti-HEV prevalence rates (14.2%, 18.1%, and 20%) in sampled populations from Midwest, North, and South regions [70,74,75] (Table 1). Anti-HEV IgM and HEV RNA were detected in serum and fecal samples, thus providing evidence of recent exposure. All HEV strains clustered within the subtype HEV-3c, which is frequently found among Brazilian swine herds. The main risk factors associated with exposure to HEV were homelessness, crack-cocaine use ≥40 months, and sharing crack-cocaine equipment [75].




3.5. Immunosuppression/Immunodeficiency and Chronic Liver Disease


HEV primarily causes acute infections resulting in self-limited hepatitis. However, persistent HEV (mostly HEV-3) infection with rapid progression to chronic hepatitis and cirrhosis has been demonstrated in immunocompromised patients. Solid organ transplant (SOT) recipients — who are usually immunosuppressed — [96], and patients with hematologic malignant diseases [97] are prone to becoming infected with HEV after organ transplant and blood transfusion. In Brazil, the anti-HEV prevalence in SOT recipients seems to not be different from control groups. Some cross-sectional studies have assessed HEV RNA and antibodies in SOT recipients [10,67,68,69,70]. Commonly, in these studies, one of two (rarely both), HEV RNA or anti-HEV, were detected in the kidney and liver transplant recipients [10,70].



Anti-HEV IgG prevalence rates in HIV-seropositive selected groups ranged from 4.1% to 10.7% [11,76,77], not significantly differing from those reported in blood donors from the same Brazilian regions (Table 1). HEV RNA positivity, indicating ongoing infection, seems to not be frequent nor coincident with anti-HEV IgM or IgG detection in these cross-sectional studies [11,12]. For example, in a cohort of 360 HIV-seropositive patients from Rio Grande do Sul, South Brazil, eight had HEV RNA detected in the absence of anti-HEV IgM. However, neither the subsequent serum samples showed anti-HEV IgM or IgG seroconversion nor persistent viremia, thus excluding chronic infection, as pointed out by Moss da Silva et al. [11].



Patients with chronic liver disease have an increased risk of evolving into a more severe outcome, particularly to acute-on-chronic liver failure (ACLF), when superinfected with HEV [98,99,100]. In India, which is considered hyperendemic for HEV infection, Kumar Acharya et al. (84) prospectively evaluated 107 patients with cirrhosis—most of them caused by viral hepatitis (HBV and HEV) and continuous alcohol consumption—and compared them with a control group. The authors concluded that CLD patients superinfected with HEV can develop rapid cirrhosis decompensation due to ACLF. In Brazil, no prospective study has been conducted to evaluate HEV infection outcomes in patients with pre-existing liver diseases. Bricks et al., 2015–2016 developed a cross-sectional study and reported a 10.2% (95% CI 8.0% to 12.8%) anti-HEV prevalence among 618 patients chronically infected with hepatitis C virus (HCV) from São Paulo state, Southeast Brazil [72].




3.6. General Population and Blood Donors


Systematic reviews and meta-analyses of studies from North and South American countries have shown highly heterogeneous prevalence data. Sensitivity and specificity nuances between the EIA-based assays could partly explain such heterogeneity observed, particularly among HEV seroprevalence reported data from Brazil. According to Villalobos et al. [101], if only the studies using one of the two Abbott or Wantai assays were considered, either a 4% (95% CI: 2%–7%) or a 15% (95% CI: 11%–21%) polled anti-HEV prevalence would be estimated. Indeed, the earliest studies in Brazil used either the Biokit, (Barcelona, Spain) or the Abbott (Chicago, IL, USA) assays (Table 1) since the Wantai’s was not commercially available before 2013. Since then, the RecomWell HEV IgG/IgM (Mikrogen, Neuried, Germany) or the WANTAI HEV-IgG ELISA kit (Beijing, China) have been alternatively used. Nonetheless, an increasing anti-HEV seroprevalence independent of the assay has been observed in Brazil, more precisely in the southern and southeastern regions. Therefore, whether the increased anti-HEV positivity can be attributed to the higher sensitivity of the Wantai’s relative to other assays, as suggested by some authors [102], is still controversial. According to our experience, both the Wantai and the Mikrogen assays yielded comparable anti-HEV positivity rates when applied to the same cohort (21.7% vs. 23.7%) [82].



A recent systematic review and meta-analysis, including 142 articles (the most from USA and Brazil) published from January 1994 to December 2016, estimated HEV seroprevalence in the Americas and revealed that the risk of HEV exposure was lower in Brazil and other South American countries than in the United States of America (USA) [103]. Overall, the main risk factors of HEV infection in the Americas were increasing age, contact with pigs or pig products, and poor socioeconomic conditions. However, determinants of HEV infection are not limited to socioeconomic standards, as demonstrated by Horvatits et al. [103] based on the results of their systematic review and meta-analysis. The authors pointed out that HEV seroprevalence is significantly higher in the USA than in Latin America, independent of the methodological quality, anti-HEV detection assay, cohort, or year of the study. Indeed, the USA had a higher estimated seroprevalence (9%, CI: 5–15.6%) than Brazil (4.2%, CI: 2.4%–7.1%; OR: 2.27 (1.25–4.13); p = 0.007) and the Mixed Caribbean (1%, OR: 8.33 (1.15–81.61); p = 0.04).



Nationwide HEV seroprevalence data in the general Brazilian population and blood donors are scarce and difficult to interpret. The earliest studies assessed selected groups with increased risk of HEV infection, such as immunocompromised/immunosuppressed individuals and chronic liver disease carriers. Due to the difficult access to remote areas of the Amazon rainforest, many researchers have assessed sample repositories of studies, which were not designed to evaluate HEV infection, but malaria and other Brazilian subtropical diseases. Because of the intrinsic relationship between poverty and the incidence of waterborne infectious diseases, it is important to note that distribution and access to clean water and essential sanitation services are geographically uneven between the five Brazilian regions. The North and Northeast remain below the national average regarding water supply, sanitation, and garbage collection; therefore, they have the highest incidence of acute diarrheal diseases, hepatitis A, and other viral gastrointestinal infections. Contrastingly, HEV prevalence has constantly shown an increasing trend from north to south of the country, independent of the cohort or study year (Table 1).



In the South of Brazil, Pandolfi et al. [80] reported a highly increased anti-HEV prevalence (40%) in blood donors from Passo Fundo, Rio Grande do Sul state, using an “in-house” indirect ELISA. Next, using the same validated method, the authors investigated the presence of anti-HEV IgG antibodies in 3000 serum samples obtained from the general population of Passo Fundo, Caxias do Sul and Santa Maria between April and May 2019. The highest anti-HEV positivity was found in Passo Fundo (65.5%), followed by Caxias do Sul (57.4%) and Santa Maria (54.4%) citizens. The authors could not point out a specific risk factor distinguishing the studied population from other subsets from the same region [81]. For example, the consumption of pork and pork-derived food stuff (not rarely undercooked) is not an exclusive characteristic of the Rio Grande do Sul (RS) population but also a food custom of the Paraná (PR) and Santa Catarina (SC) states. Previous studies developed between 2013 and 2018 reported anti-HEV prevalence of 18.7% [70], 10% [79], and 7.1% [11] in blood donors from Porto Alegre (RS), Itajaí Valley (SC), and Rio Grande (RS) municipalities, respectively. Hardtke et al. [78] reported similarly high anti-HEV prevalence in pregnant women (19%) and female blood donors from Curitiba (PR), using cryopreserved samples obtained in 2002–2003. These data contrast with the low prevalence in blood donors from the Northeast (0.9%) [84] and North (0.4%) [71] (Table 1), demonstrating a paradigm shift of the binomial poverty−higher risk of HEV infection in developing countries. As a matter of fact, the estimated anti-HEV prevalence in the USA, a high-income country with a 0.92 HDI (human development index), was significantly higher than in Brazil (HDI 0.76) and other poorer South American countries with suboptimal hygiene and sanitation conditions [103].



Although most commercial swine farming and pork-derivative food processing in Brazil are centralized in the three southern states, consuming raw or undercooked meat or pork liver was not significantly associated with higher HEV prevalence; the only factor significantly associated with the outcome was living in a rural area, as shown for blood donors from Rio Grande municipality [11]. Nevertheless, the dietary preference for pork meat and pork-derivative food-stuff is not the only source of infection, as vegetables and fruits can be contaminated by pork manure spreading on soil (as a fertilizer) [81]. Nevertheless, only a few cross-sectional studies have addressed questions regarding HEV foodborne transmission since most of them analyzed samples from their biorepositories or provided by other research groups into the scope of unrelated projects.



Also, in the southeastern region, an unusually high HEV seroprevalence (up to 24%) was found in a sampled population of a small rural town of São Paulo [82]. In parallel with the increased HEV prevalence, our study revealed a declining prevalence of hepatitis A in the studied population. It is important to emphasize that the water chlorination and fluoridation implemented in the mid 1970’s and sewage treatment in the late 1980s coincided with the sharp decrease in HAV seroprevalence among individuals born in these two-time intervals. On the other hand, anti-HEV positivity had no association with low socioeconomic status and education. In the 1990s, many Brazilian swine farmers imported wild boars from Europe and Canada to breed them with domestic pigs, resulting in a fattest pig, the so-called “javaporco (boar-pig).” A widespread (intentional or unintentional) release of half-bred feral pigs followed, and São Paulo was the most affected state. Therefore, wild boars are the only animal species whose hunting has been authorized in Brazil for population control since 2013 [82]. Although hunting nor the consumption of game meat were addressed, the hypothesis of HEV-3 zoonotic transmission should not be discarded in the studied population.



In the general population and blood donors, increasing age was the only risk factor significantly associated with higher anti-HEV prevalence. Although HEV-3 is the only genotype identified in Brazil, with high homology between human and swine isolates, handling pigs was not relevant regarding HEV exposure, even within rural population cohorts. However, being born in southern or southeastern regions was significantly associated (p < 0.001) with a higher risk of exposure to HEV in blood donors from Central Brazil [83]. Similarly, HEV seroprevalence in rural workers settled in Acre and Rondonia (northern region)—most of them migrants from the southern and southeastern regions—has been substantially higher (twice to four times) than in the native (rural or riverine population (Table 1). Further studies addressing lifestyle, animal reservoirs and human relationships, environmental surveillance, and climatic changes are needed to evaluate the HEV epidemiology dynamics in Brazil.





4. Experimental HEV Infection Using Animal Models


Historically, the first attempt to reproduce HEV infection from one to another host was achieved by Balayan et al., 1983, who described the transmission of the putative etiological agent of acute non-A, non-B hepatitis via the fecal-oral route to a volunteer immune to HAV infection [104]. The inoculum consisted of pooled fecal suspensions obtained from nine subjects affected by an outbreak of acute hepatitis in a Soviet military camp in Afghanistan. Following, the intravenous inoculation of the virus-containing stool extract of the volunteer reproduced acute hepatitis in cynomolgus monkeys [104], whose infectious bile was used to construct recombinant complementary HEV DNA (cDNA) libraries [105], and further in vivo experiments confirmed the susceptibility of lambs inoculated with the fecal suspension of a patient with hepatitis E, as well as the passage in lambs of a piglet-derived HEV [106]. In Brazil, our research group successfully reproduced the HEV genotype 3 (HEV-3) infection in cynomolgus using virus-containing human fecal suspensions as inoculum [107,108,109,110]. The serological and molecular evidence of swine [13,41] and cynomolgus naturally infected with HEV-3 [109] confirmed, for the first time in South America, the potential zoonotic transmission of HEV-3 circulating among domestic pigs and other animal species. A previous study demonstrated the natural and experimental transmission of a European wild boar-derived HEV-3 to domestic pigs [111], raising awareness to the public health and livestock production’s safety.



In addition to macaques and pigs, other animals such as ferrets, humanized and non-humanized mice, rats, and Mongolian gerbils have been considered models for HEV infection [112,113]. The natural susceptibility of farmed rabbits to HEV was demonstrated by Lhomme et al. [114], and other authors have confirmed that specific pathogen-free (SPF) rabbits were susceptible to infection with rabbit HEV-3 (CHN-BJ-rb14). However, the human HEV-3 (JRC-HE3) recovered from primary infected rabbits was not transmissible to naïve rabbits [115]. On the other hand, a swine HEV-4 strain replicated and induced histological injury in the ovarian tissues of rabbits experimentally infected. Histological changes in rabbit ovarian tissue included scattered cell necrosis, lymphocyte infiltration, and accelerated apoptosis [116]. Recently, He and colleagues (2022) established an immunocompromised rabbit model to study chronic hepatitis E and to evaluate the efficacy of a Chinese vaccine and antivirals [117].



Experimental infection using animal models and environment surveillance studies are scarce in Brazil and other South American countries, mainly due to the high cost and limited financial support dedicated to research projects in these research fields. Furthermore, contrasting with the considerable increase in HAV outbreaks affecting young adults (18−39 years old) [118], there have been few sporadic cases of HEV infection, mainly in immunocompromised persons [118]. In 2014, we compared the virulence of HEV-3 recovered from swine feces and viremic patient sera. The results of this study confirmed the feasibility of the Macaca fascicularis model that reproduced a subclinical HEV infection with the detection of HEV RNA between the fifth and fifty-third day post inoculation (dpi) [107]. Animals presented a mild inflammation of liver tissues and discrete elevation of liver enzymes. Seroconversion to anti-HEV IgM and/or IgG was detected in seven of the eight infected monkeys, and anti-HEV IgA in the salivary samples of three animals. Interestingly, all infected monkeys showed severe lymphopenia and a trend toward monocytosis, which coincided with the elevation in alanine aminotransferase and antibody titers. The hypothesized HEV spillover skill was confirmed for either HEV-3 recovered from Brazilian and Dutch swine, or for the Argentinean human HEV-3 strains.



The broad circulation of the zoonotic HEV in South America motivated our group to design a new study to evaluate the hypothesis of inducing a persistent HEV-3 in cynomolgus monkeys treated with the immunosuppressant tacrolimus, aiming to develop an NHP model for studying the pathogenesis of chronic hepatitis E [108]. HEV replication and prolonged active lymph-histiocytic reactivity were detected in the liver parenchyma at 69 dpi [108]. Animals showed moderate weight loss, alopecia, and herpes virus opportunistic infection due to their pre- and post-inoculation immunosuppressive conditions. In our study, the tacrolimus-induced chronic hepatitis E was characterized by a mild increase in liver enzyme levels, persistent HEV RNA presence in blood and liver, and fecal samples within three months of infection, according to recent criteria to classify chronic hepatitis E [119]. In our study, three out of the four immunosuppressed monkeys showed evident hepatocellular ballooning degeneration, mild to severe macro- and microvesicular steatosis (zone 1), scattered hepatocellular apoptosis, and lobular focal inflammation. At 69 dpi, liver biopsies of all infected monkeys revealed evident hepatocyte ballooning degeneration (zone 3), discrete hepatocellular apoptosis and, at most, a mild portal and intra-acinar focal inflammation. At 160 dpi, the three chronically HEV-3-infected monkeys showed microscopic features (piecemeal necrosis) corresponding to chronic hepatitis in the absence of fibrosis and cirrhosis in liver parenchyma, as shown in tacrolimus-immunosuppressed solid organ transplant (SOT) recipients. The cause-effect relationship between HEV infection and tacrolimus treatment was confirmed in this experiment [108].




5. Hepatitis E Virus in Brazil: Forth and Beyond


In contrast to hepatitis A virus (HAV)—also an enterically transmitted virus—HEV infection does not seem to be associated with low-income and suboptimal hygiene and sanitation infrastructure. Considering the unequal socioeconomic patterns observed between the five Brazilian geographic regions, the earliest studies on HEV epidemiology have focused on impoverished selected populations regardless of the geographic region. No one has found a significant increased seroprevalence associated with low-income condition. Regarding hepatitis A endemicity, anti-HAV seroprevalence is directly associated with socio-economic variable levels, such as water supply, regular water supply, and sewage disposal, as reported by Pereira et al. [120]. The authors analyzed data from a population-based study from 2005 to 2009 to evaluate the predictive factors for hepatitis A in the North, South, and Southeast regions.



Although anti-HAV prevalence has been estimated only for children and adolescents (5–19 years old), the authors pointed out that HAV endemicity has decreased from high to intermediate in the North, and to a low level in the South and Southeast—probably reflecting the socio-economic improvement achieved after the implementation of the Growth Acceleration Program by the Brazilian government, in 2007. Nevertheless, HAV infection is still highly endemic in the North region, with anti-HAV prevalence rates up 70% in children and adolescents, much higher than those found in South and Southeast regions, of approximately 40% [120]. The opposite has been observed concerning HEV seroprevalence, which has substantially increased in the last decade, notably in the South and Southeast—an inverse correlation with the higher human development index (0.754 and 0.766) relative to the North and Northeast (0.667 and 0.663) [121].



HEV-3 is highly prevalent in the Brazilian swine herd, on large-scale or family farms. As HEV-3 is the sole genotype identified in Brazilian HEV-infected patients and the infection is clinically silent, few cases of acute hepatitis E have been reported in Brazil. All human isolates showed a close relationship with the porcine isolates, evidencing zoonotic transmission. The possibility of spillover to other animal species must be surveilled.



The results of our experiment in cynomolgus monkeys evidenced a persistent HEV infection associated with tacrolimus-induced immunosuppression, thus reinforcing the potential risk of chronic hepatitis E for immunocompromised individuals, such as SOT recipients. Considering that the detection of HEV RNA in immunocompetent individuals, such as blood donors, is not uncommon [122], organ donor screening for HEV RNA and antigen has been considered in some countries, as a public health measure to prevent donor-to-recipient transmission, especially among immunosuppressed SOT recipients [93,123]. In addition, immunosuppressed patients should avoid consuming undercooked pork meat, since HEV-3 infections can progress to chronic hepatitis with life-threatening consequences.



Finally, HEV and its zoonotic potential are still a subject of great interest in the One Health approach. Studies focusing on the description of HEV genotypes/subtypes characterization in animal, human, and environmental origins are increasing, as well as new animal reservoir identification. Importantly, different geographical areas might consider regional social and cultural habits. Brazil is third in the international market for bovine, swine, and poultry livestock [124]; donkey meat has also been commercialized for Brazilian customers or exports [125]. Considering the potential risk of foodborne transmission, HEV detection and characterization methods applied to unprocessed animal derivatives destined for internal demand and exportation should be mandatory. Likewise, researchers from the area should consider environmental samples to evaluate the impact of intensive animal production. In parallel, surveillance of suspect hepatitis E acute hepatitis in humans could clarify the real impact of zoonotic hepatitis E in Brazil.







Author Contributions


Conceptualization, J.M.d.O., D.R.L.d.S. and M.A.P.; writing—original draft preparation, J.M.d.O. (revised studies on HEV prevalence in the Brazilian population), D.R.L.d.S. (revised studies on HEV in animal reservoirs in Brazil), M.A.P. (revised studies on Experimental HEV infection using animal models); writing—review and editing, J.M.d.O. and D.R.L.d.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study “Malaria, intestinal parasites, and HEV seroprevalence in Brazilian indigenous” (unpublished data) protocol was approved by the Brazilian National Research Ethics Commission (CONEP, Protocol #16907), which regulates studies involving Brazilian indigenous populations and was locally supervised by their representatives. The study “Prevalence of viral hepatitis in riverine communities from the Brazilian Amazon Basin” (unpublished data) was submitted to the Research Ethics Commission (CEP) of the Federal University.of Pará) and the Federal University of Acre. The study “HEV seroprevalence in rural settlers from the Western Brazilian Amazon” (unpublished data) was submitted to the Research Ethics Commission (CEP) of the Oswaldo Cruz Foundation.




Informed Consent Statement


Participants of the study “Malaria, intestinal parasites, and HEV seroprevalence in Brazilian indigenous” (unpublished data) were required to meet the following criteria: to sign the consent form, being over 10 years old of age and consenting blood collection. The recruitment of volunteers in the indigenous community involved a bilingual interpreter that explained to the leaders and/or indigenous representatives the purpose of the study, the procedures to be carried out, and finally requested permission by fingerprinting informed consent of each adult participant and from the guardians on behalf of minors prior to their inclusion in the study. “Informed consent was obtained from all subjects involved in the studies “Prevalence of viral hepatitis in riverine communities from the Brazilian Amazon Basin” (unpublished data) and “Prevalence of viral hepatitis in riverine communities from the Brazilian Amazon Basin” (unpublished data).




Data Availability Statement


The datasets generated and analyzed during the current study are available in the GenBank repository under accession number A49F569.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Smith, D.B.; Simmonds, P.; Jameel, S.; Emerson, S.U.; Harrison, T.J.; Meng, X.J.; Okamoto, H.; Van der Poel, W.H.; Purdy, M.A. International Committee on the Taxonomy of Viruses Hepeviridae Study Group Consensus proposals for classification of the family Hepeviridae. J. Gen. Virol. 2014, 95 Pt 10, 2223–2232. [Google Scholar] [CrossRef] [PubMed]

	



Smith, D.B.; Simmonds, P.; Izopet, J.; Oliveira-Filho, E.F.; Ulrich, R.G.; Johne, R.; Koenig, M.; Jameel, S.; Harrison, T.J.; Meng, X.-J.; et al. Proposed reference sequences for hepatitis E virus subtypes. J. Gen. Virol. 2016, 97, 537–542. [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. Family: Hepeviridae. Available online: https://ictv.global/report/chapter/hepeviridae/hepeviridae (accessed on 3 February 2023).

	



Smith, D.B.; Izopet, J.; Nicot, F.; Simmonds, P.; Jameel, S.; Meng, X.-J.; Norder, H.; Okamoto, H.; Van Der Poel, W.H.; 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] [PubMed]

	



Lee, G.-H.; Tan, B.-H.; Teo, E.C.-Y.; Lim, S.-G.; Dan, Y.-Y.; Wee, A.; Aw, P.P.K.; Zhu, Y.; Hibberd, M.; Tan, C.-K.; et al. Chronic Infection With Camelid Hepatitis E Virus in a Liver Transplant Recipient Who Regularly Consumes Camel Meat and Milk. Gastroenterology 2016, 150, 355–357. [Google Scholar] [CrossRef]

	



Andonov, A.; Robbins, M.; Borlang, J.; Cao, J.; Hatchette, T.; Stueck, A.; Deschaumbault, Y.; Murnaghan, K.; Varga, J.; Johnston, B. Rat Hepatitis E Virus Linked to Severe Acute Hepatitis in an Immunocompetent Patient. J. Infect. Dis. 2019, 220, 951–955. [Google Scholar] [CrossRef]

	



Sridhar, S.; Yip, C.C.; Wu, S.; Cai, J.; Zhang, A.J.-X.; Leung, K.-H.; Chung, T.W.; Chan, J.F.; Chan, W.-M.; Teng, J.L.; et al. Rat Hepatitis E Virus as Cause of Persistent Hepatitis after Liver Transplant. Emerg. Infect. Dis. 2018, 24, 2241–2250. [Google Scholar] [CrossRef]

	



Available online: https://www.who.int/news-room/fact-sheets/detail/hepatitis-e (accessed on 3 February 2023).

	



Lopes Dos Santos, D.R.; Lewis-Ximenez, L.L.; da Silva, M.F.; de Sousa, P.S.; Gaspar, A.M.; Pinto, M.A. First report of a human autochthonous hepatitis E virus infection in Brazil. J Clin Virol. 2010, 47, 276–279. [Google Scholar] [CrossRef]

	



Passos, A.M.; Heringer, T.P.; Pestana, J.M.; Ferraz, M.L.G.; Granato, C.F.H. First report and molecular characterization of hepatitis E virus infection in renal transplant recipients in Brazil. J. Med Virol. 2013, 85, 615–619. [Google Scholar] [CrossRef]

	



da Silva, C.M.; Oliveira, J.M.; Mendoza-Sassi, R.A.; Figueiredo, A.S.; da Mota, L.D.; Nader, M.M.; Gardinali, N.R.; Kevorkian, Y.B.; Salvador, S.B.S.; Pinto, M.A.; et al. Detection and characterization of hepatitis E virus genotype 3 in HIV-infected patients and blood donors from southern Brazil. Int. J. Infect. Dis. 2019, 86, 114–121. [Google Scholar] [CrossRef]

	



Salvio, A.; Lopes, A.; Almeida, A.; Gardinali, N.; Lima, L.; de Oliveira, J.; Sion, F.; Ribeiro, L.; Pinto, M.; de Paula, V. Detection and quantification of hepatitis E virus in the absence of IgG and IgM anti-HEV in HIV-positive patients. J. Appl. Microbiol. 2018, 125, 1208–1215. [Google Scholar] [CrossRef]

	



dos Santos, D.R.L.; Vitral, C.L.; de Paula, V.S.; Marchevsky, R.S.; Lopes, J.F.; Gaspar, A.M.C.; Saddi, T.M.; de Mesquita Júnior, N.C.; de Rezende Guimarães, F.; Júnior, J.G.C.; et al. Serological and molecular evidence of hepatitis E virus in swine in Brazil. Vet. J. 2009, 182, 474–480. [Google Scholar] [CrossRef] [PubMed]

	



dos Santos, D.R.L.; de Paula, V.S.; de Oliveira, J.M.; Marchevsky, R.S.; Pinto, M.A. Hepatitis E virus in swine and effluent samples from slaughterhouses in Brazil. Vet. Microbiol. 2011, 149, 236–241. [Google Scholar] [CrossRef] [PubMed]

	



Gardinali, N.; Barry, A.; da Silva, P.; de Souza, C.; Alfieri, A. Molecular detection and characterization of hepatitis E virus in naturally infected pigs from Brazilian herds. Res. Veter- Sci. 2012, 93, 1515–1519. [Google Scholar] [CrossRef] [PubMed]

	



Gardinali, N.R.; Barry, A.F.; Otonel, R.A.A.; Alfieri, A.; Alfieri, A.A. Hepatitis E virus in liver and bile samples from slaughtered pigs of Brazil. Mem. Do Inst. Oswaldo Cruz 2012, 107, 935–939. [Google Scholar] [CrossRef] [PubMed]

	



de Souza, A.J.S.; Gomes-Gouvêa, M.S.; Soares, M.D.C.P.; Pinho, J.R.R.; Malheiros, A.P.; Carneiro, L.A.; dos Santos, D.R.L.; Pereira, W.L.A. HEV infection in swine from Eastern Brazilian Amazon: Evidence of co-infection by different subtypes. Comp. Immunol. Microbiol. Infect. Dis. 2012, 35, 477–485. [Google Scholar] [CrossRef]

	



da Costa Lana, M.V.; Gardinali, N.R.; da Cruz, R.A.S.; Lopes, L.L.; Silva, G.S.; Júnior, J.G.C.; de Oliveira, A.C.S.; de Almeida Souza, M.; Colodel, E.M.; Alfieri, A.A.; et al. Evaluation of hepatitis E virus infection between different production systems of pigs in Brazil. Trop. Anim. Health Prod. 2014, 46, 399–404. [Google Scholar] [CrossRef]

	



de Campos, C.G.; Silveira, S.; Schenkel, D.M.; Carvalho, H.; Teixeira, E.A.; de Almeida Souza, M.; Dutra, V.; Nakazato, L.; Canal, C.W.; Pescador, C.A. Detection of hepatitis E virus genotype 3 in pigs from subsistence farms in the state of Mato Grosso, Brazil. Comp. Immunol. Microbiol. Infect. Dis. 2018, 58, 11–16. [Google Scholar] [CrossRef]

	



Amorim, A.R.; Mendes, G.S.; Pena, G.P.A.; Santos, N. Hepatitis E virus infection of slaughtered healthy pigs in Brazil. Zoonoses Public Heal. 2018, 65, 501–504. [Google Scholar] [CrossRef]

	



Da Silva, M.S.; Silveira, S.; Caron, V.S.; Mósena, A.C.S.; Weber, M.N.; Cibulski, S.P.; Medeiros, A.A.R.; Silva, G.S.; Corbellini, L.G.; Klein, R.; et al. Backyard pigs are a reservoir of zoonotic hepatitis E virus in southern Brazil. Trans. R. Soc. Trop. Med. Hyg. 2018, 112, 14–21. [Google Scholar] [CrossRef]

	



Passos-Castilho, A.M.; Granato, C.F.H. High frequency of hepatitis E virus infection in swine from South Brazil and close similarity to human HEV isolates. Braz. J. Microbiol. 2017, 48, 373–379. [Google Scholar] [CrossRef]

	



de Oliveira-Filho, E.F.; Lopes, K.G.; Cunha, D.S.; Silva, V.S.; Barbosa, C.N.; Brandespim, D.F.; Junior, J.W.P.; Bertani, G.R.; Gil, L.H. Risk Analysis and Occurrence of Hepatitis E Virus (HEV) in Domestic Swine in Northeast Brazil. Food Environ. Virol. 2017, 9, 256–259. [Google Scholar] [CrossRef] [PubMed]

	



Oliveira-Filho, E.F.D.; Dos Santos, D.R.; Durães-Carvalho, R.; da Silva, A.; de Lima, G.B.; Batista, A.F.B.; Pena, L.J.; Gil, L.H. Evolutionary study of potentially zoonotic hepatitis E virus genotype 3 from swine in Northeast Brazil. Memórias Do Inst. Oswaldo Cruz 2019, 114, e180585. [Google Scholar] [CrossRef] [PubMed]

	



Vasconcelos, J.; Soliman, M.; Staggemeier, R.; Heinzelmann, L.; Weidlich, L.; Cimirro, R.; Esteves, P.; Silva, A.; Spilki, F. Molecular detection of hepatitis E virus in feces and slurry from swine farms, Rio Grande do Sul, Southern Brazil. Arq. Bras. De Med. Veterinária E Zootec. 2015, 67, 777–782. [Google Scholar] [CrossRef]

	



Heldt, F.H.; Staggmeier, R.; Gularte, J.S.; Demoliner, M.; Henzel, A.; Spilki, F.R. Hepatitis E Virus in Surface Water, Sediments, and Pork Products Marketed in Southern Brazil. Food Environ. Virol. 2016, 8, 200–205. [Google Scholar] [CrossRef]

	



Meng, X.J.; Purcell, R.H.; Halbur, P.G.; Lehman, J.R.; Webb, D.M.; Tsareva, T.S.; Haynes, J.S.; Thacker, B.J.; Emerson, S.U. A novel virus in swine is closely related to the human hepatitis E virus. Proc. Natl. Acad. Sci. USA 1997, 94, 9860–9865. [Google Scholar] [CrossRef]

	



Matsuda, H.; Okada, K.; Takahashi, K.; Mishiro, S. Severe Hepatitis E Virus Infection after Ingestion of Uncooked Liver from a Wild Boar. J. Infect. Dis. 2003, 188, 944. [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]

	



Kabrane-Lazizi, Y.; E Glass, G.; Higa, H.; Diwan, A.; Gibbs, C.J.; Purcell, R.H.; Fine, J.B.; Meng, X.J.; Elm, J.; Emerson, S.U. Evidence for widespread infection of wild rats with hepatitis E virus in the United States. Am. J. Trop. Med. Hyg. 1999, 61, 331–335. [Google Scholar] [CrossRef]

	



Favorov, M.O.; Kosoy, M.Y.; Tsarev, S.A.; Childs, J.E.; Margolis, H.S. Prevalence of Antibody to Hepatitis E Virus among Rodents in the United States. J. Infect. Dis. 2000, 181, 449–455. [Google Scholar] [CrossRef]

	



He, J.; Innis, B.L.; Shrestha, M.P.; Clayson, E.T.; Scott, R.M.; Linthicum, K.J.; Musser, G.G.; Gigliotti, S.C.; Binn, L.N.; Kuschner, R.A.; et al. Evidence that rodents are a reservoir of hepatitis E virus for humans in Nepal. J Clin Microbiol. 2006, 44, 1208. [Google Scholar] [CrossRef]

	



Huang, F.F.; Haqshenas, G.; Shivaprasad, H.L.; Guenette, D.K.; Woolcock, P.R.; Larsen, C.T.; Pierson, F.W.; Elvinger, F.; Toth, T.E.; Meng, X.J. Heterogeneity and Seroprevalence of a Newly Identified Avian Hepatitis E Virus from Chickens in the United States. J. Clin. Microbiol. 2002, 40, 4197–4202. [Google Scholar] [CrossRef] [PubMed]

	



Batts, W.; Yun, S.; Hedrick, R.; Winton, J. A novel member of the family Hepeviridae from cutthroat trout (Oncorhynchus clarkii). Virus Res. 2011, 158, 116–123. [Google Scholar] [CrossRef] [PubMed]

	



Izopet, J.; Dubois, M.; Bertagnoli, S.; Lhomme, S.; Marchandeau, S.; Boucher, S.; Kamar, N.; Abravanel, F.; Guérin, J.-L. Hepatitis E Virus Strains in Rabbits and Evidence of a Closely Related Strain in Humans, France. Emerg. Infect. Dis. 2012, 18, 1274–1281. [Google Scholar] [CrossRef] [PubMed]

	



Woo, P.C.; Lau, S.K.; Teng, J.L.; Tsang, A.K.L.; Joseph, M.; Wong, E.Y.; Tang, Y.; Sivakumar, S.; Xie, J.; Bai, R.; et al. New Hepatitis E Virus Genotype in Camels, the Middle East. Emerg. Infect. Dis. 2014, 20, 1044–1048. [Google Scholar] [CrossRef] [PubMed]

	



Drexler, J.F.; Seelen, A.; Corman, V.M.; Tateno, A.F.; Cottontail, V.; Zerbinati, R.M.; Gloza-Rausch, F.; Klose, S.M.; Adu-Sarkodie, Y.; Oppong, S.K.; et al. Bats Worldwide Carry Hepatitis E Virus-Related Viruses That Form a Putative Novel Genus within the Family Hepeviridae. J. Virol. 2012, 86, 9134–9147. [Google Scholar] [CrossRef] [PubMed]

	



Priemer, G.; Cierniak, F.; Wolf, C.; Ulrich, R.G.; Groschup, M.H.; Eiden, M. Co-Circulation of Different Hepatitis E Virus Genotype 3 Subtypes in Pigs and Wild Boar in North-East Germany, 2019. Pathogens 2022, 11, 773. [Google Scholar] [CrossRef]

	



Schotte, U.; Martin, A.; Brogden, S.; Schilling-Loeffler, K.; Schemmerer, M.; Anheyer-Behmenburg, H.E.; Szabo, K.; Müller-Graf, C.; Wenzel, J.J.; Kehrenberg, C.; et al. Phylogeny and spatiotemporal dynamics of hepatitis E virus infections in wild boar and deer from six areas of Germany during 2013–2017. Transbound. Emerg. Dis. 2022, 69. [Google Scholar] [CrossRef]

	



Obriadina, A.; Meng, J.H.; Ulanova, T.; Trinta, K.; Burkov, A.; A Fields, H.; E Khudyakov, Y. A new enzyme immunoassay for the detection of antibody to hepatitis E virus. J. Gastroenterol. Hepatol. 2002, 17, S360–S364. [Google Scholar] [CrossRef]

	



Vitral, C.L.; A Pinto, M.; Lewis-Ximenez, L.L.; E Khudyakov, Y.; Dos Santos, D.R.; Gaspar, A.M.C. Serological evidence of hepatitis E virus infection in different animal species from the Southeast of Brazil. Mem. Do Inst. Oswaldo Cruz 2005, 100, 117–122. [Google Scholar] [CrossRef]

	



Lack, J.B.; Volk, K.; Bussche, R.A.V.D. Hepatitis E Virus Genotype 3 in Wild Rats, United States. Emerg. Infect. Dis. 2012, 18, 1268–1273. [Google Scholar] [CrossRef]

	



Reuter, G.; Boros, Á.; Pankovics, P. Review of Hepatitis E Virus in Rats: Evident Risk of Species Orthohepevirus C to Human Zoonotic Infection and Disease. Viruses 2020, 12, 1148. [Google Scholar] [CrossRef] [PubMed]

	



de Souza, W.M.; Romeiro, M.F.; Sabino-Santos, G., Jr.; Maia, F.G.M.; Fumagalli, M.J.; Modha, S.; Nunes, M.R.T.; Murcia, P.R.; Figueiredo, L.T.M. Novel orthohepeviruses in wild rodents from São Paulo State, Brazil. Virology 2018, 519, 12–16. [Google Scholar] [CrossRef] [PubMed]

	



Kurucz, K.; Hederics, D.; Bali, D.; Kemenesi, G.; Horváth, G.; Jakab, F. Hepatitis E virus in Common voles (Microtus arvalis) from an urban environment, Hungary: Discovery of a Cricetidae-specific genotype of Orthohepevirus C. Zoonoses Public Heal. 2018, 66, 259–263. [Google Scholar] [CrossRef] [PubMed]

	



Severo, D.R.T.; Werlang, R.A.; Mori, A.P.; Baldi, K.R.A.; Mendes, R.E.; Surian, S.R.S.; Coldebella, A.; Kramer, B.; Trevisol, I.M.; Gomes, T.M.A.; et al. Health profile of free-range wild boar (Sus scrofa) subpopulations hunted in Santa Catarina State, Brazil. Transbound Emerg. Dis. 2021, 68, 857–869. [Google Scholar] [CrossRef]

	



Bastos, C.; Eisen, A.K.A.; Demoliner, M.; Heldt, F.H.; Filippi, M.; Pereira, V.M.d.A.G.; Teixeira, T.A.M.; Roth, L.O.; Gularte, J.S.; Spilki, F.R. Hepatitis E virus genotype 3 in bovine livers slaughtered in the state of Rio Grande do Sul, Brazil. Braz. J. Microbiol. 2022, 53, 1115–1120. [Google Scholar] [CrossRef]

	



Cunha, L.; Luchs, A.; Azevedo, L.S.; Silva, V.C.M.; Lemos, M.F.; Costa, A.C.; Compri, A.P.; França, Y.; Viana, E.; Malta, F.; et al. Detection of Hepatitis E Virus Genotype 3 in Feces of Capybaras (Hydrochoeris hydrochaeris) in Brazil. Viruses 2023, 15, 335. [Google Scholar] [CrossRef]

	



Trinta, K.; Liberto, M.I.M.; De Paula, V.S.; Yoshida, C.F.; Mc Gaspar, A. Hepatitis E virus infection in selected Brazilian populations. Memórias Do Inst. Oswaldo Cruz 2001, 96, 25–29. [Google Scholar] [CrossRef]

	



Santos DCM dos Souto, F.J.D.; Santos DRL dos Vitral, C.L.; Gaspar, A.M.C. Seroepidemiological markers of enterically transmitted viral hepatitis A and E in individuals living in a community located in the North Area of Rio de Janeiro, RJ, Brazil. Memórias Do Inst. Oswaldo Cruz 2002, 97, 637–640. [Google Scholar] [CrossRef]

	



Souto, F.J.D.; Parana, R.; Lyra, L.G.C.; Fontes, C. Short Report: Further Evidence for Hepatitis E in the Brazilian Amazon. Am. J. Trop. Med. Hyg. 1997, 57, 149–150. [Google Scholar] [CrossRef]

	



Pang, L.; Alencar, F.E.; Cerutti, C.; Milhous, W.K.; Andrade, A.L.; Oliveira, R.; Kanesa-Thasan, N.; Macarthy, P.O.; Hoke, C.H. Short report: Hepatitis E infection in the Brazilian Amazon. Am. J. Trop. Med. Hyg. 1995, 52, 347–348. [Google Scholar]

	



Souto, F.J.D.; Fontes, C.J.F. Prevalence of IgG class antibodies against hepatitis E virus in a community of the southern Amazon: A randomized survey. Ann. Trop. Med. Parasitol. 1998, 92, 623–625. [Google Scholar] [CrossRef] [PubMed]

	



de Paula, V.S.; Arruda, M.E.; Vitral, C.L.; Gaspar, A.M. Seroprevalence of viral hepatitis in riverine communities from the Western Region of the Brazilian Amazon Basin. Memórias Do Inst. Oswaldo Cruz 2001, 96, 1123–1128. [Google Scholar] [CrossRef] [PubMed]

	



Parana, R.; Cotrim, H.P.; Trepo, C.; Cortey-Boennec, M.L.; Lyra, L. Prevalence of hepatitis E virus IgG antibodies in patients from a referral unit of liver diseases in Salvador, Bahia, Brazil. Am. J. Trop. Med. Hyg. 1997, 57, 60–61. [Google Scholar] [CrossRef] [PubMed]

	



Silva, S.M.T.D.; Oliveira, J.M.D.; Vitral, C.L.; Vieira, K.D.A.; Pinto, M.A.; Souto, F.J.D. Prevalence of hepatitis E virus antibodies in individuals exposed to swine in Mato Grosso, Brazil. Memórias Do Inst. Oswaldo 2012, 107, 338–341. [Google Scholar] [CrossRef]

	



Vitral, C.L.; Da Silva-Nunes, M.; Pinto, M.A.; De Oliveira, J.M.; Gaspar, A.M.C.; Pereira, R.C.C.; Ferreira, M.U. Hepatitis A and E seroprevalence and associated risk factors: A community-based cross-sectional survey in rural Amazonia. BMC Infect. Dis. 2014, 14, 1–9. [Google Scholar] [CrossRef]

	



Ferreira-Oliveira, J.; de Oliveira, J.M. Hepatitis E virus seroprevalence in the Brazilian Amazon Basin. (unpublished).

	



Caetano, K.A.; Bergamaschi, F.P.; Carneiro, M.A.; Pinheiro, R.S.; Araújo, L.A.; Matos, M.A.; Carvalho, P.M.; de Souza, M.M.; de Matos, M.A.; Del-Rios, N.H.A.; et al. Hepatotropic viruses (hepatitis A, B, C, D and E) in a rural Brazilian population: Prevalence, genotypes, risk factors and vaccination. Trans. R. Soc. Trop. Med. Hyg. 2020, 114, 91–98. [Google Scholar] [CrossRef]

	



Freitas, N.R.D.; Teles, S.A.; Caetano, K.A.A.; Matos, M.A.D.; Carneiro, M.A.D.S.; Gardinali, N.R.; Pinto, M.A.; Martins, R.M.B. Hepatitis E seroprevalence and associated factors in rural settlers in Central Brazil. Rev. Soc. Bras. Med. Trop. 2017, 50, 675–679. [Google Scholar] [CrossRef]

	



Carício Martins, L.; de Oliveira, J.M. Hepatitis E virus seroprevalence in Brazilian riverine communities. (unpublished).

	



Souza, A.J.S.D.; Oliveira, C.M.A.D.; Sarmento, V.P.; Chagas, A.A.C.D.; Nonato, N.S.; Brito, D.C.N.D.; Barbosa, K.M.V.; Soares, M.D.C.P.; Nunes, H.M. Hepatitis E virus infection among rural Afro-descendant communities from the eastern Brazilian Amazon. Rev. Soc. Bras. Med. Trop. 2018, 51, 803–807. [Google Scholar] [CrossRef]

	



Villar, L.M.; Milagres, F.A.P.; Marques, J.T.; de Paula, V.S. Hepatitis E prevalence in indigenous communities from Western Brazilian Amazon. Liver Int. 2020, 41, 235–236. [Google Scholar] [CrossRef] [PubMed]

	



Vasconcelos, M.P.A.; de Oliveira, J.M.; Ferreira-Oliveira, J. Hepatitis E virus seroprevalence in indigenous populations of the Brazilian Amazon Rainforest. (unpublished).

	



Souza, A.J.S.D.; Malheiros, A.P.; Sarmento, V.P.; Resende, F.D.S.; Alves, M.M.; Nunes, H.M.; Soares, M.D.C.P.; Sá, L.R.M.D. Serological and molecular retrospective analysis of hepatitis E suspected cases from the Eastern Brazilian Amazon 1993–2014. Rev. Soc. Bras. Med. Trop. 2019, 52, e20180465. [Google Scholar] [CrossRef] [PubMed]

	



Freitas, N.R.D.; Santana, E.B.R.D.; Silva, Á.M.D.C.; Silva, S.M.D.; Teles, S.A.; Gardinali, N.R.; Pinto, M.A.; Martins, R.M.B. Hepatitis E virus infection in patients with acute non-A, non-B, non-C hepatitis in Central Brazil. Memórias Do Inst. Oswaldo Cruz 2016, 111, 692–696. [Google Scholar] [CrossRef] [PubMed]

	



Passos-Castilho, A.M.; Porta, G.; Miura, I.K.; Pugliese, R.P.S.; Danesi, V.L.B.; Porta, A.; Guimarães, T.; Seda, J.; Antunes, E.; Granato, C.F.H. Chronic Hepatitis E Virus Infection in a Pediatric Female Liver Transplant Recipient. J. Clin. Microbiol. 2014, 52, 4425–4427. [Google Scholar] [CrossRef]

	



Hering, T.; Passos, A.M.; Perez, R.M.; Bilar, J.; Fragano, D.; Granato, C.; Medina-Pestana, J.O.; Ferraz, M.L.G. Past and current hepatitis E virus infection in renal transplant patients. J. Med Virol. 2014, 86, 948–953. [Google Scholar] [CrossRef]

	



de Oliveira, J.M.N.S.; de Freitas, N.R.; Teles, S.A.; de Oliveira Bottino, F.; Lemos, A.S.; de Oliveira, J.M.; de Paula, V.; Pinto, M.A.; Martins, R.M.B. Prevalence of hepatitis E virus RNA and antibodies in a cohort of kidney transplant recipients in Central Brazil. Int. J. Infect. Dis. 2018, 69, 41–43. [Google Scholar] [CrossRef]

	



Costa, M.B.; Gouvêa, M.S.G.; Chuffi, S.; Dellavia, G.H.; Ornel, F.; Von Diemen, L.; Kessler, F.; Pinho, J.R.R.; Álvares-Da-Silva, M.R. Seroprevalence of hepatitis E virus in risk populations and blood donors in a referral hospital in the south of Brazil. Sci. Rep. 2021, 11, 1–5. [Google Scholar] [CrossRef]

	



Kiesslich, D.; Rocha Júnior, J.E.; Crispim, M.A. Prevalence of hepatitis E virus antibodies among different groups in the Amazonian basin. Trans. R. Soc. Trop. Med. Hyg. 2002, 96, 215. [Google Scholar] [CrossRef]

	



Bricks, G.; Senise, J.F.; Junior, H.P.; Grandi, G.; Passarini, A.; Caldeira, D.; Junior, D.C.; de Moraes, H.A.B.; Granato, C.F.H.; Castelo, A. Seroprevalence of hepatitis E virus in chronic hepatitis C in Brazil. Braz. J. Infect. Dis. 2018, 22, 85–91. [Google Scholar] [CrossRef]

	



Martins, R.; Freitas, N.; Kozlowski, A.; Reis, N.; Lopes, C.; Teles, S.; Gardinali, N.; Pinto, M. Seroprevalence of hepatitis E antibodies in a population of recyclable waste pickers in Brazil. J. Clin. Virol. 2014, 59, 188–191. [Google Scholar] [CrossRef]

	



Castro, V.O.; Tejada-Strop, A.; Weis, S.M.; Stábile, A.C.; de Oliveira, S.M.; Teles, S.A.; Kamili, S.; Motta-Castro, A.R.C. Evidence of hepatitis E virus infections among persons who use crack cocaine from the Midwest region of Brazil. J. Med. Virol. 2019, 91, 151–154. [Google Scholar] [CrossRef]

	



do Nascimento, R.S.; Baia, K.L.N.; de Souza, S.B.; Fontoura, G.M.G.; Nunes, P.F.; Machado, L.F.A.; Kupek, E.; Fischer, B.; Martins, L.C.; Oliveira-Filho, A.B. Hepatitis E Virus in People Who Use Crack-Cocaine: A Cross-Sectional Study in a Remote Region of Northern Brazil. Viruses 2021, 13, 926. [Google Scholar] [CrossRef] [PubMed]

	



Ferreira, A.C.; Gomes-Gouvêa, M.S.; Lisboa-Neto, G.; Mendes-Correa, M.C.J.; Picone, C.M.; Salles, N.A.; Mendrone-Junior, A.; Carrilho, F.J.; Pinho, J. Serological and molecular markers of hepatitis E virus infection in HIV-infected patients in Brazil. Arch. Virol. 2017, 163, 43–49. [Google Scholar] [CrossRef] [PubMed]

	



Bezerra, L.A.; De Oliveira-Filho, E.F.; Silva, J.V.J.; Morais, V.M.S.; Gonçales, J.P.; Da Silva, D.M.; Coêlho, M.R.C.D. Risk analysis and seroprevalence of HEV in people living with HIV/AIDS in Brazil. Acta Trop. 2018, 189, 65–68. [Google Scholar] [CrossRef] [PubMed]

	



Hardtke, S.; Rocco, R.; Ogata, J.; Braga, S.; Barbosa, M.; Wranke, A.; Doi, E.; Da Cunha, D.; Maluf, E.; Wedemeyer, H.; et al. Risk factors and seroprevalence of hepatitis E evaluated in frozen-serum samples (2002-2003) of pregnant women compared with female blood donors in a Southern region of Brazil. J. Med Virol. 2018, 90, 1856–1862. [Google Scholar] [CrossRef]

	



Passos-Castilho, A.M.; de Sena, A.; Geraldo, A.; Spada, C.; Granato, C.F. High prevalence of hepatitis E virus antibodies among blood donors in Southern Brazil. J. Med Virol. 2015, 88, 361–364. [Google Scholar] [CrossRef]

	



Pandolfi, R.; de Almeida, D.R.; Pinto, M.A.; Kreutz, L.C.; Frandoloso, R. In house ELISA based on recombinant ORF2 protein underline high prevalence of IgG anti-hepatitis E virus amongst blood donors in south Brazil. PLoS ONE 2017, 12, e0176409. [Google Scholar] [CrossRef]

	



Zorzetto, R.; Klein, R.L.; Erpen, L.M.S.; Klein, B.D.; Giacobbo, I.; da Silveira, R.A.; Frandoloso, R.; Kreutz, L.C. Unusual high prevalence of antibodies to hepatitis E virus in South Brazil. FEMS Microbiol. Lett. 2021, 368, fnab076. [Google Scholar] [CrossRef]

	



e Araújo, D.C.D.A.; de Oliveira, J.M.; Haddad, S.K.; da Roza, D.L.; de Oliveira Bottino, F.; Faria, S.B.S.C.; Bellíssimo-Rodrigues, F.; Passos, A.D.C. Declining prevalence of hepatitis A and silent circulation of hepatitis E virus infection in southeastern Brazil. Int. J. Infect. Dis. 2020, 101, 17–23. [Google Scholar] [CrossRef]

	



Weis-Torres, S.M.D.S.; França A de, O.; Granato, C.; Passarini, A.; Motta-Castro, A.R.C. Seroprevalence of hepatitis E virus infection among volunteer blood donors in Central Brazil. Braz. J. Infect. Dis. 2022, 26, 102350. [Google Scholar] [CrossRef] [PubMed]

	



Cunha, G.G.; Bezerra, L.A.; Silva Júnior, J.V.J.; Gonçales, J.P.; Montreuil, A.C.B.; Côelho, M.R.C.D. Analysis of seroprevalence and risk factors for hepatitis E virus (HEV) in donation candidates and blood donors in Northeast Brazil. Braz. J. Microbiol. 2022, 53, 1995–2001. [Google Scholar] [CrossRef] [PubMed]

	



da Silva-Nunes, M.; de Oliveira, J.M. Hepatitis E virus seroprevalence in the general population of Mâncio Lima, Acre, Brazil. (unpublished).

	



Goza, F. Brazilian frontier settlement: The case of Rondônia. Popul. Environ. 1994, 16, 37–60. [Google Scholar] [CrossRef]

	



Katsuragawa, T.H.; Gil, L.H.S.; Tada, M.S.; Silva, L.H.P.D. Endemias e epidemias na Amazônia: Malária e doenças emergentes em áreas ribeirinhas do Rio Madeira. Um caso de escola. Estud. Avançados 2008, 22, 111–141. [Google Scholar] [CrossRef]

	



de Oliveira Padilha, M.A.; de Oliveira Melo, J.; Romano, G.; de Lima, M.V.M.; Alonso, W.J.; Sallum, M.A.M.; Laporta, G.Z. Comparison of malaria incidence rates and socioeconomic-environmental factors between the states of Acre and Rondônia: A spatio-temporal modelling study. Malar. J. 2019, 18, 306. [Google Scholar] [CrossRef] [PubMed]

	



Costa Filho, A. Traditional Peoples and Communities in Brazil: The Work of the Anthropologist, Political Regression and the Threat to Rights. Vibrant, Virtual Braz Anthr. Available online: http://www.scielo.br/j/vb/a/W9ZNQwyw5pJLgCVSJSgdMpj/?lang=en (accessed on 12 December 2022).

	



Barros, F.B.; de Sousa, F.F.; de Andrade, J.P.; Ramos, F.M.; Vieira-Da-Silva, C. Ethnoecology of miriti (Mauritia flexuosa, L.f.) fruit extraction in the Brazilian Amazon: Knowledge and practices of riverine peoples contribute to the biodiversity conservation. J. Ethnobiol. Ethnomedicine 2021, 17, 1–15. [Google Scholar] [CrossRef]

	



Corwin, A.L.; Tien, N.T.; Bounlu, K.; Winarno, J.; Putri, M.P.; Laras, K.; Larasati, R.P.; Sukri, N.; Endy, T.; Sulaiman, H.; et al. The unique riverine ecology of hepatitis E virus transmission in South-East Asia. Trans. R. Soc. Trop. Med. Hyg. 1999, 93, 255–260. [Google Scholar] [CrossRef]

	



Eduardo. Os Direitos dos Quilombolas no Brasil|Politize! Available online: https://www.politize.com.br/equidade/blogpost/direitos-dos-quilombolas-no-brasil/ (accessed on 25 November 2022).

	



Pourbaix, A.; Ouali, N.; Soussan, P.; Roque Afonso, A.M.; Péraldi, M.N.; Rondeau, E.; Peltier, J. Evidence of hepatitis E virus transmission by renal graft. Transpl Infect Dis 2017, 19, e12624. [Google Scholar] [CrossRef]

	



Gutberlet, J.; Sorroche, S.; Baeder, A.M.; Zapata, P.; Campos, M.J.Z. Waste Pickers and Their Practices of Insurgency and Environmental Stewardship. J. Environ. Dev. 2021, 30, 369–394. [Google Scholar] [CrossRef]

	



Alvarado-Esquivel, C.; Gutierrez-Martinez, V.D.; Ramírez-Valles, E.G.; Sifuentes-Alvarez, A. Hepatitis E virus infection and waste pickers: A case-control seroprevalence study. J. Med Virol. 2020, 93, 3779–3785. [Google Scholar] [CrossRef] [PubMed]

	



Kamar, N.; Selves, J.; Mansuy, J.-M.; Ouezzani, L.; Péron, J.-M.; Guitard, J.; Cointault, O.; Esposito, L.; Abravanel, F.; Danjoux, M.; et al. Hepatitis E Virus and Chronic Hepatitis in Organ-Transplant Recipients. N. Engl. J. Med. 2008, 358, 811–817. [Google Scholar] [CrossRef] [PubMed]

	



Tamura, A.; Shimizu, Y.K.; Tanaka, T.; Kuroda, K.; Arakawa, Y.; Takahashi, K.; Mishiro, S.; Shimizu, K.; Moriyama, M. Persistent infection of hepatitis E virus transmitted by blood transfusion in a patient with T-cell lymphoma. Hepatol. Res. 2007, 37, 113–120. [Google Scholar] [CrossRef] [PubMed]

	



Acharya, S.K.; Sharma, P.K.; Singh, R.; Mohanty, S.K.; Madan, K.; Jha, J.K.; Panda, S.K. Hepatitis E virus (HEV) infection in patients with cirrhosis is associated with rapid decompensation and death. J. Hepatol. 2007, 46, 387–394. [Google Scholar] [CrossRef]

	



Shalimar, K.D.; Vadiraja, P.K.; Nayak, B.; Thakur, B.; Das, P.; Datta Gupta, S.; Panda, S.K.; Acharya, S.K. Acute on chronic liver failure because of acute hepatic insults: Etiologies, course, extrahepatic organ failure and predictors of mortality. J. Gastroenterol. Hepatol. 2016, 31, 856–864. [Google Scholar] [CrossRef]

	



Choi, J.W.; Son, H.J.; Lee, S.S.; Jeon, H.; Cho, J.-K.; Kim, H.J.; Cha, R.R.; Lee, J.M.; Kim, H.J.; Jung, W.T.; et al. Acute hepatitis E virus superinfection increases mortality in patients with cirrhosis. BMC Infect. Dis. 2022, 22, 1–9. [Google Scholar] [CrossRef]

	



Villalobos, N.V.F.; Kessel, B.; Rodiah, I.; Ott, J.J.; Lange, B.; Krause, G. Seroprevalence of hepatitis E virus infection in the Americas: Estimates from a systematic review and meta-analysis. PLOS ONE 2022, 17, e0269253. [Google Scholar] [CrossRef]

	



Tengan, F.M.; Figueiredo, G.M.; Nunes, A.K.S.; Manchiero, C.; Dantas, B.P.; Magri, M.C.; Prata, T.V.G.; Nascimento, M.; Mazza, C.C.; Abdala, E.; et al. Seroprevalence of hepatitis E in adults in Brazil: A systematic review and meta-analysis. Infect. Dis. Poverty 2019, 8, 3. [Google Scholar] [CrossRef]

	



Horvatits, T.; Ozga, A.-K.; Westhoelter, D.; Hartl, J.; Manthey, C.F.; Lütgehetmann, M.; Rauch, G.; Kriston, L.; Lohse, A.W.; Bendall, R.; et al. Hepatitis E seroprevalence in the Americas: A systematic review and meta-analysis. Liver Int. 2018, 38, 1951–1964. [Google Scholar] [CrossRef]

	



Balayan, M.S.; Andjaparidze, A.G.; Savin Skaya, S.S.; Ketiladze, E.S.; Braginsky, D.M.; Suavinov, A.P.; Poleschuk, V.F. Evidence for a Virus in Non-A, Non-B Hepatitis Transmitted via the Fecal-Oral Route. Intervirology 1983, 20, 23–31. [Google Scholar] [CrossRef]

	



Reyes, G.R.; Purdy, M.A.; Kim, J.P.; Luk, K.-C.; Young, L.M.; Fry, K.E.; Bradley, D.W. Isolation of a cDNA from the Virus Responsible for Enterically Transmitted Non-A, Non-B Hepatitis. Science 1990, 247, 1335–1339. [Google Scholar] [CrossRef] [PubMed]

	



Usmanov, R.K.; Balaian, M.S.; Dvoĭnikova, O.V.; Alymbaeva, D.B.; A Zamiatina, N.; A Kazachkov, I.; I Belov, V. An experimental infection in lambs by the hepatitis E virus. Probl. Virol. 1994, 39. [Google Scholar]

	



de Carvalho, L.G.; Marchevsky, R.S.; dos Santos, D.R.; de Oliveira, J.M.; de Paula, V.S.; Lopes, L.M.; Van der Poel, W.H.; González, J.E.; Munné, M.S.; Moran, J.; et al. Infection by Brazilian and Dutch swine hepatitis E virus strains induces haematological changes in Macaca fascicularis. BMC Infect. Dis. 2013, 13, 495. [Google Scholar] [CrossRef] [PubMed]

	



Gardinali, N.R.; Guimaraes, J.R.; Melgaco, J.G.; Kevorkian, Y.B.; Bottino, F.D.O.; Vieira, Y.R.; da Silva, A.C.D.A.; Pinto, D.P.; da Fonseca, L.B.; Vilhena, L.S.; et al. Cynomolgus monkeys are successfully and persistently infected with hepatitis E virus genotype 3 (HEV-3) after long-term immunosuppressive therapy. PLoS ONE 2017, 12, e0174070. [Google Scholar] [CrossRef]

	



Bottino, F.D.O.; Gardinali, N.R.; Salvador, S.B.S.; Figueiredo, A.S.; Cysne, L.B.; Francisco, J.S.; de Oliveira, J.M.; Machado, M.P.; Pinto, M.A. Cynomolgus monkeys (Macaca fascicularis) experimentally and naturally infected with hepatitis E virus: The bone marrow as a possible new viral target. PLoS ONE 2018, 13, e0205039. [Google Scholar] [CrossRef]

	



Mejido, D.C.P.; De Oliveira, J.M.; Gaspar, A.M.C.; Gardinali, N.R.; Bottino, F.D.O.; De Carvalho, L.G.; Lopes dos Santos, D.R.; Kevorkian, Y.B.; Xavier, L.L.; Moran, J.; et al. Evidences of HEV genotype 3 persistence and reactivity in liver parenchyma from experimentally infected cynomolgus monkeys (Macaca fascicularis). PLoS ONE 2019, 14, e0218472. [Google Scholar] [CrossRef]

	



Schlosser, J.; Eiden, M.; Vina-Rodriguez, A.; Fast, C.; Dremsek, P.; Lange, E.; Ulrich, R.G.; Groschup, M.H. Natural and experimental hepatitis E virus genotype 3 - infection in European wild boar is transmissible to domestic pigs. Veter- Res. 2014, 45, 121. [Google Scholar] [CrossRef]

	



Sayed, I.M.; Verhoye, L.; Cocquerel, L.; Abravanel, F.; Foquet, L.; Montpellier, C.; Debing, Y.; Farhoudi, A.; Wychowski, C.; Dubuisson, J.; et al. Study of hepatitis E virus infection of genotype 1 and 3 in mice with humanised liver. Gut 2016, 66, 920–929. [Google Scholar] [CrossRef]

	



Sayed, I.M.; Elkhawaga, A.A.; El-Mokhtar, M.A. In vivo models for studying Hepatitis E virus infection; Updates and applications. Virus Res. 2019, 274, 197765. [Google Scholar] [CrossRef]

	



Lhomme, S.; Dubois, M.; Abravanel, F.; Top, S.; Bertagnoli, S.; Guerin, J.-L.; Izopet, J. Risk of zoonotic transmission of HEV from rabbits. J. Clin. Virol. 2013, 58, 357–362. [Google Scholar] [CrossRef]

	



Zhang, Y.; Gong, W.; Song, W.T.; Fu, H.; Wang, L.; Li, M.; Zhuang, H. Different susceptibility and pathogenesis of rabbit genotype 3 hepatitis E virus (HEV-3) and human HEV-3 (JRC-HE3) in SPF rabbits. Veter- Microbiol. 2017, 207, 1–6. [Google Scholar] [CrossRef] [PubMed]

	



An, J.; Liu, T.; She, R.; Wu, Q.; Tian, J.; Shi, R.; Hao, W.; Ren, X.; Yang, Y.; Lu, Y.; et al. Replication of hepatitis E virus in the ovary and promotion of oocyte apoptosis in rabbits infected with HEV-4. Oncotarget 2017, 9, 4475–4484. [Google Scholar] [CrossRef] [PubMed]

	



He, Q.; Zhang, F.; Shu, J.; Li, S.; Liang, Z.; Du, M.; Liu, X.; Liu, T.; Li, M.; Yin, X.; et al. Immunocompromised rabbit model of chronic HEV reveals liver fibrosis and distinct efficacy of different vaccination strategies. Hepatology 2022, 76, 788–802. [Google Scholar] [CrossRef]

	



Prado, T.; Barbosa, M.R.F.; Araújo, R.S.; Garcia, S.C.; Melo, A.J.; Galvani, A.T.; Brandão, C.J.; Silva, R.L.O.; Sato, M.I.Z. Hepatitis A Outbreaks and Environmental Circulation of Genotype IA Strains in the São Paulo City, 2017–2018. Food Environ. Virol. 2021, 13, 520–527. [Google Scholar] [CrossRef] [PubMed]

	



Kamar, N.; Rostaing, L.; Legrand-Abravanel, F.; Izopet, J. How Should Hepatitis E Virus Infection Be Defined in Organ-Transplant Recipients? Am. J. Transplant. 2013, 13, 1935–1936. [Google Scholar] [CrossRef] [PubMed]

	



Pereira, L.M.M.B.; Stein, A.T.; Figueiredo, G.M.; Coral, G.P.; Montarroyos, U.R.; Cardoso, M.R.A.; Braga, M.C.; Moreira, R.C.; dos Santos, A.A.; Ximenes, R.A. Prevalence of hepatitis A in the capitals of the States of North, Southeast and South regions of Brazil: Decrease in prevalence and some consequences. Rev. Inst. Med. Trop. São Paulo 2021, 63, e34. [Google Scholar] [CrossRef]

	



United Nations Development Programme, Fundação João Pinheiro, Instituto de Pesquisa Econômica Aplicada (Ed.) Desenvolvimento humano nas macrorregiões brasileiras; Primeira edição; PNUD Brasil: Brasília, Distrito Federal, Brazil, 2016; ISBN 978-85-88201-31-6. [Google Scholar]

	



Rivero-Juarez, A.; Aguado, R.; Lopez-Lopez, P.; Sanchez-Frias, M.; Frias, M.; Briceño, J.; de la Mata, M.; Torre-Cisneros, J.; Rivero, A. Prevalence of hepatitis E virus infection in liver donors in Spain. Clin. Microbiol. Infect. 2018, 24, 1218–1219. [Google Scholar] [CrossRef]

	



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

	



Brazil Is the World’s Fourth Largest Grain Producer and Top Beef Exporter, Study Shows. Available online: https://www.embrapa.br/busca-de-noticias/-/noticia/62619259/brasil-e-o-quarto-maior-produtor-de-graos-e-o-maior-exportador-de-carne-bovina-do-mundo-diz-estudo (accessed on 29 November 2022).

	



Gameiro, M.B.P.; Rezende, V.T.; Zanella, A.J. Brazilian donkey slaughter and exports from 2002 to 2019. Braz. J. Veter- Res. Anim. Sci. 2021, 58, e174697. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. Hepatitis E virus seroprevalence in Brazil.
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Selected Population Subsets




	
Region

	
UF

	
Sampling Location

	
Year

	
Cohort

	
Sample Size

	
Prevalence (%)

	
Anti-HEV Assay

	
Reference






	
Midwest

	
MT

	
Brazilian Amazon

	
1994

	
AVH outbreak

	
97

	
6.1

	
Not informed

	
[52]




	
Midwest

	
MT

	
Brazilian Amazon

	
1997

	
AVH (nonA-C)

	
82

	
12

	
Not informed

	
[51]




	
Northeast

	
BA

	
Salvador

	
1994–1996

	
AVH (nonA-C)

	
17

	
17.7

	
Not informed

	
[55]




	
AVH (HAV)

	
24

	
29




	
Hd

	
392

	
0




	
CLD/Sch

	
30

	
11




	
BD

	
200

	
2




	
Southeast

	
RJ

	
Rio de Janeiro

	
1994–1996

	
BD

	
93

	
4.3

	
ABBOTT1

	
[49]




	
CRD/Hd

	
65

	
6.2




	
IDU

	
102

	
11.8




	
Pregnant women

	
304

	
1.0




	
Rural

	
145

	
2.1




	
Rural populations




	
Midwest

	
MT

	
Swine farms

	
2009–2010

	
Rural

	
310

	
8.4

	
MP Diagnostics

	
[56]




	
North

	
AC

	
Western Brazilian Amazon

	
2004

	
Rural settlers

	
425

	
12.9

	
MIKROGEN 2

	
[57]




	
North

	
RO

	
Western Brazilian Amazon

	
2013

	
Rural settlers

Rural

Urban

	
281

73

47

	
14.6

8.2

4.2

	
BIOKIT3

	
[58]




	
Midwest

	
GO

MS

	
Central Brazil

	
2011

	
Rural settlers

	
923

	
3.9

	
MIKROGEN 2

	
[59]




	
Midwest

	
GO

	
Central Brazil

	
2011

	
Rural settlers.

	
464

	
3.4

	
MIKROGEN 2

	
[60]




	
Brazilian Traditional Peoples




	
North

	
AC

AM

	
Western Brazilian Amazon

	
1997

	
Riverine

	
349

	
4.0

	
ABBOTT 1

	
[54]




	
North

	
PA

	
Eastern Brazilian Amazon

	
2012

	
Riverine

	
172

	
4.1

	
BIOKIT 3

	
[61]




	
North

	
PA

	
Eastern Brazilian Amazon

	
2015

	
Afro-descendants

	
535

	
1.6

	
MIKROGEN 2

	
[62]




	
North

	
TO

	
Apinajé villages

	
--

	
Indigenous Urban

	
506

175

	
0.19

0

	
MIKROGEN 2

	
[63]




	
North

	
AM

	
Yanomami villages

	
2015

	
Indigenous

	
430

	
2.8–5.7

	
MIKROGEN 2

	
[64]




	
Selected population groups according to risk category




	
North

	
PA

	
Eastern Brazilian Amazon

	
1993–2014

	
AVH (nonA-C)

	
318

	
5.9

	
MIKROGEN 2

	
[65]




	
Midwest

	
GO

	
Central Brazil

	
2012–2014

	
AVH (nonA-C)

	
379

	
5.3

	
MIKROGEN 2

	
[66]




	
Southeast

	
SP

	
São Paulo

	
1998–2007

	
SOT

	
96

	
3.1

	
MIKROGEN 2

	
[67]




	
Southeast

	
SP

	
São Paulo

	
2001–2011

	
SOT

	
192

	
15.0

	
MIKROGEN 2

	
[68]




	
Midwest

	
GO

	
Goiania

	
2014

	
SOT

	
316

	
2.5

	
MIKROGEN 2

	
[69]




	
South

	
RS

	
Porto Alegre

	
2013–2018

	
SOT

	
80

	
18.7

	
WANTAI 4

	
[70]




	
South

	
RS

	
Porto Alegre

	
2013–2018

	
CLD

	
80

	
22.5

	
WANTAI 4

	
[70]




	
North

	
AM

	
Manaus

	
2002

	
CRD/Hd

	
192

	
0.5

	
ABBOTT 1

	
[71]




	
Southeast

	
SP

	
Piracicaba

	
2015–2016

	
CLD

	
618

	
10.2

	
WANTAI 4

	
[72]




	
Midwest

	
GO

	
Central Brasil

	
2010–2011

	
RWP

	
431

	
5.3

	
MIKROGEN 2

	
[73]




	
Midwest

	
MS

	
Central Brasil

	
2013–2015

	
CCU

	
698

	
14.2

	
WANTAI 4

	
[74]




	
North

	
PA

	
PA municipalities

	
2016–2018

	
CCU

	
437

	
16.7

	
MP Diag 5

	
[75]




	
South

	
RS

	
Porto Alegre

	
2013–2018

	
CCU

	
80

	
20.0

	
WANTAI 4

	
[70]




	
South

	
RS

	
Rio Grande

	
2012–2013

	
HIV

	
360

	
6.7

	
MIKROGEN 2

	
[11]




	
Southeast

	
SP

	
São Paulo state

	
2007–2013

	
HIV

	
354

	
10.7

	
MIKROGEN 2

	
[76]




	
Northeast

	
PE

	
Recife

	
2016–2017

	
HIV

	
366

	
4.1

	
MIKROGEN 2

	
[77]




	
General population and blood donors




	
Southeast

	
RJ

	
Rio de Janeiro

	
1996

	
GP

(low-income, urban)

	
699

	
2.4

	
ABBOTT 1

	
[50]




	
Midwest

	
MT

	
Southern Brazilian Amazon

	
1997

	
GP

(low-income, urban/rural)

	
299

	
3.3

	
ABBOTT 1

	
[53]




	
South

	
PR

	
Curitiba

	
2002–2003

	
BD (female)

Pregnant women

	
199

209

	
26

19

	
WANTAI 4

	
[78]




	
South

	
SC

	
Itajaí Valley

	
2014

	
BD

	
300

	
10.0

	
WANTAI 4

	
[79]




	
South

	
RS

	
Rio Grande

	
2015

	
BD

	
281

	
7.1

	
MIKROGEN 2

	
[11]




	
South

	
RS

	
Passo Fundo

	
2015

	
BD

	
780

	
40.2

	
indirect ELISA 5

	
[80]




	
South

	
RS

	
Santa Maria

Caxias do Sul

Passo Fundo

	
2019

	
GP

	
1000

1000

1000

	
55.4

57.4

65.5

	
indirect ELISA 5

	
[81]




	
South

	
RS

	
Porto Alegre

	
2013–2018

	
BD

	
80

	
18.7

	
WANTAI 4

	
[70]




	
South

	
RS

	
Porto Alegre

	
2013–2018

	
GP

	
80

	
17.5

	
WANTAI 4

	
[70]




	
Southeast

	
SP

	
São Paulo

	
2014

	
BD

	
500

	
9.8

	
WANTAI 4

	
[79]




	
Southeast

	
SP

	
Cassia Coqueiros

	
2011–2013

	
GP

	
224

	
23.7

21.4

	
MIKROGEN 2

WANTAI 4

	
[82]




	
Midwest

	
MT

	
Cuiabá, and other municipalities

	
2009–2010

	
BD

	
110

	
4.0

	
MP Diagnostics

	
[56]




	
Midwest

	
MS

	
Campo Grande

	
2011

	
BD

	
250

	
6.4

	
WANTAI4

	
[83]




	
Northeast

	
PE

	
Recife

	
2021

	
BD

	
996

	
0.9

	
EUROIMMUN 6

	
[84]




	
North

	
AM

	
Manaus

	
2002

	
BD

	
184

	
0.4

	
ABBOTT 1

	
[71]




	
North

	
AC

	
Western Brazilian Amazon

	
2012–2013

	
GP

	
870

	
0.9

	
MIKROGEN 2

	
[85]








UF, Unidade Federativa (Federate Unit); AVH, acute hepatitis; hepatitis; SOT, solid organ transplant recipients; CLD, chronic liver disease; Schist, Schistosomiasis; CRD, chronic renal disease; Hd, hemodialysis patients; IDU, injecting drug users; CCU, crack-cocaine users; RWP, recyclable waste pickers; HIV, human immunodeficiency virus seropositive; BD, blood donors; GP, general population; 1 Abbott HEV EIA (Abbott Diagnostics Division, Chicago, IL, USA); 2 Recomwell HEV IgM/IgG, (Mikrogen, Neuried, Germany); 3 IgG/IgM_EIA (Biokit, Barcelona, Spain); 4 WANTAI HEV-IgG ELISA kit (Beijing, China); 5 indirect enzyme-linked immunosorbent assay [80]; 6 ANTI-HEV IgG EUROIMMUN (Lübeck, Germany)
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