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Abstract

:

Virus-induced infections of the central nervous system (CNS) are among the most serious problems in public health and can be associated with high rates of morbidity and mortality, mainly in low- and middle-income countries, where these manifestations have been neglected. Typically, herpes simplex virus 1 and 2, varicella-zoster, and enterovirus are responsible for a high number of cases in immunocompetent hosts, whereas other herpesviruses (for example, cytomegalovirus) are the most common in immunocompromised individuals. Arboviruses have also been associated with outbreaks with a high burden of neurological disorders, such as the Zika virus epidemic in Brazil. There is a current lack of understanding in Brazil about the most common viruses involved in CNS infections. In this review, we briefly summarize the most recent studies and findings associated with the CNS, in addition to epidemiological data that provide extensive information on the circulation and diversity of the most common neuro-invasive viruses in Brazil. We also highlight important aspects of the prion-associated diseases. This review provides readers with better knowledge of virus-associated CNS infections. A deeper understanding of these infections will support the improvement of the current surveillance strategies to allow the timely monitoring of the emergence/re-emergence of neurotropic viruses.
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1. Introduction


Globally, central nervous system (CNS) infections present a high rate of morbidity and mortality, mainly in children and the elderly, resulting in serious public health problems and having a major impact in developing countries [1,2]. Indeed, a recent report demonstrated that the incidence of CNS infections in low- and middle-income countries is 726 and 299 cases per 100,000 population, respectively, whereas the rate for high-income countries is 11 cases/100,000 population [2]. In addition to this difference in the CNS infection rate, other factors, such as a limited workforce, poverty, overcrowding in the public health system, and insufficient sanitation, can influence the persistence and spread of the infections [2]. A recent predictive model identified “hotspots” for emerging infectious diseases with the potential to induce CNS infections, such as viruses and prions [3]. Additionally, this study suggested that these hotspots are localized in developing countries, especially in tropical Africa, Latin America, and Asia [3]. As mentioned above, the incidence of CNS infections differs not only by geography, but also age groups and due to the capability of vectors to transit efficiently, as observed for arthropod-borne viruses.



Many CNS infections are caused by bacteria, fungi, parasites, prions, and viruses and are an ongoing concern due to increased migration, tourism travel, and the ease with which people are displaced. The ongoing pandemic caused by the SARS-CoV-2 virus is a devastating example [4]. Regarding viral infections, a broad range of viruses has been reported as the major causal agents in many CNS infections, causing diseases ranging from febrile illness to infection that can affect distinct anatomical regions, such as the meninges (meningitis), brain (encephalitis), and spinal cord (myelitis) [5], or simultaneously in multiple regions (meningoencephalitis, encephalomyelitis) (Figure 1).



Additionally, the vast majority of viral infections present at least one neurological symptom during the acute phase, which can lead to neurological, behavioral, and cognitive sequelae months after the initial infection [2,6]. A recent report demonstrated that children (0.5–8 years) with severe viral CNS infections show enhanced risk of psychotic illness when they reach young adulthood [7]. Furthermore, the recent upsurge caused by the Zika virus revealed that the viral infection during the first part of fetal life could lead to severe brain malformations [6]. CNS viral infection may also be linked to other disorders that are rarely related, such as memory deficits, amyotrophic lateral sclerosis, and Alzheimer’s disease [6,8,9,10].



There is increasing interest in the characteristics and mechanisms associated with viral CNS infections to understand how a wide variety of viruses were selected throughout evolution to gain access to the CNS and to induce effective infection at different stages of life. The different replication strategies adopted for each virus and the poor nucleic acid polymerase fidelity observed in RNA viruses could favor the rise of cumulative mutations and/or recombinations and the emergence or re-emergence of neurotropic viruses of unpredictable pathogenicity and clinically unknown outcomes. Interestingly, several studies have demonstrated that the role of commensal microbiota and the CNS (the so-called gut-brain axis) is associated with viral infection [11,12,13]. However, CNS infections are not consequences of a single process, and studies are required to better understand the mechanisms and main factors associated with viral neurotropism.



Overall, the incidence of CNS infections is underestimated due to limitations in diagnostic tools and poor demographic information, particularly in low- and middle-income countries [2]. Although Brazil has accumulated information related to viral infections of the CNS, little is known about the geographical distribution and molecular and epidemiological aspects of the viruses circulating in the country. Therefore, a better understanding on the patterns of viral dissemination within and between countries and continents is critical to devising global surveillance initiatives. The current review addresses this question, providing an overview of epidemiological patterns and genetic diversity of the most common viral infections associated with CNS in Brazil. These include enteroviruses, arboviruses (Flaviviridae and Togaviridae families), and viruses from the Herpesviridae family (Table 1). Because viruses and prions are closely related, we also highlight important aspects of prion-associated diseases, which are rarely reported and lacking information in Brazil. The presence of prion domains (domains enriched in asparagine and glutamine) has been reported in different viral families [14].




2. Viruses Commonly Associated with CNS Infection in Brazil


2.1. Enteroviruses and Enterovirus Transmission


Enteroviruses (EVs) are nonenveloped, small, icosahedral-shaped viruses which have a capsid composed of four structural proteins (VP1–VP4), with single-stranded positive-sense RNA, belonging to the Picornaviridae family. Based on their molecular and biological properties, they have been classified into 15 species: EV A–L and human rhinoviruses A–C. However, only EV A to D species and rhinoviruses are known to cause human infection. These viruses are transmitted primarily by the fecal–oral route and are able to advance from the primary site of infection (gastrointestinal tract) to other tissues. Some EV species (e.g., rhinoviruses and EV-D68) can also exploit the respiratory route and spread through the respiratory secretion. Additionally, EVs that cause a vesicular exanthem, as observed in hand, foot, and mouth disease (HFMD), can spread through direct or indirect contact with contaminated discharges or the fluid of blisters from infected people, or objects that contain an infectious virus. Exceptions are the EVs associated with acute hemorrhagic conjunctivitis (EV-D70 and CVA24) that can also be transmitted by direct or indirect eye–hand–fomite contact. Enteroviruses are distributed globally, particularly in tropical regions where poor hygiene conditions play a critical role in the efficiency of viral transmission.



2.1.1. Epidemiology of the EV Associated with CNS


EVs enter host cells by binding to one or multiple receptors (e.g., ICAM-1, CAR, DAF, and CD155), followed by receptor-mediated endocytosis and RNA release [15]. EVs are responsible for a broad-spectrum of diseases, such as the common cold; hand, foot, and mouth disease; myocarditis; and upper and lower respiratory tract infection. Although EV infections are mostly asymptomatic, these viruses can cause severe CNS disease, particularly aseptic meningitis (AM), acute flaccid paralysis (AFP), encephalitis, and acute flaccid myelitis (AFM) [16]. To gain access to the CNS, EVs must cross the blood–brain barrier (BBB), infecting brain endothelial cells or immune cells, using the latter as vehicles in a mechanism known as the “Trojan Horse” [15,17,18]. Additionally, EVs can spread via neuromuscular junctions from muscles to motor neurons through retrograde axonal transport [15,17]. A recent review by Majer and colleagues [18] discussed the pathways exploited by the EVs to counteract the BBB and gain access into the CNS. Moreover, the cellular mechanisms of enterovirus neuropathogenicity and immunology evoked by EVs during CNS infection, as well as the mechanisms of neuronal cell death, have also been reviewed.



Globally, EVs have been responsible for the majority of aseptic meningitis/encephalitis cases, particularly in children [19,20]. Poliovirus is the main neurotropic EV because it is associated with poliomyelitis cases in children. However, due to the advanced stage of polio eradication, the role of non-polio enteroviruses (NPEVs) associated with AFP cases, in addition to other CNS infections, have been highlighted [16,17,21]. In addition to poliovirus, EV types have been associated with several CNS infections, such as AFP, AFM, AM, and encephalitis. The most common are EV-A71, CVA2, and CVA4 (EV-A species); CVB3, CVB5, E6, E7, E11, E13, and E30 (EV-B species); CV-A24 (EV-C species); and EV-D68 (EV-D species) [16,21]. This wide diversity of EV types related to CNS infections highlights their high tropism to neuronal cells and neuropathogenic potential.




2.1.2. Enteroviruses Associated with CNS in Brazil


Brazil has accumulated significant information regarding WPV and vaccine-derived polioviruses (VDPV). In addition, the molecular diversity and epidemiological features of other EV types related to CNS infections circulating in the country have also been highlighted in recent years [22,23,24,25,26]. As previously reported in other countries, aseptic meningitis is the principal neurological disease associated with NPEV in Brazil [27,28]. Globally, E30 and E6, followed by E13, are the most prevalent EV types identified to cause epidemics/sporadic cases [29]. In Brazil, numerous studies have demonstrated that E30 is the main EV type associated with AM cases in different geographic areas of the country, followed by E6 [23,30,31,32]. Although E13 has been found to be responsible for an AM outbreak, its detection in Brazil is not common [23,33] compared to the observations in other regions such as Europe, America, and the Western Pacific [29]. Furthermore, although other EV types have been identified in recent years in Brazil, four important EV types belonging to EV-B species should be highlighted—CVB5, E7, E11, and E18—because these viruses are also associated with a high detection rate in AM cases in Brazil [23,25,30]. It is also notable that EV-A and EV-C species are rarely associated with AM cases globally.



Another remarkable observation concerns EV types involved with AFP cases in Brazil. Although polioviruses are the main causative agent of AFP, a significant proportion of NPEVs has been associated with this neurological disorder [21]. The last case of paralytic poliomyelitis caused by wild poliovirus in Brazil occurred in 1989. However, the identification of a rare recombinant type3/type2 Sabin-related poliovirus isolated from an AFP case has recently been reported as an adverse vaccine event [22]. Surveillance data shows that in Europe, the USA, and Africa, most cases have been associated with EV-B species, whereas EV-A species are normally more prevalent in Asia, where they manifest primarily as hand, foot, and mouth disease [21,34,35]. In Brazil, EV-B species are the most frequently detected in AFP cases, followed by EV-A and EV-C species [23]. CVA2 and EV-A71 (EV-A species); CVB5, E6, E7, and E11 (EV-B species); and CVA13 and EV-C99 (EV-C species) are the most commonly isolated EV types [24]. According to previous studies, EV-A71 has been the most commonly detected NPEV associated with AFP cases, followed by E6 and E11 [21]. This detection pattern was also similarly reported in AFP patients in Brazil [24]. In contrast, CVA2 is an EV type with a low involvement in AFP syndrome but has shown a high detection rate in Brazil [21,24]. This possibly enhanced neurotropism could be due to an amino acid substitution inside the BC loop, an important immunogenic site localized in VP1 proteins [24]. Further studies must be conducted to understand this different pattern of detection.



Although the major causative agents of encephalitis/meningoencephalitis are herpesviruses and arboviruses, particularly in developing countries, EVs have also been found to be among the most frequent pathogens associated with encephalitis globally [16,17,36,37]. The vast majority of the existing encephalitis/meningoencephalitis cases have been associated with EV-A71, followed by E30 and E18 [29]. In the specific case of Brazil, EVs have played a major role in these CNS infections [25,38], and the most frequent encephalitis-associated enteroviruses found have been CVB2, E6, E18, and E30 [25,39].



Overall, these scenarios suggest different circulation patterns of viruses associated with different neurological diseases in Brazil compared to other countries. Furthermore, it is worth noting that the cocirculation of a high number of different EV types can lead to recombination/mutation events, favoring the emergence/reemergence of novel EV types with unknown pathogenicity. EV-A71 has been identified as a major EV type associated with AFP, although it represents less than 1% of all EV types associated with aseptic meningitis in Brazil [22], and E6 has played a relevant role in neurological disorders, particularly AFP and aseptic meningitis cases [23,24]. The above information highlights the need to conduct further studies to better understand the circulation and the mechanisms of EVs, in addition to the main factors associated with enteroviral neurotropism.




2.1.3. Diagnosis of Enteroviruses


As recommended by World Health Organization (WHO) in its guidelines for enterovirus surveillance, as support for the Polio Eradication Initiative, specimens of feces and cerebrospinal fluid (CSF) and nasopharyngeal and oropharyngeal swabs should be collected from patients for EV detection [40]. Fecal samples are the preferred specimens regardless of clinical presentation. Reverse transcriptase PCR (Rt-PCR) targeting the highly conserved 5’non-coding region (5’NCR) can be used for diagnosis of EVs because it offers several potential advantages for detection and diagnosis of EVs such as sensitivity, specificity, and short turnaround time. For AFP surveillance, the WHO has established a standard procedure for EV isolation through inoculation of stool specimens on susceptible cultured cells.





2.2. Arboviruses


Arthropod-borne viruses (arboviruses), a taxonomically diverse group of viruses transmitted between arthropod vectors and vertebrate hosts, are a significant public health problem globally. The most studied arboviruses include the viruses belonging to the families Flaviviridae (Dengue virus (DENV), Zika virus (ZIKV), Yellow Fever virus (YFV), Saint Louis Encephalitis virus (SLEV), West Nile virus (WNV), Japanese Encephalitis virus (JEV), Tick-Borne Encephalitis virus (TBEV), Rocio virus (ROCV), Cacipacore virus (CPCV), Ilheus virus (ILHV), Bussuquara virus (BUSV), and Iguape virus (IGUV), Togaviridae (Mayaro virus (MAYV), Chikungunya virus (CHIKV), and Eastern Equine Encephalitis virus (EEEV)), and Peribunyaviridae (Oropouche virus (OROV)). Five human arboviruses have emerged or re-emerged in both hemispheres in recent decades: The flaviviruses DENV, ZIKV, WNV, and YFV, and the alphavirus, CHIKV [41,42]. Moreover, some of the flaviviruses pathogenic to humans are endemic in many parts of the world, including Brazil.



Commonly observed clinical manifestations of arboviruses infections in humans range from undifferentiated, moderate, or severe febrile disease; rashes; and arthralgia to neurological and hemorrhagic syndromes. The febrile illness is usually characterized by fever, headache, retro-orbital pain, and myalgia, whereas the neurological syndromes can include meningitis, myelitis, encephalitis, paralysis, paresis, seizures, problems associated with coordination, and behavioral changes [43].



According to the Brazilian Ministry of Health, the neuro-invasive arboviruses of major public health importance in Brazil are those belonging to the genera Flavivirus, Alphavirus, and Orthobunyavirus, particularly DENV, CHIKV, and ZIKV [44]. Since 2015, DENV, ZIKV, YFV, and CHIKV have cocirculated in Brazil, representing a challenge not only for diagnosis, but also for vector control and clinical and therapeutic management. Here, these three flaviviruses and their association with CNS disease are briefly addressed.



2.2.1. Flaviviruses


The flaviviruses addressed in this review are mainly transmitted to humans through the bites of infected Aedes mosquitoes in two distinct transmission cycles: A sylvatic cycle maintained between mosquitoes and nonhuman primates, and an urban cycle between humans and domestic Aedes spp., such as Aedes aegypti, the main vector [45]. Flaviviruses are small (with a diameter of approximately 50 nm), enveloped, positive-stranded RNA viruses, with the viral genome encoding three structural proteins—C (capsid), E (envelope), and M (membrane)—and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) [46,47].



The flaviviruses’ evolution and epidemiology are mainly determined by the ecological needs of their invertebrate and vertebrate hosts, and they can be grouped by their genome homology, antigenicity, pathogenicity, geographic distribution, and ecological associations [48].



Most flaviviruses infections in humans (~80%) are asymptomatic or result in mild manifestations, such as fever, arthralgia, myalgia, headache, retro-orbital pain, exanthema, and conjunctivitis. However, in some cases, they may cause systemic, hemorrhagic, and neurological syndromes once they reach the CNS. The most severe clinical features related to encephalitis and other neurological syndromes are mostly caused by JEV, WNV, TBEV, and ZIKV [49,50,51], whereas severe systemic and vascular manifestations are mainly related to DENV and YFV infections [52,53,54,55,56].



In Brazil, DENV, ZIKV, and YFV are the most important flaviviruses and have caused explosive and severe epidemics in recent years. Therefore, we chose to address these viruses in this review. Moreover, in endemic countries for arboviruses, such as Brazil, where individuals are highly exposed, these viruses may be involved in CNS-associated disease, although these are considered to be rare events [43,44].



Despite previous efforts, knowledge regarding the pathogenic mechanisms involved in the neurological syndromes caused by flaviviruses is still scarce. It is known that flaviviruses can cause neurological disease by directly attacking the nervous system or indirectly via immune-mediated processes [57]. As previously reported in several studies and as reviewed by the authors of [56], the flaviviruses JEV, WNV, ZIKV, YFV, DENV, and TBEV are believed to reach the CNS by crossing the blood–brain barrier (BBB) [58,59,60]. However, the role of the BBB breakdown for virus entrance into the brain is still not fully understood. Although flaviviruses are not always neuro-invasive, they are able to infect neurons [61,62]. It has been shown that flavivirus neuropathogenesis is related to the apoptosis of infected neuronal cells and/or the immune response induced by the immune cells, because factors produced by microglia may be toxic to neurons [63,64,65].



A recent review by Mustafa and colleagues [56] discussed the pathways exploited by the flaviviruses to counteract the BBB and infect the CNS. Viral replication in the brain endothelial cells, leading to the downregulation of tight junction proteins and thus increasing barrier permeability, has been shown in vitro. It has been also reported that astrocytes, microglia, and other BBB-associated cells, upon viral replication and activation, also play a role in the endothelial barrier permeability, because they are associated with the expression and secretion of inflammatory mediators. Leukocyte infiltrates recruited to the CNS result in viral invasion via a Trojan Horse mechanism, contributing to the BBB breakdown and neurological alterations [56].



Dengue


Dengue is the most important mosquito-borne viral disease in humans. Dengue is caused by infection of any of four DENV serotypes (DENV-1 to DENV-4) and is associated with significant morbidity, mortality, and economic impact, particularly in developing countries. Each DENV serotype includes several genotypes, a group of DENV isolates that have no more than 6% nucleotide sequence divergence [66].



Dengue incidence has increased 30-fold in the last 50 years, and over 50% of the global population lives in areas at risk of infection by one of the four DENV serotypes. It has been suggested that DENV originated in nonhuman primates in Africa and Asia in a sylvatic cycle about 1000 years ago [66,67].



DENV infections may result in a wide spectrum of clinical manifestations, from a mild to a potentially life-threatening disease. According to the WHO (2009) criteria, the disease is currently classified as Dengue, Dengue with warning signs, and severe Dengue. Symptoms usually include fever, nausea, vomiting, rash, and aches. However, if untreated, the mortality rate of the severe disease can be as high as 20% [42,68].



Dengue is not considered a neurotropic virus. However, neurotropism and neuro-invasion have been reported previously [55,69], and encephalitis and encephalopathy are the most common neurological presentations of DENV infections [70,71,72]. It is estimated that 0.5–21% of DENV-infected patients develop neurologic manifestations, with DENV-2 and DENV-3 most frequently associated with cases of myelitis, meningitis, and encephalitis [70]. The clinical features, treatment, and possible pathogenesis of the main neurological complications of DENV infection and the peripheral nervous system have been reviewed by Li and colleagues [55].



Encephalitis with acute signs of cerebral involvement has been described in many studies [55,69,73,74,75,76]. Encephalopathy characterized by cognitive disorders, convulsions, mood, personality, and behavior disorders has also been extensively reported [55,69,74,77,78,79,80].



Dengue-related meningitis is rare, but it has been previously described in a few reports, including in children, for whom the acute onset of fever and symptoms such as headache, vomiting, and/or nuchal rigidity were described [28,65,73,81,82,83].



Ischemic and hemorrhagic strokes in conjunction with hemiparesis, dysarthria, headache, vertigo, vomiting, and somnolence have been described in a few cases [84,85]. A cases study by Vargas-Sánchez et al. [86] reported DENV-associated intracerebral hemorrhage in the pontine, basal ganglia, cerebellar, parietal, temporal, and frontal lobes of the brain. Dengue-related transverse myelitis, longitudinally extensive transverse myelitis, and acute disseminated encephalomyelitis have also been reported in some studies [69,87,88,89,90,91].



Peripheral nervous system (PNS) involvement in DENV infection occurs in 5% of neurological symptoms, and includes Guillain-Barré syndrome (GBS), which is not commonly observed; hypokalemic quadriparesis or plegia; mononeuritis multiplex; brachial plexitis; diaphragmatic paralysis; and myositis [80,92,93,94,95,96]. GBS is an immune-mediated disorder of the PNS that manifests as acute onset of ascending paralysis and sensory symptoms [97], and is the most common cause of acute flaccid paralysis globally [98].




Zika


Although first isolated in 1947 [99], ZIKV became an emerging public health problem after the outbreak in 2015 in Brazil, during which viral infections were associated with severe neurological complications, such as microcephaly in the fetus and GBS in adults, leading the WHO to declare a public health emergency of international concern in 2016 [100]. Phylogenetic analysis of ZIKV showed that the virus is spread in three lineages: West African, East African, and Asian [101].



As an arbovirus, ZIKV is mainly transmitted by the bites of infected A. aegypti mosquitoes. However, vertical transmission, from mother to fetus, can also occur. Vertical transmission been associated not only with spontaneous abortions and stillbirth but also with congenital malformations in the fetuses and/or newborns, for which symptoms are not limited to microcephaly. Congenital Zika virus syndrome (CZS) is mainly characterized by signs and symptoms such as microcephaly, parenchymal or cerebellar calcifications, ventriculomegaly, CNS hypoplasia or atrophy, arthrogryposis, focal pigmentary retina mottling, chorioretinal atrophy and/or coloboma, pallor, atrophy, increased excavation, hypoplasia and/or coloboma of the optic nerve and abnormal visual function, and low birthweight for gestational age, as reviewed in Freitas and colleagues [102].



It is estimated that 80% of ZIKV infections are asymptomatic. When symptomatic, the disease is similar to but usually milder than Dengue, and is characterized by fever, rash, arthralgia, and conjunctival hyperemia [103]. The clinical manifestations are usually mild and self-limiting [104,105]. However, severe neurological manifestations and an increased number of GBS cases were reported in the 2013 French Polynesia outbreak [106,107]. In fact, following the spread of ZIKV, countries and territories, including Brazil, have reported an increased incidence of GBS cases following recent ZIKV infection [108,109,110,111]. It has been shown that GBS is slightly more common in men than in women, and limb weakness and areflexia/hyporeflexia are the most frequent clinical findings [112].



In a single-center Brazilian study, ZIKV infection was associated with an increased incidence of a wide spectrum of serious neurologic syndromes, some of which lead to death, such as GBS, encephalitis, transverse myelitis, and chronic inflammatory demyelinating polyneuropathy [113].



The mature adult brain appears to be less susceptible to the possible neuro-invasive effect of ZIKV. Although CZS has been associated with encephalitis and microcephaly in fetuses and newborns, a few cases of CNS involvement, such as encephalopathy, encephalitis, meningitis, myelitis, and/or seizures, have been reported in adults. The ZIKV- related CNS complications appear to have a predominantly neuroinflammatory profile [112,114,115,116,117].




Yellow Fever


YFV is the etiological agent of yellow fever, an acute hemorrhagic disease with a significant impact on public health that is endemic in tropical regions in Africa and South America. Approximately 200,000 YFV infections and 30,000 deaths occur annually, mainly (90%) in Africa. Despite the availability of a safe and efficient vaccine for more than 85 years, an increased number of YF outbreaks have been reported recently in Africa and Brazil [118].



In Brazil, since the last urban cycle transmission was reported in 1942, YFV infections have occurred due to the sylvatic cycle. YFV infections have mainly been confined to the Amazon region, where transmission is maintained between sylvatic mosquitoes (Haemogogus and Sabethes genera) and nonhuman primates and where humans are incidental hosts [119,120]. Outbreaks re-emerge from the forest every 7–8 years, and, during the 2016–2019 outbreak in Brazil [121], the virus spilled outside the Amazon basin to areas of naïve populations [122,123,124,125]. YFV has one serotype but is divided into four genotypes—West and East African, South America I, and South America II—and several lineages [126,127].



Factors such as inadequate vaccination coverage, inability to control sylvatic transmission cycles, reinfestation of major urban centers by A. aegypti, and inadequate vector control approaches influence the potential re-emergence of YFV in urban areas [124].



Most YFV infections are asymptomatic (nearly 90%) or present as a mild undifferentiated febrile illness characterized by an abrupt onset of fever, headache, photophobia, lumbosacral pain, nausea, prostration, myalgias, facial flushing, and conjunctivitis. In severe cases, clinical manifestations such as jaundice, albuminuria, oliguria, bradycardia, delirium, stupor, and metabolic acidosis, leading to shock and hemorrhage, may occur. About 15% of cases do not recover and progress to an intoxication phase with high fever, multisystem organ failure, and fatality [128].



Although rare, YFV infection may induce encephalitis. However, neurological complications after wild-type YFV infection, signs of CNS involvement, and generalized seizures have been reported in the past [129].



Adverse vaccine events have been reported and associated with viscerotropic disease, which presents signs and symptoms that are not distinguished from the natural infection, and neurological disease [130,131,132,133,134,135].



A study on neurological adverse events following administration of the 17DD yellow fever vaccine in Brazil found the highest rate of neurological adverse events in children aged 5 to 9 years old, with a rate of 0.83 per 100,000 doses in national analysis [136]. Among the adverse neurological events, GBS, acute disseminated encephalomyelitis cases, transverse myelitis, bilateral optic neuritis, and meningoencephalitis with polyradiculoneuritis and Kinsbourne syndrome have been reported [137]. There is no specific treatment for adverse events associated with the yellow fever vaccine [138]. Because the lethality of YFV infections is significantly higher than the incidence of side effects that may be triggered by the vaccination, vaccination against yellow fever is strongly recommended in areas at risk [139].



Overall, the diagnosis of CNS viral infection involves a combination of clinical findings, molecular and serological assays in CSF, neuroimaging, and chemocytological analysis [140], as reviewed by the authors of [65]. According to the criteria of the Brazilian Ministry of Health and the Centers for Disease Control and Prevention for defining cases of neuro-invasive arbovirus, confirmed cases of neuro-invasive arbovirus are those with viral detection by RT-PCR in serum or CSF and/or the detection of IgM antibodies in CSF by enzyme immunoassay (ELISA), with the exclusion of endemic arbovirus [44,141], because neurologic symptoms are not specific to arboviruses.



IgM ELISA is commonly used to diagnose flaviviruses in the CNS, because virus-specific IgM in CSF represents intrathecal synthesis as IgM is a pentamer and is too large to cross the blood–brain barrier [142]. Therefore, the detection of viral RNA and specific IgM in CSF are indicative of the viral infection in the CNS. The combined use of molecular and immunologic tests in CSF/serum might provide greater support for the diagnosis of neurologic disorders caused by arboviruses in endemic areas [72].



Viruses can reach the brain through different mechanisms, including peripheral nervous system and axonal transport and the hematogenous route. As described here and based on several reports, it has been shown that, in general, flaviviruses can be neurotropic and neurovirulent. However, the pathways by which these viruses reach and invade the CNS are yet to be fully understood. Significant research has been conducted so far, but more investigations are needed to elucidate the neuropathogenic mechanisms and the resulting outcomes.





2.2.2. Alphaviruses


The genus Alphavirus belongs to the Togaviridae family, which currently comprises 31 recognized species divided into 8 complexes based on antigenic relationships. Alphaviruses are enveloped with icosahedral capsid and single-stranded positive-sense RNA genomes of about 12 kilobases with 2 open reading frames (ORFs), which encode the nonstructural (ns) or replicase polyprotein and the structural polyprotein [143].



CHIKV, Mayaro virus (MAYV), Ross River virus (RRV), and Sindbis virus (SINV), which are collectively known as Old World alphaviruses, tend to cause a clinical syndrome characterized by fever, rash, and arthritis, whereas the New World alphaviruses—Venezuelan equine encephalitis virus (VEEV), eastern equine encephalitis virus (EEEV), and western equine encephalitis virus (WEEV) [144]—are generally associated with encephalomyelitis [144]. Among the alphaviruses, CHIKV is the most important in Brazil, causing explosive epidemics since its introduction in late 2014.



Chikungunya


CHIKV was initially identified in 1952 in Tanzania but spread throughout the Indian Ocean region in the mid-2000s and was introduced into the Caribbean in 2013 [145]. There is only one serotype, and four distinct genotypes have been described: West African, East-Central-South-African (ECSA), Asian, and Indian Ocean Lineage (IOL). The IOL emerged as an ECSA monophyletic group [146].



The local transmission of CHIKV in Brazil was first detected in 2014 in Oiapoque, Amapá [146]. Since then, cities in all regions of the country have reported epidemics, and both Asian and ECSA genotypes have circulated in the country [147]. With the exception of the Chikungunya virus (CHIKV), alphaviruses associated with neurological disorders in Brazil are transmitted by sylvatic mosquitoes in enzootic cycles, where man is an accidental host [148]. CHIKV is transmitted in urban areas by the anthropophilic vectors Aedes aegypti and A. albopictus [149].



CHIKV infection typically induces a mild disease in humans, characterized by fever, arthralgia, myalgia, and rash. Moreover, long-term sequelae can occur after infection. During the CHIKV epidemic in Brazil, atypical and severe cases were reported, including neuronal impairment in adults and newborns (mother-to-child infection) [149,150,151,152,153].



CHIKV-associated neurological disorders were first described in the 1960s in Asian countries [154,155]. The origin and pathophysiology of neurological manifestations from CHIKV infection remain poorly understood. Studies developed in animal models have suggested that the virus specifically targets the choroid plexuses and the leptomeninges in the CNS [156]. Additionally, immunohistochemistry of the infected mouse brain demonstrates that the antigen is detected in the cortex and thalamus [157]. In a neuro-invasion zebrafish model, macrophages played no role in the entry of CHIKV into the CNS. However, CHIKV infects the brain microvascular endothelium of the BBB, suggesting that this can be the entry route to the CNS [158].



It has been shown that neurological disease associated with CHIKV infections has the highest mortality rate of potential atypical disease manifestations [159,160], and neurological complications following CHIKV infection are characterized by elevated TNF-α, IFN-α, IL-6, IL-8, CCL2, CCL5, CCL17, and CXCL9 in CSF in comparison to patients without neurological disease [161].



Several reports have described the occurrence of neurological complications associated with CHIKV infection in Brazil [57]. The frequency of GBS is high in adults, and higher than that observed in neurological cases associated with Dengue or Zika in the same period [72,162]. From a retrospective investigation carried out in fatal Chikungunya cases in northeastern Brazil, it was identified that, of the 39 patients with neurological complications, CHIKV-RNA was detected in 92.3% of the CSF samples [153].



Neuro-invasive CHIKV infections do not have specific symptoms, which can cause difficulty in clinical diagnosis [151]. The neurological disease and syndromes associated with CHIKV most reported in Brazil are encephalopathy, myelopathy, encephalomyelopathy, neuropathy, and myeloneuropathy. Symptomatology may include confusion, seizures, drowsiness, areflexia, paresthesia, urinary retention, dysarthria, headache, neck stiffness, dyspnea, and spastic paraparesis. More serious conditions may require ventilation and other intensive care [163,164,165,166]. Although it has been scarcely studied, Chikungunya is also related to the onset of psychiatric symptoms [167].



The diagnosis of CHIKV is based on molecular (RT-PCR) or serological (e.g., ELISA IgM/IgG) methods from blood or CSF samples. Neurological impairment can be detected with the support of CSF laboratory analyses (pleocytosis is a strong indication) in addition to brain imaging and an electroencephalogram [72,168,169].



Management for neurological complications depends on the symptoms presented. However, antivirals have been used, mainly acyclovir, in addition to intravenous immunoglobulin, plasmapheresis, and corticoids [151,168,170,171].




Other Alphaviruses


Other alphaviruses, such as Western equine encephalitis (WEEV) and Madariaga virus, also known as South American eastern equine encephalitis virus, are enzootic pathogens in Brazil with significant potential for neurological disease in both humans and horses. However, outbreaks of equine encephalitis in Brazil are mostly epizootic, with isolated human cases in recent decades. A single case of encephalitis by EEEV was reported in Bahia, Northeast Brazil, in the 1950s [172]. No human case of WEEV has been diagnosed in Brazil to date, but serological evidence is frequently reported in wild and domestic animals [173]. MAYV is an important epidemic agent in the north and central-west regions of Brazil, but cases associated with neurological disease are rare or absent [174].



The implementation of arbovirus neuro-invasive disease surveillance programs has contributed to improving the notification and investigation of cases, but most laboratories still do not routinely diagnose those alphaviruses.






2.3. Alphaherpesviruses


Herpes simplex virus (HSV)-1, herpes simplex virus (HSV)- 2 (HSV-2), and varicella-zoster virus (VZV) are members of the alphaherpesvirus subfamily of viruses commonly identified as causing encephalitis [175]. All of them contain a double-strand DNA genome: HSV-1 with 152 kb, HSV-2 with 155 kb, and VZV with 125 kb. The alphaherpesviruses are characterized by a short replication cycle, rapid destruction of the host cell, and the ability to establish latency.



Infection with herpes simplex virus, commonly known as herpes, can be due to either herpes simplex virus type 1 (HSV-1) or herpes simplex virus type 2 (HSV-2). HSV-1 is mainly transmitted by oral-to-oral contact, causing infection in or around the mouth (oral herpes). However, HSV-1 can also be transmitted through oral–genital contact to cause infection in or around the genital area (genital herpes). HSV-2 is almost exclusively transmitted through genital-to-genital contact during sex, causing infection in the genital or anal area (genital herpes). Although HSV encephalitis (HSE) is a rare disease with an estimated global incidence of 1 case per 250,000–500,000, it is the most common cause of encephalitis among the Herpesviridae family. HSV-1 and HSV-2 are important causes of CNS infection in the setting of neonatal herpes [176,177]. Approximately one-third of HSE cases are considered a consequence of the immediate CNS invasion through the trigeminal nerve or the olfactory tract after an episode of primary HSV-1 infection of the oropharynx [178]. However, the access route of HSV to the CNS remains controversial, and it is believed that primary and recurrent infections by HSV can cause encephalitis. Acute inflammation and hemorrhage are seen in the temporal lobes, and usually occur asymmetrically in adults and more diffusely in newborns [179].



It is believed that the reactivation of HSV in the peripheral ganglia with axonal transport to the temporal lobe and the reactivation of the virus in the brain is a possible cause of invasion in the CNS after an episode of recurrent HSV infection with subsequent spread [180]. About 30% of HSE cases are related to primary HSV infection (most commonly in children and adolescents), whereas 70% of cases are attributed to HSV reactivation. The clinical characteristics do not distinguish between HSE caused by primary infection or reactivation. During acute HSE, exuberant immune responses can contribute to CNS pathology [176,177,179].



The varicella-zoster virus (VZV) is also responsible for a wide range of CNS manifestations. VZV can cause a wide variety of symptoms. After the primary infection (chickenpox), the virus lies dormant in the nerves, including the cranial nerve ganglia, dorsal root ganglia, and autonomic ganglia. Many years after the person has recovered from chickenpox, VZV can reactivate to cause neurological conditions [181]. VZV reactivation can also cause disease of the central CNS, such as encephalitis. In addition, a VZV infection of the cerebral arteries produces vasculopathy, which can manifest itself as an ischemic stroke. Vasculopathy and ischemic stroke can occur after primary infection or reactivation of VZV when cerebral artery infection occurs [181].



The Alphaherpesviruses have a high prevalence in developing countries, with prevalence higher than 60% in adults. Encephalitis caused by HSV is the most common cause of sporadic fatal encephalitis globally, and CNS involvement is observed in approximately one-third of neonatal HSV infections. Most patients with encephalitis associated with HSV-1 or HSV-2 in primary infection are younger than 18 years of age. The infection associated with VZV usually occurs in patients of older ages after reactivation episodes [176,177,179].



In Brazil, a limited number of studies have reported the detection of HSV-1, HSV-2, and VZV in infections associated with the CNS. A study conducted in the Western Brazilian Amazon that investigated CSF samples from 165 patients with suspected CNS viral infection through polymerase chain reaction (PCR) found herpes simplex virus (HSV-1) (4.1% of patients), HSV-2 (4.1%), and VZV (20.4%) [27]. In Ribeirão Preto, Brazil, 200 CSF samples were taken from patients with clinically suspected viral CNS infection, and rates of 5% for HSV-1 and 0.5% for VZV were reported [182].



Whole-genome sequencing has been successfully applied for genotyping of HSV-1 [183,184,185,186], HSV-2 [187], and VZV [188]. It was concluded that HSV-1 genotypes are strongly connected to geographic regions and could be used to track early human migration patterns [189]. Sequencing can be performed to diagnose drug-resistant infections caused by HSV or VZV isolates. Molecular biology-based systems for the generation of recombinant viruses have been developed to link unknown mutations with their drug phenotypes. Fast and sensitive methods based on next-generation sequencing may improve the detection of heterogeneous viral populations of drug-resistant viruses and their temporal changes during antiviral therapy, which may allow for better patient management. However, the interpretation of genotypic tests requires a database that links amino acid changes to mutations associated with natural polymorphisms or drug resistance. The monitoring of drug-resistant heterogeneous viral mutant populations and their temporal changes during antiviral therapy should be associated with better patient management [190].



In recent years, single-gene inborn errors of innate immunity have been shown to be associated with susceptibility to HSV encephalitis. Regarding the clinical manifestation, HSV-1 causes more than 90% of cases of HSE in adults, whereas HSV-2 infection generally causes aseptic meningitis. In addition, HSV-2 is a common cause of generalized acute encephalitis in neonates [191]. Although focal neurological findings are seen in the acute phase of HSE, the initial symptoms are generally considered to be nonspecific and can occur in both CNS viral and bacterial infections. In ~80% to 90% of cases, headache and fever are highlighted. Other common features include altered levels of consciousness, focal or generalized seizures, cranial nerve deficits, hemiparesis, dysphasia, aphasia, and ataxia [192,193,194].



Whereas diagnostic studies are pending, the best approach to improving long-term outcomes is to include HSE in the differential diagnosis of every patient presenting with fever and neurologic findings and to rapidly initiate empiric intravenous acyclovir therapy. Detection of HSV DNA in the cerebrospinal fluid by PCR is the gold standard for the diagnosis of HSV encephalitis and neonatal meningoencephalitis. Temporal lobe abnormalities detected by brain imaging are considered strong evidence of HSE. PCR has overall sensitivity and specificity of >95% for diagnosis of HSE compared to brain biopsy [195]. Magnetic resonance imaging (MRI) is the preferred imaging technique for patients with suspected HSE. For VZV diagnosis, positive PCR findings are also a gold standard. However, a negative PCR result does not exclude the diagnosis of VZV vasculopathy. VZV DNA can be detected only during the first 2 weeks of the disease. The CSF viral load predicts an uncertain outcome, and there is no consensus between quantitation of HSV DNA in CSF and severity of clinical disease and prognosis [196,197]. Serological testing has also been used in diagnosis of HSV in CNS [198].



Acyclovir (ACV) is currently the antiviral drug approved by the FDA for the treatment of HSE with a reduction in mortality [199,200]. ACV treatment should discontinued with caution in patients with a strong suspicion of HSE. Cerebrospinal fluid PCR results may be negative in the course of herpes simplex encephalitis. Therefore, repeat cerebrospinal fluid analysis should be considered. Ideally, more than one diagnosis should be made before treatment is interrupted [201]. The use of corticosteroids to suppress inflammatory responses in the CNS during HSE and to reduce immune-mediated pathology has not yet reached a consensus. Oral ACV therapy is not recommended for the treatment of HSE because this application does not reach adequate levels in CSF. However, valacyclovir has good bioavailability and is converted to LCA after absorption. During acute HSE, exuberant immune responses may contribute to the CNS pathology, suggesting that selective immunosuppressive therapy, coupled with potent antiviral drugs, may eventually play a role in the therapeutic management of HSV [178]. VZV CNS infection is treatable with intravenous acyclovir and corticosteroids in addition to anticoagulants if a hypercoagulable state exists. Valaciclovir can be used orally after acyclovir treatment [181]. Attempts have been made to use immunoglobulin therapy with limited effects. Progressive multifocal leukoencephalopathy has been treated with an emerging immune activation therapy in a limited number of patients with incomplete success [202].



Human Betaherpesvirus 5


Human Betaherpesvirus 5 or Human Cytomegalovirus (HCMV) belongs to the human herpesvirus family and the betaherpesvirus subfamily and is among the largest viruses known to cause clinical diseases. It is a double-stranded DNA virus with a genome size of around 235 kb and an icosahedral shape measuring from 150 nm to 200 nm in diameter [175]. HCMV was first associated with an infectious disease similar to mononucleosis in healthy individuals in 1965. Currently, it is known to cause a wide range of clinical syndromes, from asymptomatic infection in healthy hosts to severe and even fatal disease in immunocompromised individuals such as transplant recipients [203].



Transmission can occur through direct or indirect contact from person to person with infectious body fluids, including semen, cervical or vaginal secretions, saliva, urine, and blood products. The excretion of HCMV can last for months or years and can be continuous or intermittent. The two main sources of primary HCMV infection during pregnancy are through sexual activity and contact with young children. HCMV can be transmitted from mother to child in utero, intrapartum, or during breastfeeding. History of sexually transmitted diseases, younger sexual onset, and having multiple sexual partners have been associated with seropositivity for HCMV. Horizontal transmission from child to child or from child to adult, particularly in group daycare centers, probably occurs through the transmission of the virus through saliva on hands and toys [204].



CNS cytomegalovirus infection occurs most commonly in patients with severe immunosuppression, such as those with advanced HIV infection (i.e., AIDS) and those who have undergone bone marrow or solid organ transplantation. Immunocompetent patients are affected very rarely. CNS infection can affect the brain (diffuse encephalitis, ventriculoencephalitis, brain mass lesions) or the spinal cord (transverse myelitis, polyradiculomyelitis). HCMV infection of the CNS is less frequent compared to other HCMV infections, both in AIDS patients and in those who have had a solid organ transplant. Studies performed at autopsy have revealed evidence of CNS infection in almost one-third of patients with AIDS [205].



The prevalence of HCMV increases with age. In children aged 1 to 5 years, prevalence can be as low as 20.7% [206], while it approaches 100% in older adults in developing countries. The seroprevalence of HCMV varies according to (i) geographic location, because the highest rates are observed in developing countries; (ii) age, with the rate increasing directly with age; and (iii) socioeconomic level, with higher seroprevalence in countries with unfavorable economic situations and higher population density.



HCMV is most commonly acquired early in life, from childhood to adulthood, through exposure to saliva, tears, urine, feces, breast milk, semen, and other bodily secretions from infected individuals. It can also be transmitted efficiently through organ and tissue transplantation and blood transfusions. Leukoreduction of blood products significantly reduces the risk of transfusion transmitted HCMV infections [203].



The prevalence of HCMV in Brazil is high, but few studies have shown the viral infections of the central nervous system. A study conducted in 2007 showed that among 43 CSF samples, HCMV was detected in 6% [182]. In 2013, an incidence of 7.9% was found in autopsy cases from patients infected with the human immunodeficiency virus (HIV) [207]. However, no association was found between HCMV glycoprotein B (gB) genotypes and HCMV-related central nervous system disease [208]. In 2014, an 18.4% rate of detection of HCMV was reported in patients with suspected central nervous system viral infection in the Western Brazilian Amazon [27].



The genetic polymorphism of envelope glycoproteins, such as the UL55 gene that encodes gB, the UL73 gene that encodes N glycoprotein (gN), and the UL75 gene that encodes H glycoprotein (gH), are used to classify strains of HCMV. Genetic variability has been evaluated in clinical isolates due to its significant role in tropism and tissue virulence that can influence HCMV infectivity or pathogenicity. Currently, there is no consensus on the classification of HCMV strains based on genotype, evolutionary relationship, or clinical relevance [209]. Some authors have hypothesized that the genetic variation among HCMV strains may be the basis for specific clinical manifestations [210,211,212]. HCMV genomes sequenced directly from clinical material using high-throughput sequencing technology reveals variation, multiple-strain infection, recombination, and gene loss [213].



Diagnosis of HCMV-related encephalitis cannot be made in the clinic without the help of images or virological markers. Because patients with CNS HCMV infection have highly variable symptoms, the clinical manifestations suggest brain or spinal cord involvement with rapid or subacute onset, with signs of meningitis in some cases. Infection of the CNS can occur simultaneously in the brain, meninges, spinal cord, and radius as encephalomyelomeningoradiculitis [214]. The main symptoms are diffuse encephalitis, ventriculoencephalitis, brain mass injury that can lead to confusion, reduced concentration, focal signs (hemiparesis, hemianopia), epileptic attacks, nystagmus, ataxia, diplopia or polyradiculomyelitis, necrotizing myelitis with sensory deficits, hypotonic paresis, paraplegia, quadriplegia, urinary retention, and paresthesia [215].



Due to the absence of specific clinical symptomatology, clinical and laboratorial diagnoses via imaging and detection of the virus are important to confirm HCMV infection of the CNS. The method of choice is the detection of HCMV in CSF by qPCR or PCR, and genotypic assays have been evolved to rapidly diagnose drug-resistant viruses [36,216,217]. The main drugs used in the treatment of HCMV act by inhibiting viral DNA synthesis and virostatic: acyclovir (Guanosine analogue), cidofovir (Deoxycytidine analogue), foscarnet (Pyrophosphate analogue), ganciclovir (Acyclic nucleoside analogue of acyclovir), and valganciclovir (nucleoside analog of ganciclovir) [217]. Drug-resistant HCMV should be considered when drugs are used. If the active replication marker, the HCMV pp65 antigen, persists after several weeks of therapy, it may indicate resistant strains. Mutations in the UL97 protein kinase and UL64 DNA polymerase can lead to resistance against ganciclovir, whereas mutations in UL54 can lead to resistance against cidofovir and foscarnet [216]. Resistant/refractory HCMV occurs in a minority of patients, but results in significant morbidity and mortality, and sometimes involves the use of both older antivirals (foscarnet, cidofovir) and novel agents (maribavir, brincidofovir, letermovir) in addition to adjunctive treatments [216]. Rapid genotypic assays can predict resistance to these mutations, assisting alternative treatment in patients who have not responded to primary therapy. Although multiple antiviral agents have efficacy against HCMV, the combination therapy needs to be undertaken with caution to ensure synergy rather than antagonism.





2.4. Transmissible Spongiform Encephalopathies or Prion Diseases


Transmissible spongiform encephalopathies (TSEs) are a group of fatal diseases that cause neurodegeneration [218]. Cognitive decline and loss of motor function are the main symptoms of TSEs. The culprit in these diseases is the cellular prion protein (PrPC), which is highly abundant in the CNS. PrPC can undergo a conformational change into a form that has the ability to self-associate and become infectious, and is known as prion scrapie protein (PrPSc), the PrP pathogenic form [218].



The history of prion disease began in the 18th century when Merino sheep were found to display symptoms that included gait changes and excessive licking and itching. With time, it was hypothesized to be an infectious disease of viral or bacterial origin [219].



The term prion is derived from the acronym for Proteinaceous Infectious Particles and was postulated by Stanley Prusiner in 1982 to define a protein, not a viral particle, that was able to promote infection in the prion diseases. Although these diseases are caused by a single protein without a nucleic acid, their characteristics are similar to those of viral diseases [220].



Currently, it is known that prions cause neurodegenerative damage to humans and several other animals. The prion diseases that affect humans are Kuru, Creutzfeldt-Jakob Disease (CJD), Gerstmann-Straussler-Scheinker disease (GSS), fatal familial insomnia (FFI), and variably protease-sensitive prionopathy (VPSPr) [221]. Bovine spongiform encephalopathy (BSE), also known as mad cow disease, scrapie, and chronic wasting disease, among others, is a form that presents in nonhuman animals [221].



2.4.1. Mechanism of Infection of the Nervous System


TSEs can be transmitted in different ways, including through environmental, intravenous, oral, and ocular routes. Thus, the etiology of prion diseases is classified into sporadic (idiopathic), acquired (infectious and transmitted), and genetic (inherited or familial) [222]. The acquired form occurs mainly by ingesting food products contaminated with PrPSc, through contact with contaminated surgical instruments (iatrogenic), or through using grafts or hormones from cadavers. The acquired forms are considered to account for about 1% of cases in humans [223].



An example of the orally acquired form is the epidemic of Kuru, which occurred in a tribe in Papua New Guinea that had cannibalistic rituals [224]. In addition to Kuru, variant CJD disease (vCJD) is also acquired orally and is related to ingestion of beef contaminated with BSE [225].



The route of CNS infection for acquired diseases depends on the form of inoculation. In oral/intragastric PrPSc administration, prions migrate and accumulate in the lymphoid tissues associated with the intestine. Subsequently, other tissues are affected, such as the spleen, tonsils, and lymph nodes. Access to the enteric nervous system (ENS) occurs when nerve cells approach prion-containing lymphoid tissues. After reaching the ENS, there are two pathways that might explain CNS propagation: Through the splanchnic nerve circuit, which involves the celiac ganglion and mesenteric complex, and the parasympathetic vagus nerve circuit (Figure 2) [226].



In the sporadic form, the protein conversion occurs spontaneously without known environmental factors. The sporadic form of CJD (sCJD) is the most common TSE in humans, constituting about 85–90% of cases [227]. The genetic form occurs in about 10–15% of cases in humans, in which several penetrating variants in the PRNP gene generate a PrPC that is more susceptible to conversion into PrPSc [227].




2.4.2. Molecular Aspects of Prion Diseases


PrPC is a glycoprotein widely expressed in the CNS, neurons, astrocytes, microglia, and oligodendrocytes, and can also be found in other tissues such as the heart, skeletal muscle, retina, intestine, lungs, testes, and immune cells. PrPC is encoded by the PRNP gene and is highly conserved in several species [228].



The pathogenesis of prion disease occurs through the conversion of PrPC to PrPSc (Figure 2). These proteins have no differences in their amino acid sequence, only in their structure. PrPSc has a greater contribution of secondary structure in the β-sheet (43%) and less in the α-helix (30%) than PrPC [229]. This structural change leads to biochemical changes in PrPSc, such as resistance to proteases, insolubility in nonionic detergents, and the tendency to aggregate [230].



The replication of PrPSc is autocatalytic, and the conversion of PrPC produces new PrPSc if there is substrate. PrP aggregates sequentially, forming oligomers, protofibrils, and amyloid fibers [231]. Some molecules, such as RNA, glycosaminoglycans, and lipids, act as adjuvant cofactors, facilitating conversion [229,231].



The toxicity in neural cells is caused not only by the presence of mature amyloid fibers but also by prefibrillar oligomers that interact in an aberrant manner with different molecules and cellular structures. Among other effects, this leads to activation of apoptosis, mitochondrial dysfunction, oxidative stress, damage and permeabilization of the cell membrane [232]. The main characteristics of TSEs are the presence of accumulated amyloid aggregates in a diffuse manner in synapses and perivascular and perineuronal regions, gliosis, spongiosis, and neuron death [233].



PrPSc can accumulate in different regions of the brain depending on the type of strain, generating different lesions and clinical features [234]. The specificity of the strain for a given group of cells may be related to the presence of cofactors that help prion replication [234].




2.4.3. Epidemiological Aspects of Prion Diseases


Prion Strains


As mentioned above, there are different infectious forms of PrPSc which are known as prion strains. The different strains are not necessarily related to changes in PrP sequence, because the same sequence can fold differently. Strains are mainly characterized according to differences in disease severity, distribution of PrP aggregates throughout the brain, and incubation times, and are related to heterogeneous structures and physicochemical properties of the aggregates [234].



Prion strains have been mostly characterized in patients with sCJD, the most common prion disease, but very similar patterns are observed in genetic CJD (gCJD), vCJD, iatrogenic CJD (iCJD), sporadic fatal insomnia (sFI), and Kuru. iCJD and Kuru are caused by infection with a sCJD strain [234]. The PRNP genotype at the polymorphic codon 129, encoding for a methionine (M) or a valine (V), plays an important role in the disease phenotype. For example, the allele V has been correlated with a plaque-like deposition pattern of PrPSc [235].



CJD and its variants have been included on the list of compulsorily reported diseases in Brazil since 2005. The notification organization chart progresses from the identification of the suspected case by the health care services, through its confirmation, until its notification to the local epidemiological surveillance system and registration in the Notifiable Diseases Information System (Sinan) [236]. From 2005 to 2020, 1273 suspected cases of CJD were reported, resulting in the confirmation of 408 cases, with an average age at onset of 62 years of age (Figure 3). No vCJD cases have been reported to date [237]. Previous cases were mainly concentrated in the southeast and south of the country, probably due to the better capability of health care centers in these regions to conduct diagnostic tests.



Few case reports exist of Brazilian patients with prion diseases, and most consist of genetic and iatrogenic forms. The frequency of allele 129 is 46% MM, 48% MV, and 6% VV in the Brazilian population [238], suggesting higher susceptibility for the manifestation of the disease. In addition to the notified cases of sCJD, the following case reports have been published: One family with gCJD T183A mutation [239]; one patient with gCJD V210I mutation and 129M/M [240], one patient with gCJD E200K mutation and 129M/M [241], one patient with gCJD V180I mutation and 129M/M [242], and two probable cases of iCJD due to use of human growth hormone [243,244]. In the case of the very rare GSS disease, the study of two families with the P102L mutation in the PRNP gene was reported, representing seven cases in total: Four with 129M/V and two with 129M/M (molecular data was not obtained from one patient) [245].



Although prion diseases have a significant social and economic impact, thus justifying the compulsory reporting in the country, the differential diagnosis among other neurodegenerative diseases is relatively difficult, requiring professional experience and adequate equipment and materials. Thus, the number and geographical distribution of cases in Brazil are underestimated and restricted to major health care centers with the necessary resources and expertise.





2.4.4. Clinical Aspects of CJD Associated with Alterations in the Central Nervous System


Neurodegeneration often leads to cognitive impairment, a very common symptom of diseases such as Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), and CJD. Protein aggregation inside and outside the cell, observed in these pathologies, is thought to be related to the generation of toxic species, leading to death. Classically, prion diseases are called spongiform encephalopathies precisely because the patient’s central nervous tissue displays spongiform change, neuronal loss, and gliosis, all of which can be observed through histological analysis and light microscopy.



CJD evolves rapidly following the onset of symptoms, with a mean survival of about 6 months. The global incidence is 1.5–2 cases per million per year in 70- to 79-year-old people. CJD is classically characterized by symptoms such as ataxia, myoclonus, and cognitive impairment [246]. gCJD and iCJD present clinical aspects similar to those of sCJD. vCJD shows progressive cognitive impairment, ataxia, painful sensory symptoms, myoclonus, and behavioral and psychiatric symptoms (except sleep disorders) [246].




2.4.5. Diagnosis of Prion Diseases


TSEs are diagnosed according to criteria based on clinical evaluation, clinical tests, and biomarkers. Thus, they are classified as possible, probable, and definitive/confirmed. The European Centre for Disease Prevention and Control (ECDC, EU, Solna, Sweden) and the Centers for Disease Control and Prevention (CDC, Atlanta, GA, USA) have the most updated clinical diagnostic criteria. World Health Organization criteria date from 2003. Therefore, they do not include analyses that have improved and developed the criteria after that date [247].



The vast majority of definite cases are diagnosed after death, because analyses are made from brain tissue and biopsies are invasive. To classify as a probable or possible TSE, evaluation of symptoms is highly important, but is not sufficient in isolation. Paraclinical tests are essential for the classification of cases and the distinction of other treatable pathologies with similar symptoms [247]. Table 2 indicates the diagnostic criteria for sCJD classification according to the CDC [248].



Two paraclinical tests have gained importance in recent years for improving sensitivity and specificity in diagnosis: The MRI (with sequences such as diffusion-weighted imaging (DWI), fluid-attenuated inversion recovery (FLAIR), apparent diffusion coefficient (ADC)) and the real-time quaking-induced conversion assay (RT-QuIC). MRI shows 80% sensitivity and specificity for detecting CJD [249]. RT-QuIC shows 100% sensitivity and specificity for sCJD, combining the analysis of CSF and olfactory mucosa (OM) [250].



In addition to its high sensitivity and specificity, the RT-QuIC assay has several advantages, not only for sCJD but also for other TSEs [247]. It is a relatively simple method based on the auto-propagating properties of PrPSc. A positive RT-QuIC test, together with neuropsychiatric symptoms, is considered sufficient to classify the case as probable CJD [248]. In the future, with a larger number of studies certifying the accuracy of this test, it may even become a sufficient tool to define CJD and other TSE cases.



Brazilian guidelines for TSE diagnosis are still based on the WHO protocol [251]. Recently, RT-QuIC was implemented at the Federal University of Rio de Janeiro, and samples from Brazilian patients were evaluated. The test proved to be important to diagnose cases of patients with atypical clinical presentation, in addition to blindly diagnose known cases [252]. The study also demonstrated the possibility of carrying out this type of test in Brazil and, therefore, its inclusion in the notification and investigation protocols.




2.4.6. Treatment of Prion Diseases


Prion diseases are still untreatable today. There is no curative or preventive treatment for these disorders, and only palliative treatments exist to attempt to mitigate some symptoms and provide supportive care (such as antipsychotics, antidepressants, and anticonvulsants). The rarity of the disease and the absence of pre-symptomatic diagnosis also hinder the development of efficient therapies.



Some molecules with interesting effects in vitro and in animal models have been tested in human clinical trials, but without success. Observational studies were clinically tested with pentosan polysulfate, quinacrine, flupirtine, and doxycycline without significant effects [253]. These studies are challenging because variables such as the stage of the disease, speed of clinical evolution, number of patients including a placebo group, and distribution of allele 129 genotype in the studied group are important to limit the observed effects. Many other molecules with different structures are being tested in vitro and in vivo, showing promising results in inhibiting protein conversion, aggregation, and cell disfunction. These molecules may be used in future clinical trials [253].



Another therapeutic approach is to decrease PrPC expression, leading to a decrease in substrate for conversion. Antisense oligonucleotides (ASOs) are molecules able to specifically bind in a complementary manner, degrade the target messenger RNA, and, consequently, decrease protein production. This approach is now in preclinical development for prion diseases [254].



Immunotherapy is also a promising approach against prion disease because it may block PrPSc and/or PrPC, hindering the conversion. Protective effects of active immunization studies have not proven sufficient to date [255]. Passive immunization has had more promising results. A humanized anti-PrPC monoclonal antibody, called PRN100, is being tested in six patients with sCJD, but the results of this trial are not yet known. Some antibodies show an important effect in prolonging the survival of prion-infected mice models [255].



The use of cell therapies has been suggested as a strategy to recover the damaged areas of the affected brain. Grafted neural stem cells (NSCs) may support the survival of existing neurons [256] and stimulate endogenous NSCs [257]. However, NCSs are susceptible to PrPSc infection and replication [258]. Moreover, the ability to propagate between cells and consequent transmission to grafted cells may make the treatment unfeasible. The use of NCSs from PrP knockout mice before the onset of clinical signs has been shown to lead to an increase in incubation and survival times [259]. These studies have shown promise for the use of NSCs in the treatment of TSEs, but additional studies will need to be carried out to ensure their effectiveness and safety. In conclusion, diagnosis and therapy must evolve together so that such devastating diseases are detected and treated early, increasing the quality of life of patients and their families.





2.5. SARS-CoV-2


In the viewpoint of the authors, it is worth mentioning the recently recognized infection caused by SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) in the CNS infection context. Coronavirus disease 2019 (COVID-19) is caused by SARS-CoV-2 infection, and the clinical symptoms range from mild to severe, for which acute respiratory distress is observed. Although several studies have demonstrated that SARS-CoV-2 can be associated with CNS infections such as meningitis, encephalitis, and Guillain-Barre syndrome [260], further investigations must be conducted to understand putative associations between SARS-CoV-2 and CNS infection because the virus is poorly detected in CSF [261]. In Brazil, information about the SARS-CoV-2 involvement in CNS infection is still scarce, and few reports have suggested a possible association with neurological disease [261,262].





3. Concluding Remarks


Viral CNS infections have been identified as a significant cause of morbidity affecting millions of children and adults, particularly in low- and middle-income countries. These infections may be associated not only with motor problems, but also with cognitive, behavioral, and mental sequelae. Additionally, viral CNS infections can trigger neurodegenerative disorders such as Parkinson’s disease, multiple sclerosis, and Alzheimer’s disease [6,8,9,10]. Because viral CNS infections are a public health concern, there should be greater awareness among public managers and health systems of the need to define policies and strategies to improve the monitoring of these infections and to support patients with sequelae. As a result of writing this review to assess the spectrum of neurological diseases associated with viral infection in Brazil, we realized the extent to which CNS-associated diseases have been neglected.



Based on this scenario, we can suggest several ways to reduce the impact of these infections, especially in developing countries: (i) Strengthening surveillance systems to identify the emergence of novel neuro-invasive viruses; (ii) ameliorating the tools for early diagnosis from radiographic evidence, and molecular tests to avoid diagnostic mistakes and delays in specific therapy; (iii) performing long-term epidemiological studies to evaluate the incidence and prevalence of the most common CNS infections; and, finally, (iv) implementing effective rehabilitation programs to support patients with sequelae.
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Figure 1. Brain areas commonly associated with viral infection. Enterovirus (EV); Dengue virus (DENV); Chikungunya virus (CHIKV); Human cytomegalovirus (HCMV); Eastern equine encephalitis virus (EEEV); Herpes simplex virus-1 (HSV-1); Herpes simplex virus-2 (HSV-2); Mayaro virus (MAYV); Varicella-zoster virus (VZV); Western equine encephalitis virus (WEEV); Yellow fever virus (YFV); Zika virus (ZIKV). 
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Figure 2. Gut–brain connection in prion infection. In the oral/intragastric route (1) of infection, PrPSc crosses the gastroin (2), migrates and accumulates in the lymphoid tissues, and infects the enteric nervous system (ENS) (3), propagating to the central nervous system (4). In the brain, PrCSc interacts with PrPC, and, acting as a template, converts it to the pathogenic conformation (5). Conversion follows an autocatalytic replication, forming many copies of PrPSc that aggregate (5), triggering cell death. 
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Figure 3. Geographic distribution of confirmed CJD cases in Brazil, 2005–2019. 
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Table 1. Viral and prion infections in CNS-associated infections in Brazil.
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	Genus/Causative Agents
	Structure
	Transmission
	Route to Brain
	Neurological Disorders
	Types Commonly CNS-Associated Infections





	Enterovirus
	Single-stranded RNA Nonenveloped Icosahedral symmetry
	Fecal–oral, respiratory
	Infected endothelial cells; retrograde

axonal transport; Trojan Horse within infected

monocytes
	Aseptic meningitis, acute flaccid paralysis, encephalitis/meningoencephalitis
	E6, E7, E11, E18, E30, CVB5, CVA2, EV-A71, CVB5, E6, E7, E11, CVA13, EV-C99, CVB2, E6, E18, E30



	Flavivirus
	Single-stranded RNA Enveloped Icosahedral symmetry
	Via arthropod vectors
	Hematogenous; axonal transport; Trojan Horse within infected leukocytes
	Encephalitis, microencephaly (Zika)
	Dengue, Yellow fever, Zika



	Alphavirus
	Single-stranded RNA Enveloped Icosahedral symmetry
	Via arthropod vectors
	Anterograde axonal transport
	Encephalitis
	Chikungunya



	Simplexvirus
	Double-stranded DNA Enveloped Icosahedral symmetry
	Oral-to-oral, oral–genital contact with sores
	Primary infections: olfactory, hematogenous and genital (HSV-2), retrograde axonal transport Reactivation: from neurons trigeminal or sacral (HSV-2) ganglia, anterograde transport to reach CNS
	Encephalitis, meningoencephalitis
	HSV-1 HSV-2



	Varicellovirus
	Double-stranded DNA Enveloped Icosahedral symmetry
	Via droplets, aerosol, direct contact
	Peripheral spread VZV- reactivation from sensory ganglia- central spread to brain or to temporal arteritis or to spinal cord arteries
	Meningoencephalitis, myelitis, cranial neuropathies
	VZV



	Cytomegalovirus
	Double-stranded DNA Enveloped Icosahedral symmetry
	Contact with saliva or urine; sexual; contact breast milk; transplanted organs; blood transfusions
	Hematopoietic cells monocytes—systemic spread- brain, spinal cord, meninges, nerve roots
	Encephalitis, myelitis, polyradiculopathy, multifocal neuropathy
	CMV



	Prion scrapie
	Beta structure enriched form of cellular prion protein
	Iatrogenic, oral, blood
	Infected epithelium, lymphoid tissues
	Rapidly progressive cognitive impairment with behavioral and visual disturbances, ataxia, and myoclonus.
	BSE, vCJD, iCJD
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Table 2. ECDC and CDC current guidelines for sCJD diagnosis.
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	sCJD Diagnostic
	Signals and Symptoms





	Possible
	Progressive dementia AND at least 2 out of the following 4 clinical features: Myoclonus, cerebellar or visual disturbance, pyramidal and extrapyramidal dysfunction, akinetic mutism; AND the absence of a positive result for any of the 4 tests that would classify a case as “probable”; AND duration of illness less than 2 years; AND without routine investigations indicating an alternative diagnosis.



	Probable
	Neuropsychiatric disorder plus positive RT-QuIC in cerebrospinal fluid (CSF) or other tissues

OR rapidly progressive dementia; AND at least 2 out of the following 4 clinical features: Myoclonus, cerebellar or visual disorder, pyramidal and extrapyramidal dysfunction, akinetic mutism; AND a positive result on at least 1 of the following laboratory tests: A typical EEG (periodic sharp wave complexes) during an illness of any duration, a positive 14-3-3 CSF assay in patients with a disease duration of less than 2 years, high signal in caudate/putamen on magnetic resonance imaging (MRI) brain scan or at least 2 cortical regions (temporal, parietal, occipital) either on diffusion-weighted imaging (DWI) or fluid-attenuated inversion recovery (FLAIR); AND without routine investigations indicating an alternative diagnosis.



	Definite
	Neuropathological confirmation and/or confirmation of PrPres by immunocytochemistry or Western blot and/or presence of scrapie fibers.
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