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Introduction

1. Introduction

In Brazil, increasing invasion of forest and other natural areas destined to the pasture of
approximately 218 million cattle and 51@llion horses, a well asor human settlements have
helpedto spread diseases well asto the discovery of exotic illnesses and/or the emergence
of new vectors and host€olwell et al., 2011; Confalonieri et al., 2014; Instituto Brasileiro de
Geografia e Estatisticd016; Vittor et al., 2006Reports of serological surveys carried out in
Brazil andin South America revealed that severaylectedemergentand reemergent agents
are circulatingamongequine herdéPauvolidCorréa et al., 2010; Pauvolidorréa et al., 2014,
2017) This is also a reality in other regions, as tWéorld Organization for Animal Health
(OIE) releases annudikts of diseases, infections and infestatidingt arein forceon a global
scale; several of those are zoonotic and neusztive, likerabies and West Nile fevéhat
occur regularly in Brazi{OIEh, 2019)

However, vhile most of the diagnostics tootgeadjusted tdresh samples, formalin
fixed paraffirembedded (FFPE) tissues are by far the most common sample type in pathology
facilities (Bonin et al., 2003)Especially when autopsef large animals are performed in the
field, formalin fixation may bestill the only alternative of safely acquiring material for
investigation(Benavides et al. 2006FFPE simples that could help understamglipathogen
evolution and disease developmédraywever,lose their quality over time due to over fixation
and protein crosbnk reactions posing a challenge for histochemical, molecular biology, and
metagenomics assayBhudevi & Weinstock, 2003; Lewis et al., 2001; Masuda et al., 1999;
Webster et al., 2010)

Therefore, this study uséd-PE fixed tissue from the central nervous system (GXS)
35 horses from Brazil/South Americauffering from norsuppurative etephalitis or
encephalopathieas study modelThe main aim waso provide adequate diagnostic tools
adopted to FFPE tissues for morphologic and molecular detection as well as metagenomic
screening of relevant pathogens. Equineewkosersincethey haveclose contact to humans
in Brazil andaresusceptile to several similazoonoticagents as humans so that thegresent
suitable sentinels for respective risk assessn{Batsder & Tsukayama, 200&ossner et al.,
2017; Timoney, 2000)The 35 horses were tested fone infectious agentsfiye viruses one
bacteria, three protozoa) byimmunohistochemistry(IHC) and newly developedeverse
transcriptase polymerase chain reactiei-PCR) or PCR asays as well as by metagenomics
in order to provide evidence for anfectious aetiology Moreover, this study raises the

awareness to emergent;@mergent, and neglected diseases in Brazil.
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2. Literature review

Central nervous systemfections account for at least half of the viral zoonotic diseases,
yet the cause remains unknown in approximately 50% of the cases in human and veterinary
medicine(Griffin, 2010). Non-suppurative inmmatory and degenerative lesions of the CNS
of horses, although uncommon, are usually devastating and frequentl{Skitad & Long,
2014) There are few surveys time causes of deathmorsesbut in general, fatal CNS disease
is reported to occurr in 11% to 15.8f0cohorts from the Uiked Kingdom, France, and Brazil,
preceded only byliseases othe alimentary and locomotor systelfiBaker & Ellis, 1981;
Laugier et al., 2009; Pierezan et al., 20@9) infectiousaetiology viruses, bacteria, rickettsia,
protozoa, parasites, and fungi must be kepmind, but the clinical outcome is frequently
unspecific since several agents might produce similar clinical signs and lesitiesCNS
Also, noninfectious causes, like autmmune disorders, trauma, and neoplasms might display
comparable clinical signgRadostits et al., 2007; Seino & Long, 201B)rthermore, several
studies have demonstrated the susceptibdityrorses to several similaioonoticagents as
humansso theyrepresent quitsuitable sentinels for risk assessments of infections caused by
i.e. West Nile virus (WNV), Hendra virus (HeV), and Borna disease virus (B@genvoort
etal., 2013; Bender & Tsukayama, 2004; Kumar et al., 2018; Tim2@69) Thus,on a global
scale dealing with these infections require the establishment of interdisciplinary measures and
international programs that overlook political borders and that are accessible also to less

equipped laboratorigd/icNerney, 2015)

2.1 Epidemiology of CNSdiseases of horses
2.1.1Sex, age, and breed

Sex,age,and breegredispositiormight be influenced bgeographical locatigrhaving
representative individuals with determined characteristics for i.e. working or racing horses.
Except for an association betweleosporacaninumantibodyin serumand foetal loss of
seropositive mares, and neurological malformation in males, there seems to be no prevalence
of CNS diseases regarding g&augier et al., 2009; Tyler et al., 1993; Villalobos et2006)
Age on the other hand; a predisposition fahe development of certain conditioBzaker and
Ellis (1981) found a large number of cases of grass sicknessragfgoting adult horses, from
2 to 4 years of agd.yler et al. (1993) observed thatyoung horses, with up to 2 years, head
injury as the most frequent cause of neurological disdaaeterial infectionstend to be
uncommon in adult horses, while it might represent up to 50% of the cases of neurologic disease
in weanlinggLaugier et al. 2009; Morresetal., 2011; Tyler et al. 1993; Viu et al. 201@)e

to failure of passive immunogens, resulting in sepsis after pneumonia, omphalophlebitis,
2
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meningoencephalitis, arthritis, or ndeeth woundgKoterba et al., 1984; Morresey et al.,
2011; Wilkins et al., 2000Concurrently, viral and parasitic encephalitis tend to occur in adult
and aging animalspotentially as a signal of extended exposure time, lack of appropriate
sanitary management and/afficient vaccination program@&hizibolo et al., 2012; Tyler et
al., 199).

2.1.2 Seasonality

Seasonalityf infections of the CNS are usually attributedrectorborne diseasesge.
presence ofmosquit®. An increase in arboviruses infections mighnoéicedwhen migratory
birds serve as reservoir hosts in the transmission cycle, like in Eegtémeencephalitis virus
(EEEV), or WNV. These birds land naive to an infected amedcarrythe viruses on the way
back (Long & Gibbs, 204; Timoney, 2000)These factors are more easily recognizable in
temperate climate regions, like southern Brazil, where disease occurrence is linked to the late
summer season and early felbwever, this could be misleadirggnce in (sub) tropical ggons
temperatures do not decrease sufficiently to interfetbenlife cycle of themosquitos, and
therefore, vecteborne diseases like dengue and yellow fever occur all year (Bahchmbre
& Long, 2014; Dupuis et al., 2003; Long & Gibl2§14) Equine herpesvirus type(EHV-1)
infections on the other hand migfeflect not only a seasonality towards colder seasons, when
mostanimals are stabled, but might also indicate herd management faicesit is more
easily transmittedfrom horseto-horse (Dunowska, 2014) Thus seasonality should be
understood as a predicting tool, allied to the knowledge that each regionhaigldifferent
inherent or adapted environmental conditigfanany, 2012; Lim&amara, 2016; Pereira et
al., 2014)

2.1.3 Brazilian environment asa modelfor infections in horses

Brazil, due to its proportions, possesses many climatic zones, resulting in a wide
spectrum of ecological variations, forming six distib@imesharbouimg the fauna and flora
from almost half of South Americ#&ig. 1). Meanwhile, socioeconomic disparities, regional
limitations, and susceptibility to certain diseases ngtiect the (un)success of public politics

that are relatable to other regions of the wéBdtelho, 2010)
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Modified from Botelho (2010), Braz
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ThePampasare extensive grasgch areas in south Brazil, where the temperate climate

offers suitable conditions to infectionaused by parasites, arboviruses, and plant intoxications

during the warmer months, when animals can daily g(&semmerschmitt et al., 2017;

Lorenzett et al., 2018; Ministry of the Environment, fhdPierezan et al., 20Q9n colder

periods, horses are kept stabled, which predisposes totbdisese infections, allergies, and

infectious diseasesf the respiratory tradElfman et al., 2009; Friday et al., 2000; Goehring,

2015; Kristiansen & Lahoz, 1991; Saastamoinen et al., 2015; Studdert et al., 2003; Wolny
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the national territory since the Portuguese colonization. Metropoles like S&o Paulo and Rio de

Janeiro are located there, influencing the 87% of forest that isopodsed. The critical

decrease in biological diversity, especially the extinction of sentinel animals speciesthas

a higher exposure of humans and domestic animals to infections once contained by the forest

environmen{Khalil et al., 2016)

The permanently flooded areasRdintanalhouse numerous fauna and flora species,

and harbours plentiful migratory birds speci@onatelli et al., 2017; Ministry of the
Environment, n.da). The region is also exceptionally favourable to mosquito breedingawith

high proliferative potentialof vectors infected with arboviruses, rarskgen in other regions

4
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(Borges et al., 2013; Palaniyandi et al., 2017; Paw@didéa et al., 2010; Pauvoldorréa et

al., 2011, 2014, 2017; Penlid-Corréa et al., 2015)Risk factors of equine infection also
concern tick infestation and internal parasites, as well as the proximity of livestock herding to
wild life sites(Cancado et al., 2017)

TheCerradobiome inMidwestBrazil, is the richest savannahthe worldand is where
the capital city, Brasilia, locateAlthoughthe climatic variance in this region is ribatdrastic
as in the south, there are disparities in equine health, mostly due to socioeconomic factors.
Because of poor investments in human resources and increase in-émemaped population,
attention isdrowned to the urban cartwrighboling animalsMost repored arealterations in
muscleskeletal system, poor nutritional status, and cutaneous leg€kngo et al., 2011;
Schade et al., 2013)

The Amazdénisbiome is considexd the biggest biologically diverse reserve, harbouring
at least one third of all alive species on the pldBetelho, 2010) Albeit concentrating vast
natural resources, high pluviosity and humidity added to the regional low socioeconomic index
and increasing dorganized urbanization are undoubtedly risk fac{érancoelLuiz et al.,

2016)

TheCaatingais one of the least preserved biomest, harbours a rich bdiversity and
is characterized by seasonal forests. During the winter, the hot and dry weather represent a
decrease in the already hard to obtain foliage for animal feeding. Extreme high animal mortality
rates due to starvation ageite frequenturing tis period. While in the summer, during the
extremely hotand rainy season, the vegetation starts to grow back, and the streams begin to
flow again. However, during this period several outbreaks, specially of mofuuite
diseases, reach the highest ls\a#f occurrencéLima-Camara, 2016)

Finally, environmental features that suit all regions in Brazil, would offer plenty of
suitable hideouts fothe hosts involved in the rabies virus chain. Recently, breakouts of the
disease among humans and domestic animals are alleged by the increasing invasion of natural
bathousing areas by pasture. This condition only increases the narrow contact withilother
life species, leading to another endless list of infectfihalil et al., 2016; Wood et al., 2014;
Young et al., 2017)Allied to outdated public health politics, and the lack of permanent and
comprehensive projects aiming regional development,-ssskaining initiatives, and
conservatn, recent restrains in scientific budget in Brazil might lead to even more catastrophic

events for global healtfOverbeck et al., 2018)
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2.1.4 Sanitary status and diseaseontrol policies
In Brazil, there are two federal prograves linked to equine health, the National
Progranmefor Equine Health and the National Prograeo f Cont r ol of Her bi
(Ministério da Agricultua Pecuaria e Abastecimento, 2017b, 201Eagn though the OIE
provided a thorough report on Brazilian veterinary services in 2014, there is no mention
whatsoever of both equine health prognaes, being rabies virus control cited as being carried
out ard implemented by municipal authorities for companion animals. Meanwhilebovine
rabies vaccination was describe@ind promoted voluntarily by the veterinarian services
(Schneider et al., 2014Rocha et al. (2015emphasied the predominant attention of rabies
virus control in Brazil towards canine disease, rather than an acting investigative tool that could
assesstheountryodés current epidemiological trend
This has been well documented in the last decade, unravelling new bats species involved
intheaerial and rural cycles of rabies, as well as the increasing participation of wild life on the
spread of the diseag€astilho et al. 2017; Itou et.&016; Rocha et al. 2015; Rosa et al. 2011)
In consonance with these statements, the OIE report reiterates that there are deficiencies in
respect of developing clear, adapted, and compulsory strategies of control and eradication of
major diseases, ailg bovine tuberculosis and brucellosis as examplessome cases,
veterinarians are considered unimporxpensivdor tasks like vaccination, which breaks the
sanitary surveillancsuccesgSchneider et al., 2014Yhe lack of continued public health
education might have led to the increasing refusal of vaccination against preventable diseases,
resulting in recent outbreak$longtimec ont r ol | ed di seases. Il n Br a
das doen-as de animais terrestreso (Sanitary
from 2016, officially recognized as confirmed equine diseases the equine infectieasagna
equine influenza, glanders, equine babesiosis, and equine rhino pneubisgaaes affecting
multiple animal species are rabies, myiasis, and leishmaniubisstério da Agricultura
Pecuéaria e Abastecimento, 2016)n a global scale, the Olisted diseases, infections and
infestations in forcefor the year2019/2020highlights several diseases that similarly infect
humans and horses, like rabies, West Nile fever, Equine encephalomyelitis, and Japanese
encephalitifJE) (OIE, 2019f) which are also circulating and/or causing disease in horses
Brazil. These data clearly indicate the ety of adequate, affordable diagnostic tools for

infectious and zoonotic diseases.
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2.2 Infectious causes ohon-suppurative encephalitis and encephalopathies in horses
2.2.1Viral encephalitis
2.2.1.1 Rabies

Rabies is caused byiruses assignedto the order Mononegavirales family
Rhabdoviridag and genusLyssavirus Rabies virus (RABV) is the prototype, structured as
envelopedbulletshapediirions, containinganonsegmentediegativesense singlestranded
RNA genome ofpproximately 1415kb in length.The viralgenome is composed of five genes
that encode theorrespondent structurptoteins3 -WN-P/G-M-G-L-5 §Fig. 2), vastly used as
targets for diagnosticéLyles et al., 2013)The coding regios for the nucleocapsid (N),
phosphoprotein (P), and viral polymerase (L) consist on the ribonucleocapsid. The matrix
protein gene (M) is associated to the ribonucleoprotein (RNP) produand the glycoprotein

gene (G) encodes the respective proteiriferviral envelopéLyles et al., 2013)

Fig. 2: Organization of rabies virus genome
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The genome is composed of a linear molecule of RNA with negative polarity, represented by the contin
Each box represents separatéhg five encodedproteins by their correspondent gendkicleoprotein (N
phosphoprotein (P), matrix protein (M), envelope glycoprotein (G), and viral polymerase, or large prc
with intergenic regions between them.dnd tr represent the leader and trailer sequelioshfied from Lyles €
al., 2013.

Based on antigenic properties and phylogenetic relationshinpses in thegenus
Lyssavirusare subdivided into two phylogroupsnd other three most divergent viruses are
unassigne@Botvinkin et al., 2003; Ceballos et al., 2013; Freuling et al., 2011; Gunawardena et
al., 2016; Kuzmin et al., 2003, 2005, 2010; Marston et al., 20M@yman et al(2016)
generated a timscale phylogeny from 153 nucleoprotein gene sequences from lyssaviruses to
show their global distributio(Fig. 3). Although viruses from different species haspecific
geographical circulation, countries likengland, Germany, Ireland, Japan, andNordic
countries, were sicessfuto eradicate rabies transmission to humans and domesti¢Fimks
etal., 2017)
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Fig. 3: Evolutionary relationships between lyssaviruses
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Hayman et al. (2016) generated a tistale phylogeny from 153 nucleoprotein gene sequences from lysse
to show their global distribution, where branch colours correspond to ecozones on the inset map. Virt
Phylogroup 1:Rabies lyssaviru§RABV), Australian bat lyssaviru¢ABLV), Duvenhage lyssaviru®UVV),
European bat lyssavirus(EBLV-1), European bat lyssavirus (EBLV-2), Aravan(ARAV), Khujand(KHUV),
Irkut lyssavirus(IRKV), Gannoruwa bat lyssaviru€GBLV), Bokeloh bat lyssaviruéBBLV). Phylogroup Z
Lagos bat lyssavirugLBV), Mokola lyssavirugMOKYV), Shimoni bat lyssaviruéSHIBV). UnassignedWes
Caucasian bat lyssavirUvCBYV), Ikoma lyssaviruglKOV), Lleida bat lyssaviru¢LLEBV).

RABYV is maintained by cycles thatmploysspecific hostgFig. 4) (Kotait et al., 2009)
In Latin America, dogs are still the main transmitters of rabies to humans, involving an urban
cycle (Ito, 2005; Millien et al., 2015; Rocha et al., 2018pwever, transmission through bats
is increasin@ndresponsible for the maintenance of the virus in all cy@estilho et al. 2017,
Cordeiro et al.2016; Moutinhoet al, 2015) The wild cycle is maintained by wild dogs
(Cerdocyon thoys marmosets (Callithrix jacchug, crabeating racoons Erocyon
cancrivorug, wild-cat oncilla Leopardus tigrinusand the rodent agoutbésyproctaspp.).

8
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Herbivores are mainly infected by vampire bats in the rural cycle, and the aerial cycle is
maintained by bats dahe Phyllostomidaefamily, including the hematophagoi¥smodus
rotundus and also by th&lollosidaeandVespertilionidagamilies (Sodré et al., 2010; Wada

et al., D11) These animals are susceptible to infection with bat lyssaviruses, present clinical
signs and di¢da Rosa et al. 2011)

Fig. 4: Rabies virus transmission cycles

Aerlal cycle

ural cycle

The transmission may occur in four distinct cycles: urban, wild, aerial, andltustration prepared on
Inkscape®© with VectorStock® royalty free icons.

Transmission of RBV occurs through the bite of an infected animal that inoculates
saliva containing virus into tissues of a receptive aniiinahg, 2015b; Wilkins & Del Piero,
2014) Other routes of transmission haadditionallybeen documented, as drgan transplant
(Srinivasan et al., 2005; Vora et al., 2018ansplacental, contamination of recent wounds
with saliva or infected terial, mucosa contamination (eyes, nose, and mouth)aanasol
transmissior{Riet-Correa et al., 2001 he virus replicatemitially in muscle tissue at the site
of inoculation and is believed to remain near this site for most of the incubation period, usually
14 days to 12 weeks (Wilkins @bel Piero 2014). However, a-3®ar incubation periotas
beenreported in a human patief@hankar et al., 2012The incubation period is variable after
natural infections and many factors may be involired prolonged incubation: virustrain
location of the bite (the closest to the CNS, the quickest the virus transport), the load of virus
inoculated, susceptibility of the exposed species, and immunity of the bitten kfterahitial

virus replication, a second multiplication phase occungen the virusbinds to nicotinic

9
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acetylcholine receptors at the neuromuscular junctioneaitetrs motor and sensory neurons
The virus then travels ascendingly through the spinal cord to the brain or from the craesl ne
directly to the brainsterfLong, 2015b) With neuron entry, rabies virugonuclegrotein is
released fromits envelope and travels towardhe CNS by retrograde intraaxonal
transportation into the cell body of the infected neuron. That is the period when the dumb and
paralytic form of the disease is manifested, and most horses wilitbanzed during this time
(Long, 2015b)In the late course of infection, the thirdgse, centrifugal or descending spread,
rabies virus is spread into highly vascularized organs including adrenal cortex, pancreas, and,
most importantly, the salivary glan{ddacLachlan& Dubovi, 2011) The presence of virus in
the saliva facilitates its spread and excretion th®environmenénd transmission ta new
host(Long, 2015b)

The clinical presentatioaf rabies in horses can tly diverse Although unspecific,
initial clinical signs are inclined to the paralytic form of the disease, and have been reported as
lameness or unilateral limb weakness, muzzle tremors, lethargy, severe ataxia, behavioural
disorders, seizures, and even c@Bassuino et al., 2016; Hamir et al., 1992; Radostits et al.,
2007) The spinal cord is most commonly affectachorses, and perhaps reflects the limbs as
the most commositefor inoculation(Bassuino etla2016; Hamir et al. 1992Paraesthesia at
the bite site may develop which results in rubbing, biting, orrsatilation (MacLachlan &
Dubovi, 2011) Involvement of the tainstem is seen less frequently, followed by rare cerebral
infection. Most encountered clinical signs are therefore ascending ataxia and hindquarters
paresis/paralysis combined with loss of tail and anal sphincter tone, loss of sensory perception
of the imbs, and muscle tremors (Radostits et2007). In addition, but also independently,
brainstem signs are described including cranial nerve dysfunction such as blindness, abnormal
vocalisat i on, drool i ng, and dys phaaeimthe hdrde,eandii f u r i
clinical signs such as convulsions, aggressiveness, photophobia and hydrophobia, tenesmus,
circling, and hyperesthesia are attributed to this firomg, 2015b)

Typically, only a single horse out of a group is affected. Once expressed clinically as
neurologic disease, rabies is almost invariably fatal; recovery wititloout neurologic deficit
is quite rare but has been observed in several species following experimental e{Pastilies
& Youssef2016) It takes usually between fo(Bassuino et al2016)and 10 days until death
occurs or euthanasia is perform&dng, 2015b)Its clinical course may be prolonged in cases
of intensive nursing, which increases the wé§kransmissiorto humans, because it becomes

more likely thatthevirus has spreat the salivary glandd.ong, 2015b)
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There are no characteristic macroscopic lesions in animals that die of rabies
(MacLachlan& Dubovi, 2011) In brain and/or cervical spinal cord lesions may consist of focal
to multifocal, mild to moderate haemorrhages. -Galtilation or aspiration peumonia may
also be seefWilkins & Del Piero, 2014) The histologic lesions are typical neappurative
encephalomyelitis, ganglioneuritis and parotid ade(@antile& Youssef2016) In the brain,
lesions are mainly observed in the grey matter of the brainstem and hippocampus. They are
characterized by mild to severe lymphocytic perivascular cuffing combined with macrophages
and phsma cellsand the formation of microglial nodulg€artile & Youssef2016; Lima et
al,, 2006; Wilkins & Del Pierq 2014) There is neuronal vacuolization (rabiaduced
spongiform encephalopathy), and less Negri body formation in horses when compared to cattle
(Lentz et al., 1982)Negri bodies consist of round eosinophilic intracytoplasmic inclusions,
most commonly observed in the Purkinje celtglin the pyramidal cells of theippocampus
(Cantile& Youssef2016; Wilkins& Del Pierq 2014) The virus forms fine to large granules
and variable amounts of micron inclusion bodies that are distributed homogenously within the
cytoplasm(Wilkins & Del Piero, 2014) Examination of the spinal cord could reveal extensive
congestion and acelpperivascular haemorrhages in the dorsal grey matter. Additionally, there
is moderate to marked mononuclear perivascular cuffing, nodular to diffuse gliosis,
neuronophagia, and eventually prominent maléBassuino et al.2016) In the trigeminal
ganglion similar inflammation occurs as in the brain and acute degeneratiangtibg cells,
proliferation of capsule cells, and microglial nodules are also pr@dantir et al., 1992; Lima
et al., 2006; MacLachlan & Dubovi, 2011)

Medulla, cerebellum, and hippocampus from suspect animals must be submitted to a
laboratory approved by the respective state health department for testieg(MacLachlan
& Dubovi, 2011). Postmortem diagnosis is usually made with direct immunofluorescence
(DIF) usingmonoclonal antibodie@Vilkins & Del Piero, 2014)In some cases, the brain tissue
may be negative for theRABV wusing this standard diagnostic technique, but
immunohistochemistryiIC) may detect the presence of the anti&mokes et al., 2005)n
this caseRABYV is detected as granular positivity of the neuropil of cerebral and cerebellar
corticesthalamus, and grey matter of brainstem and spinal Gaher ancillary tests, including
enzymelinked immunosorbent assay (ELISA) and reverse transcripialgenerase chain
reaction (RTPCR also when fresh tissue is not availabéee reliablendmaybealsoused as
research toolgWilkins & Del Piero, 2014) For FFPE tissues in situ hybridization (ISH)
(Jackson & Wunner, 1991; Jackson, 1992; Junior & Ventura, 200B8he in situ PCRNarner
et al., 1997; Praveena et al., 200idve been described. More recently, higioughput
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sequencing (HTShy RABV RNA enrichmenthas been successfully implemented as an
alternative for highly contaminated samples, like the ones retrieved from de@zhaposals

( Or g ows k a . Atemoatém. diagn@si@ dn%hg other hand, is attgmpted in suspected
human rabies cases, using eitherRIR of saliva specimensnmunofluorescence staining of
skin biopsy or corneal impressi@iacLachlan & Dubovi, 2011)

No treatment should be attempted after clinical signs are evident. If the bite is seen,
immediately after ggosure, irrigation of the wound with 20% soft soap solution or a solution
of benzalkonium chloride may prevent the establishment of the infection (Radostits et al.
2007). Once the infection is already set, the horse presenting clinical signs shouldtbd iso
(Wilkins & Del Piero, 2014) Exposed and vaccinated horses may be revaccinated and
quarantined for 45 days. However, it is recommended to eathtra truly exposed (observed
bitten by rabid animal) and unvaccinated hofsesg, 2015b)Vaccination is highly effective,
but protection is not absolute. The main ways of premgrtirther infections are vaccination
and to avoid exposure to diseased anir(\Algkins & Del Piero, 2014)

The control of rabies in different regions of the world poses very different problems,
depending on which reservoir hosts are presentthadevel of infection in such hosts
(MacLachlan & Dubovi, 2011)Rabies cases have declined 95% in the Americas Hiece
1980 6 s ,vacdnatenprogoanmes (Linn et al., 2012) In Brazil, the large number of
species of chiropterans, the impbgdgy of vaccinating these animals and their different eating
habits and ecological niches highlight the importance of this order in the maintenance of

different epidemiological cycles of rabi@Sastilho et al., 204).

2.2.1.2 Borna disease

Borna disease is caused by virusels the order Mononegaviraleswithin the
Bornaviridaefamily. Amongthethree generawo species of th®rthobornavirusgenus are
known to affect mammals, th&lammalian 1 orthobornavirusand the Mammalian 2
orthobornavirus (Amarasinghe et al., 2019; Korn et al., 2018hey are structured as
envelopedsphericalvirions, composeaf a negativesense singlestrande¢d nonsegmented
RNA lengthening aroun&.%b (Herden et al., 208). The viral genome is composed 6ix
proteine nc odi n g -NgXMeGsL-5 § @tich lack specific intergenic regions and
instead have mostly overlapping open reading frames (ORFg) 5) (Herden et al., 2IB).
There are three transcription units in the genome, the first unit encodes the nucleocapsid protein
(N), while the viral phosphoprotein (P, p23) and the regulatory X protein (X, p10) are encoded
by the second unit, and the matrix protein (M,pl163,t¥ipe | surfaceglycoprotein (G, p57),

and the kpolymerase (L, p190) are encoded by the third (Herden et al., 2013)
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Fig. 5: Borna disease virus genome structure
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The genome is composed of a linear molecule of RNA with negative polarity, reprethentghes that encc
the nucleocapsid protein (N), viral phosphoprotein (P), overlapped with the regulatory X protein (X),
protein (M) overlapped with the type | surface glycoprotein (G), and4h@ymerase (L). Modified from Herd
et al. 2013.

The bicoloured whitéoothed shrewrocidura leucodopis the only known natural
reservoir ofBorna disease virus (BoDV-1, Mammalian 1 orthobornavirggDurrwald et al.,
2014; Nobach et al., 2015; Puorger et al., 2010; Weissenbdck et al., Rgdaf)while,
variegated squirrelsSgiurus variegatoidgs and Pr e v oGaltogcisirus piggwosijir r e | s
naturally infected with variegated squirrel bornavirus 1 (VSBY Mammalian 2
orthobornaviru depicted droad viral tissue tropism, similar taturally BoD\¢1-infectedC.
leucodon(Petzold et al., 20)9Natural Borna disease (BD) occunsinly in horses and sheep
and sporadically in cattle, donkeys, goats, dogs, and alpacas, all infected byl§BD¥eet
al., 1994; Jacobsen et &010; Vahlenkamp et aR002; Weissenbdck et a1.998 Herden et
al., 2013. Recently, cases of severe and fatal neurological disease in humans have been
demonstrated to be caused by BoDVénd VSBV1 (Fig. 6) (Hoffmann et al., 2015; Liesche
et al., 2019; Niller et al., 2020Additionally, experiments including rabbits, birds, and
primates, potentialize the host range to all watooded animalg§Herden et al., 2013; Lipk
et al., 2011)

Clinical disease of horses restricted toendemic aremin Germany, Austria,
Liechtensteirand Switzerland, but thewrefew reports inother areas suchs Great Britain
which could be traced back to endemic infect{priirrwald & Ludwig, 1997; Gosztonyi &
Ludwig, 1984; Priestnall et al., 2011; Weisséclb et al., 1998; Weissenbock et al., 2017)
However,BoDV-1 specific antibodies have been also detected in horses outside the endemic
area, like inFinland(Kinnunen et al., 2007)celand(Bjornsdattir et al., 2013)taly (Pisoni et
al., 2007) Japan(lnoue et al., 2002; Taniyama et al., 2Q0Iyrkey ( Ye ki | baj et al
Yilmaz et al., 2001)Iran (Bahmani et al., 1996China(Hagiwara et al., 2001; Zhang et al.,
2014) and in the United States of America (USK#o0 et al. 1993) Meanwhile in Brazilthere
are no clinicdly diseasednor seropositive horses, armhly parrots and macaws were
demonstrated to be infected the Psittaciform 1 orthobornaviruparrot bornavirug (PaB\
4, Fig. 6) (Donatti et al., 2014; Encinddagel et al., 2014; Philadelpho et al., 2014)
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Fig. 6: Phylogenetic analysis of the Orthobornavirus genus
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The route of transmissido horses is most likely to occur intrankgathroughsaliva,
nasalandlacrimal secretions, and urirsbed byreservoirgKupke et al., 2019; Nobach et al.,
2015; Petzold et al., 2019he incubation periooh horseganges from one to four weeks, until
the ongt of clinical signs and death, which occurs in9096 of case¢Bilzer et al., 1996;
Herden et al., 2013By the time of infectionthe virus has access the CNS byretrograde
intracaxonal migration through the olfactory nerve and replicates locally in ne(ifapke et
al., 2019; MacLachlan & Dubovi, 2011; Sauder & Staeheli, 2003; $atbKoob, 2003) The
virus isthentransported through the sensory tracts of the olfactory nerve into the limbic system
spreadingto most areas of thegrey matter infecting astrocytes, neurons, occasionally
ependymal cells and oligodendrocytes, and leading to prolonged activation microglia cells
(Carbone et al., 2001; Gonzélez et al., 2014; Gosztonyi & Ludwig, 1995; Herden et al., 2005,
2013; WernelK e i gs e t. BRa bf.horseahd shgep is not a direct result of virus
replication, but is provoked by a virusduced, delged immunopathological reaction. Due to
the T cellmediated immunopathogenesis, the inflammation does not induce intetenece
with virus elimination(Stitz et al., 2002)
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Neurological @nical signsin horsesare complex and variabland the disease can run
aperacute, acute to subacute, and in rare Gaskeoniccourse(Grabner et al., 2002; Herden
et al., 2013)Clinical signs consist adepression, apathgpmnolenceand stuporMostly, the
signs observed consist with infection of the cerebrum and limbic system, including neuro
behavioural abnormalities and repetitive motor activity such as cir@Bngbner & Fischer,

1991) Moderate fever, pharyngeal paralysis, lack of food intake, muscle tremor, defects in
proprioception, and hyperestheb@vealsobeendescribedBilzer et al., 1996; Grabner et al.,

2002; Herden et al., 2013; Katz et al.,, 1998) later stages, the horse may also display
disturbances in movement coordination and balance, quiadie reactions to pain stimuli, and

as sign of impaired proprioception, abnormal post@ebner et al., 2002Non-neurologic

signs like colic, emaciation, chronic lameness of unknown cause have also been described, but
it is unclear whether they are related to @i2rzog et al., @08).

Gross lesions anesually unremarkablbut histologically BoDV-1 infection in horses
usually appearsas aseverenonsuppurativepoliomening@ncephalomyelitisvith extensive
perivascular and parenchymal infiltration.€Tperivascular cuffs miglave thickness of more
than severtell layers, and consist predominantly of macropha@id4+ and CD8+T
lymphocytesand plasma cellater in the course of infectiq@antile & Youssef, 2016; Herden
et al., 2013; Long et al., 2014; Richt et al., 2000)e highest viratoncentration is found in
the hippocampus and thalam(&lgermissen, 2010; Bilzer et al., 199@)egeneravn of
neurons and neuronophagia are not prominent, however, loss of pyramidal cells of the
hippocampus might be observed, and a reactive astrocytosis is usually accompanying all areas
with inflammatory lesions. In less than 50% of the cases, intranumbsamophilic inclusion
bodies (Joesbegen bodies) can be found, particularly in the hippocangngare considered
pathognomonic when detectéiderden et al., 2013; Richt et al., 2008p significant lesions
are apparent in the cerebellum, and lesions are inconsistent in the spinal cord.

In Germany, inapparent infection in horses has a prevalence of about 10% of antibodies
against BoDV irserum, and therefore the presence of vapescific antibodies is not related to
disease unless there are clinical symptq@sbner et al., 2002; Stitz et al., 200Epr
antemortem diagnosidemonstration of specific antibodissachievedn the serum and CSF
using Western blofWB), ELISA, or indirect immunofluorescence assay (IFA), which is
advocated as the most reliable antigpeecific antibody detectio(Richt et al., 2000)In the
final stage®f BD, when convulsions occur, there is a high concentration of lactate in the plasma
(Grabner et al., 2002)or the postmortem diagnosis,including FFPE brain specimens,

histopathology, IHC, and alternativelyucleic aciddetection via ISH(for well-preserved
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specimens)WB, or RT-PCRassayare confirmatoryfAlgermissen, 2010; Herden et al., 2000;
Herden et al., 1999; Hoffmann et al., 2015; Tappe et al., 2018; Wereeér g s et. al
Monoclonal antibodies specific for the BoBWN nucleoprotein and phosphoprotein are
frequently usedo detect BoDV1 in the nucleus and cytoplasm of neurons, neuronal processes,
and glial cellgBilzer et al., 1996; Herden et al., 1999)

There is no specific treatment floorses infected with BdV-1 nor vaccines available
The main ways of preventing infections are in reducing the exposure of susceptible animal
species to the reservains identifying clinically inapparent cases, and testing reservoirs that

are in close aatact to humans and horses, to avoid spillover infec(idappe et al., 2018)

2.2.1.3 Equine herpesviral myeloencephalopathy

Equid herpesvirugype 1 and 4re assigned under the orditgrpesvirale, within the
family Herpesviridag subfamily Alphaherpersvirinag genus Varicellovirus (Pellet &
Roizman, 2013)While both viruse share high degree of genetic and antigenic similarities,
they differ in host range and pathogenicity, being EHSignificantly more important in CNS
infections (Patel & Heldens 2005) They havethe typical herpesvirion architecture of an
envelopéd, linear doublestranded DNA (dsDNA) genome of 150kb in lengtincodng 76
ORFs and replicating in the nucle(sig. 7). The genome contains the unique long regiar) (U
which encodes genes 1 to,88here ORFs largely used for EHY detection (ORF33),
characterization of neuropathogenic and-nenropathogenic strains (ORF30), datency
factors(ORF63)are expresse(Baxi et al., 1995; Chesters et al., 199%f)d the unige short
region (L), which encodes genes 68 ta Uz is flanked by a repeat region creating identical,
but inverted repeats, internal repeaj énd terminatepeat (R), which encode genes 64 to 67,
and 67 to 64, respective(fPellet & Roizman2013) Herpesvirus genes have three general
categories, 1) the ones encoding proteins with regulatory functions and virus replication, 2)
encoding structural proteins, 3) heterologous set of genes not found in all herpesviruses and are
not essential for m@ication in cultured cell§MacLachlan & Dubovi, 2011)The EH\W-1 D752
genotype viruses contain a pemutation within the DNA polymerase and are more commonly
associated with equine herpesviral myeloencephalopathy (ElN)e the N752 genotype
(wild-type) is responsible for appromately 15% to 26% of neurologic EHY outbreaks
(Pusterla & Hussey, 2014)
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Fig. 7: Equine herpesvirus type 1 genome structure
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region. W unique short region. Modified from Pellet & Roizman, 2013.

Infection with EH\:1 is endemic in horse populations worldwide &@nd estimated
that up to 80% of all horses argdatly infected (Gilkersonet al, 1999; Pusterla & Hussey,
2014) EHV-1 also causes diseasezebragBlunden et al., 1998)s potentially pathogenior
llamas {ama glam& (House et al., 19919nd was reported in other hostglsas a pregnant
Indian rhinoceros, which aborted in rpdegnancy, and that sufferis\dm neurological disease
(Abdelgawad et al., 2014n Germanyzoo animals likdour black bearsrsus americanys
t wo T homs o nEadorcag thamsd) lanel 48 ginea pigLavia porcellu} suffered
from neurological disorders all caused by EI\Wohlsein et al., 2011)n Brazil, the first
record of EHV1 isolation occurred in 1966 but the first case of EHM was described only in
2005 and a neuropathogenstrain describedh 2009 (Lara et al., 2008; Mori et al., 2011)
EHM outbreaks occur more commonly during winter and early spring, due to crowdihg
older animals, pregnant or nursing mares considered at increasdéritay et al., 2000;
Radostits et al., 2007pDn the other hanBHV-1 infections are less likely to occur in horses
younger than 3 years of age, and in a varietyoblust small pony breeds, indvhalarga,
Brazilian Sport Horse, and Paint Ho§&oehring, 2015; Lara et al., 2008; Mori et al., 2011)

EHV-1 transmissiono susceptible horsexcurs by direct contact, through aercsaali
droplets of respiratory secretiofiem acutely infected or reactivated virslsedding horse, or
from contact with aborted foals, foetal membranes and plagoehteh are rich in infectious
particles (Franco & Roehe, 2007; Rimstad & Evensen, 1993; Slater, 20tdjrect
transmission may occur via fomites and persor(hehn et al., 2009)By the time of
transmission, EHM. enters and darga the respiratory epithelium and is from there transported
to regional lymph nodes. It enters peripheral blood mononucleated cells, inducetigaid
monocyteassociated viremia, and subsequently circulates in the blood sfeamile &
Youssef 2016; Goehring2015) The ability of EH\/1 to infect cells of the immune system
enables it to cross the basal membrane and disseminate to other organs, including the pregnant
uterus and the CN&ryspeerdt et al., 201.0yhe common final pathway for injury in each of

these body systems is damage to vascular endothelium with subsequent necrosis, thrombosis,
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and isclaemia. Impairment of blood flow will result in hypoxia and dysfunction or ldet
adjacent neural tissue resulting in the EHM (Radostits,&2G07).

There are two cyclesbserved duringhe virus replicationthe acute infection or
productive (lytic cycle) and the latent infection. The lytic replicatigale occurs at the virus
penetration sites at the hoste( epithelium), and probably at neurons, before the establishment
and duringhe reactivation of &tent infectionlt is further characterized by viral nucleocapsid
uncoating, expression of all virgenes, viral DNA replication (within host cell nucleus), and
production of infectious viral progenyt is also incompatible with the host cells survival
(Franco & Roehe, 2007; Oladunni et al., 20I®)e latent infection occurs in specific classes
of neurons, especially in neurons of the sensorial ganglions and the autonomic ones, to where
the nucleocapsids are transported byakens or dendrites after the productive replication in
the mucosae. This transport occurs by retrograde axoplasmic flow, through which the
nucleocapsids reach the neural bodies. In some neurons, the expression of alpha genes is early
suppressed. As thequucts of these genes are necessary to the next stepsvfatigere
expression and to the genome replication, the cycle is interrupted. Thus, the viral genome
persists at the nucleus of these neurons at the episomal form for the rest of(frarife &

Roehe, 2007)Reactivation occurs when latently infected animals are stressedbyike
malrutrition, super populatiorand transport of mares in advanced stage of pregnhancly
experimentally after corticosteroid administrati@Edington et al., 1985; Franco & Roehe,
2007)

Clinical signs appear during or towaitie end of the viremic phase of infectieng. in
case ofabortion.Neurologic signs are usually observed between six to 10 days post infection
and peak in severity within two to three ddipsisterla & Hussey, 2014)here are invariably
no premonitory clinical signs of respiratory disease, and pyrexia is likely to be the only warning
clinical sign(Burgess et al., 2012; Goehring et al., 20I®)e caudal segments of the spinal
cord and sacral plexus are affected most often, although outbreaks have been described in which
horses develop acute onset paralysis with cersigas, followed by rapid death. Neurologic
dysfunction ranges from temporary ataxia and paresis to complete paflsllgSedden et al.,

2016) The hind limbs are usually the most severely affedtexito sacral nerve involvement
resulting in notable hind limb weaknesfdder dysfunctiorwith urine dribbling,cutaneous
perinealsensory defid¢s, and decreased tail and anal tone vatdcél retentiorfJohnson, 2011,
McFadden et al., 2016) ess frequently there is cortical, brainstem, or vestibular disease

characterized by depression, head tilt, ataxia, aamdalmerve dysfunctiofPusterla & Hussey,
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2014; Slater, 2014)The prognosis for recumbehbrses is poor, and requreuthanasia
(Slater 2014)

Gross lesions are not common, but snrahdom, multifocahaemorrhagesiay be
visible throughout the brain and spinal c¢@hntile & Youssef, 2016; Summers et al., 1995)
Multifocal necrehaemorrhagior malacic areas can be present in severe cases, especially in
the white matter athe spinal cord or the white or grey matter of the bf@entile& Youssef
2016) Other relevant meroscopic findingis vasculitis (viral cytotoxic effect or immune
mediated) that may end in thrombaocclusive necrotizing vasculitis with secondary injury to
the neuroparenchyma resulting in myeloencephalop@hntile & Youssef 2016) Usually,
the affected venules areftime leptomeninges, brain, spinal cordgdapinal ganglia (Summers
et al, 1995).Adjacent to the affected blood vessether lesions such as perivascudadema,
haemorrhage, focal areas of malacia, and infarction might be priesgeariuclear eosinophilic
inclusion bodies within airway epi¢lial and hepatic cells from aborted foetuses are a typical
histologic feature, but do not occur in the C{$ater, 2014)

Usuallyit is not possible to diagnose any of the diseases associated with infection by
EHV with certainty clinicdly (Slater, 2014)Virus culture and isolation is considered the gold
standard test for diagnosis, especially duringemics of EHM, concurrently with PCé&says
for the detection of viral DNASamples collected from nasal and nasopharyngeal swabs or
buffy coat are strongly supportive in EHM cases of horses with compatible clinica{lsigms
et al., 2009)Aborted foetus, placenta, brain and spinal cord, FRBEerial, and infected cell
culturesare also useful foPCR diagnosticsand can be used algo discriminate between
neuropathogenic and nareuropathogenic strains in the CNS of hordesutenegger etla
2008; Rimstad & Evensen, 1993esides, averal PCR tests have been devised for the
detection ofviral DNA, capable of distinguishing between difat EHVs(Carvalhoet al,

2000; Daly& Doyle, 2003; Marshallk Field, 1997) Also, withreattime PCR(gPCR), it is
possible to estimate the virus load in samples, as the virus copy number in latently infected
leukocytes is between two and three orders of magnitude less than in lytically infected cells
(Slater 2014) Detection of viral antigen witdirect immunofluorescenc®(F) in impression
smears from nasopharyngeal swabs was demonstrated to be pithple,with acceptable
sensitivity and specificityand even faster thanrus isolation(Oladunni et al., 2019; Slater,
2014) Histopathology is an essential method for confirming EHV infection in abartases
throudh the identification of intranuclear inclusion bodaesd samples collected from horses
with necrotizing vasculitis due t&HM (Slater 2014) IHC demonstrates viral antigen

expression by infected epithelial and endothelial cells and is atcadditechnique to confirm
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the infection (Schultheisst al., 1997; Slater2014; Studdert et al2003) In the CNS, vrus
antigenis alsopresenin neurons and astrocytes and has been linked to chorioretinitis in a foal
(Schultheisset al, 1997, Slater et al1992) EHV-1 canalsobe detected by ISH, providing
additional sensitivity over IHCsince all virusnfected cells containiral DNA, but only a
proportion express viral proteitSchmidt et al., 1994; Slater, 2014)

Because of the highly contagious nature of EHihfections horses with respiratory
diseaseabortion,or neurologic diseasespecially if these occurs as an outbraalould be
isolated until the cause of the disease is identifiRddostits et al., 200.7/Prevention of
neurologic disease due to EHVis difficult, thus itis important to mininge the risk of
introduction of infection by periodic serologic monitoring and testing the new anifnals.
seropositive animalare detectedhey should be kept separated from the otreusid new
animals without making quarantin&lso, minimizing stress risks could preventhe
reactivation of latent infection¥accination with attenuated and inactivated vaccines have been
used,in combination with management measures as a way of prevértiamco & Roehe,
2007) There is no specific treatment for EHV infection, although the antiviral valacyclovir
hydrochloride was used to treat horses in an outbreak of EBMhring et al., 2010)
Administration of corticosteroidsas been discussed controversiatould be contraindicated
due tothe presence of replicating vir(Radostits et al., 2007The use o&ntibiotics with large
specte are recommended to prevent secondary infec{R®iesCorrea et al., 2001)

2.2.1.4 Arboviruses of interest to equine CNS health

Arbovirusesis a term to describe a group of hundreds of virusesateatansmitted by
arthropods, mostly mosquitos and ticdketinfect a vetebrate host, where the virus replication
usually also occurf~auci & Morens, 2016)More than 500 arboviruses are known, of which
approximately 40 cause disease in domestic animals and anamgonotic(MacLachlan&
Dubovi, 2011) The arboviruses comh members of th&amilies Flaviviridae, Togaviridade
Peribunyaviidag, Rhabdoviridae Reoviridae Orthomyxoviridage and also of the single
strandedDNA (ssDNA) virus Asfarvirus, which causes thafrican swine fever disease
(Hernandez teal., 2014) For horsesand main focus of this sectiptheworldwide distributed
Flaviviridae, Togaviridae andPeribunyaviridaeare most likely to causencephalitisfollowed
by viruses in the famil\Reoviridag genurbivirus (Fig. 8).
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Fig. 8: Global distribution of equine encephalitic arboviruses
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2.2.1.4.1 Family Togaviridae(Arbovirus group A)

The family Togaviridaeis composeaf two generaRubivirusand Alphavirus where
only the later, distributed in more than 30 species, possess relevance for batrahdraaimal
health Appendix 1) (Chen et al., 2018)Togaviruses aremall, singlestranded, enveloped,
unsegmentegbositivesensd RNA viruses with agenomeof 10-12kb (Fig. 9) (Chen et al.,
2018) The nonstructural proteins (Nsp) are produced by the cleavage of the precursor
polyprotein and are responsible for the synthesis of RNAdpping (Nspl), the helicase
protease (Nsp2), RNA (+) (Nsp3), and polymerase/replicase (Nsp4). Meanwhile, the structural
proteins are expressed by the translation of a subgenomic (26S) mesddAgenRNA) and
they encode the capsid (C), and envelope glycoproteins (E3, E2, and E1), as well as the signal
peptide (6K) and its frameshifting product (TF, not shoviiy.(9) (Chen et al., 2018)The
capsid, E2 and Elre the minimal proteins required for an infectious virion, but the signal
peptide (6K) and the frameshifting product (TF) have been showmave viroporin and

virulence factor activities, respeatly (Snyder et al., 2013)
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Fig. 9: Alphavirus genome structure

Genomic RNA
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Sindbis virus, prototype fofogaviridae The genome is linear and is represented by the continuous line, w
blocks represent the proteins encodsid.signal peptide. C: capsid protein. E3, E2, E1: envelope glycops:
Nsp: non-structural proteinsORF: open reading framé/odified from Chen et al. (2018)

Most of the alphaviruses perpetuate in sylvatic cycles between asymptomatic avian
hosts and mosquitos usually frddulisetaspp. (North America) an@ulexspp. (Central and
South America)Fernamlez et al., 2003; Molaei et al., 2006; Pisano et al., 2@0)ing
epizootics, all species of mosquitos that feed on horses, including the AeglitadPsorophora
and Deinoceritesspp. can helpspreading the infectio(Brault et al., 2002; Radostits et al.,
2007) Passeriform birds species are the primary reservoilaarglifying hosts for the most
significant alphaviruses causing encephalitis in horses,VEBEadariaga virus NJADV),
Venezuelan equine encefitia virus (VEEV), andWestern equine encephalitis VirlWEEV)
(Fig. 10, Appendix 1) (Molaei et al., 2016)Small rodentsare alsoreservoirs for enzootic
VEEV, like the generaSigmodon Oryzomys ZigodontomysHeteromys Peromyscusand
Proechimysand for EEEV during years of high virus transmisgidguilar & EstradaFranco,
2011; Carrara et al., 2007ppossums, bats, anglild birds were also considered for the
dispersal of enzootic VEEYScherer et al., 1972)

Fig. 10: Transmission cycle of Eastern and Western equine encephalitis virus and

Madariaga virus
Vectors g-\

&)
e

L >

Amplifying host

Horses and humans are considered dead end hosts, meaning that they keep viremic titers that are too I
infection of vectorslllustration preparedn Inkscape®© with VectorStock® royalty free icons.

"Dead end" host "Dead end" host
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In contrast efficient amplification of VEEV by equids is the hallmark of its epizootic
strains IAB and IQFig. 11) (Aguilar & EstradaFranco, 2011)

Fig. 11: Venezuelan equine encephalitis virus transmission cycles

Epizootic vectors

Reservoir hosts %
¢ X

Eplzootlc
Enzootlc 24017
cycle

Enzootlc vectors

"Dead end" hosts

Amplifying host

Differently from EEEV, MADV, and WEEYV, horses are considered amplifying hosts within the VEE cycl
actively infecting susceptible mosquitdbustration prepared on kscape®© with VectorStock® royalty free
icons.

Besides the deagnd host horses and humar{and especially children for MADV
Luciani et al, 2015) other animal species are susceptiblenti@ctions with encephalitic
alphaviruses, likalpacasandllamas(Nolen-Walston et al., 2007attle(McGee et al., 1992)
swine (Elvinger et al.,, 1994)and dogsto EEEV (Farrar et al., 2005)Exotic birds are
susceptibldo EEEV and WEEV, like emus, the ringnecked pheasant, Pekin ducks, Chukar
partridges, ad whooping cranefAyers et al., 1994; Dein et al., 1986; Kissling et al., 1954)
Domestic rabbits, small ruminants, and dogs develop potentially fatal clinical disease after
VEEV infection(Sudia et al., 1975)

The alphavirusedave a worldwide distribution but the viruses with théighest
potential to cause encephalitis are so far geographically limited to the Amerittesverlaps
in their distributionin the continen{Ferreira et al., 1994; Long, 2015a; Pauvdlioiréa et al.,
2010; Radostits et al., 2007; Weaver et al., 1994)South and Central America, CNS
infections in horses and humans are predominantly caused by MADV, EEEV, and VEEV
(Luciani et al., 2015; Pisano et al., 2013; Silva et al., 2B}t infections by EEEV in North
America occur east of the Missispipiver, while WEEV is generally detected west to the river
and in Florida(Chénier et al., 2010; Del Piero et al., 2004lphaviruses linked to equine

encephalitis in other regiorare caused byinfections with Middelburg virus (MIDV) and
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Sindbis virus (SINV) in South Africevan Niekerk et al., 2015and £mliki Forest virus (SFV)
in SenegafRobin et al., 1974)

The transmission of alphaviruses to vertebrates occurs through the bite of an infected
insect. Mosquitoes are infected by feeding on viremic birds or by vertical transmission,
(Radostits et al., 2007)he pathogenesis of encephalitic alphaviruses is based on limited
studies from human cases and animal models, usuétlty labaratory rodents and can be
summarized in three main phases, 1) the initial peripheral phase of virus replication and spread,
2) neuroinvasion, and 3) terminal CNS phase in which virus spreads within the brain, infecting
neurons primarily which results in a neurodegenerative state that is often (atakle &
Twenhafel, 2010) Susceptibility to encephalitic alphaviruses varies between viruses and
strains, age of animal infected, dose and route of virus inocul(&teale & Twenhafel, 2010)

On the range of clinical signs, alphaviruses infections are indistinguishable, and only a
fraction of diseased horses will develop signs of encephalitis. The incubation period ¥r EEE
is 1-3 days, 29 days for WEK and 16 days for VEE/ (Radostits et al., 2007The clinical
course anges from 24 hours to 15 dagShénier et al., 2010; Silva et al., 201 n)itial
neurologic signsare hyperexcitability, which thenhange tosomnolence, depression, and
recumbency. Circling, cortical blindness, propulsive walking, head pressing, and ataxia are
commonly observe@Oberste et al., 1998; Silva et al., 2015; Silva et al., 2011; Sousa et al.,
2015) True blindness and pharyngeal paralysis occur only in the late $Radsstits et al.,

2007) A more severe form of the disease is manifested by tachycardia, tachypnoea, depression,
anorexia, occasional diarrhoea, and fe{@nénier et al., 2010; Radostits et al., 200h)e
prognosis for horses with sig of encephalitis is unfavourable. Some affected horses that do
not become recumbent may statsland survive. However, they may suffer permanently from
cerebrocortical damagé&urr & Reed, 2008)Morbidity of infected animals may reach 60%,
while fatal cases rate may reach almost 100% of infected an{Bibla et al., 2011)Death

may occur after 84 days of rajol deterioration(Furr & Reed, 2008)

Usually there are no gross lesions in horses infected by alphavi@ssdge & Youssef,

2016) CNS infection is mostlpbserved in thgrey matteof cerebral cortices, thalamus, and
hypothalamuswith milder and less frequent lesioimsthe brainstem and spinal cqi@ampos

et al., 2013; Del Piero et al., 2001; Long & Gibbs, 2014; Sousa et al.,. 20#b}rigeminal
ganglia are not affectedCantile & Youssef, 2016) Histological characteristics are
neuronophagia, early microglial reactiappearing asod cells, and in severe cases malacia
and necrosis aheneuropil (Furr & Reed, 2008)A neutrophilic infiltration is typical of EE¥

in early infection, while VEK is characterized by a more mixed lymphocyteutophilic
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infiltrate. Histology of WEEV infection is usually more lymphocytiplasmacytic than
suppurativgCantile & Youssef, 2016; Furr & Reed, 2008enules with swollen endothelial
cells are common, with cuffedeutrophils Necrotizing vasculitis with thrombosis and
cerebrocortical malacia can bdditionallypresent in severe cag@antile & Youssef, 2016)
Although uncommon in horses, extra neural lesions associategnesence oEEEV antigen
canalsooccurin myocardium, stomach, intestine, urinary bladder, renal interstitial cells, and
spleen(Del Piero et al., 2001; Poonacha et al., 198X}fra neural lesions involved in a VEE
infection include necrotizing lesions in lymphoid organs, pancreas, liver, and heart (Kissling
1967).

Antemortem diagnosis for alphaviral infections in horses areupmgive at best
(Pennick et a).2012) CSF may show a neutrophilic pleocytosisEEEEV casessometimes
accompanied bgn increase in protein concentratitwng, 2015a)Serology may detect silent
activity/circulation of the virusnd can be use identify subclinical infections. PCRrom
serumand virus isolation, however, do not detect the virus in this (€aevolidCorréa et al.,
2010) The OIE recommends specific tests for different purpobail¢ 1). Theirsuccess and
sensitivity varies with the material available and the waohditions(Lambert et al., 2003;
Pennick et al., 2022

Table 1. Methods available for the diagnosis o&lphaviruses and their purpose using

equine samples Continued
Purpose
Individual Immune
Population . Confirmation | Prevalence | status in
Method animal . : : :
free from of clinical of infection/ | animals or
: : free from . .
infection | . . cases surveillance | populations
infection
postvacc
Agent identification
V|ru§ isolation i t g2 i i
(brain)
Molecular methods(brain, virus isolates)
RT-PCR - ++ +++ - -
RT-gPCR - ++ +++ - -
Antigen detection
IHC (brainy - ++ +++ - -
IgM-capture
ELISA n/a n/a n/a ++ n/a

(mosquitos)
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Purpose
Individual e
Population . Confirmation | Prevalence | status in
Method animal . . : :
free from f f of clinical of infection/ | animals or
infection Tee from cases surveillance | populations
infection
postvacc
Detection of immune response
Serological testgserum)¢
IgM capture d
- + ++ - -
ELISA
.Hem.a.gglunnatlon + ++ ++ ++ ++
inhibition
C;omplement i + t i i
fixation
Plaque. I’Ed.UCtIOI’l +++ + ++ +++ +++
neutralization

Modified from OIE(2019b) +++: recommended method. ++ suitable method. +: may be used in some situations,
but cost, reliability, or other factors severely limits its applicatiomot appropriate for this purposeLISA:
enzymelinked immunosorbent assay. IHC: immunohistochemist/a: purpose not applicable. KG)PCR:
(reaktime) reverse transcription polymerase chain reaction. Vacc.: vaccination.

aVEEV: ++. P : negative results with the technique do not rule out infectidnterpretation must be done with
clinical signsonset, epizootic situation, and vaccination histéiyEEV: -.

There is no definitive or specific treatmdot horses infected with alphavirusesd
only supportive therapy is forese@adostits et al., 2007y accinationis considered the core
component of immunerophylaxs for horsesand althought confers immunity of variable
duration it is recommended toeaccinate the horses annually and before the vector season in
the spring(Balasuriya et al., 2015Prevention of alphaviral infections cha also achieved by
housing horses indoors at night, especially in fly proofed stables, with the use of insect
repellents, and to quarantine infected animals might restrain the spread of tH{Radastits
et al., 2007)

2.2.1.4.2 Family Flaviviridae (Arbovirus group B)
The family is composed by three gendflavivirus, Hepacivirws, andPestivirus The
genusFlavivirusi composed of 53 specieposes the highest concdor human and animal
health its zoonotic pathogens cause asymptomatito severe infections, fatal haemorrhagic
fever or neurological diseagRadostits et al., 2007; Simmonds et al., 20THhe 4060 nm
virions are envelopedontain gpositivesense sSsSRNA genome that measur&8 8b Fig. 12)
(Simmonds et al., 2017This genus is the only one in tRéaviviridae family that contains a
The

assembly through the capsid protein (C); after formed by its precuesnbrane protei(prM),

capping (Cap) structureingh 56 end ter mi nal structur a

later theM protein assumes a role in viral replication, and envelope protein 1 (E1), wadsch h
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three structural domains, is responsible for structural rearrangements for fusion and binding of
the virion. The nosstructuralproteins (Nsp) are cleaved after translation into Nspl1, Nsp2A,
Nsp2B, Nsp3, Nsp4A, Nsp4B, and Nsp5 and are required forrepéitation and assembly
(Lindenbach et al., 2013; Long, 2015&kavivirus entry into cells is erucial virulence factor,

which is coordinated by E proteins on the surfafdée virion and consiston one of the major

targets for antviral therapiegPierson & Kielian, 2013)

Fig. 12 Flavivirus genome structure
Genomic polyprotein

Structural proteins Non-structural proteins

C prM E NS1 NS2A 2B NS3 4A NS4B NS5

~11kilobases
Boxes below the genome indicate precursors and mature proteins generated by the proteolytic processi

Capcapping struct ur eC:dapsid prdteinE: Bndelopayydoprotant NSi2B, anid 4A non
structural proteia prM: precursor membranprotein.Modified from Lindenbach et al., 2013.

Mosquitos fromCulex spp. and ticks fromxodesspp. are the main vectorsand
infections are maintained by the amplifying hosts. In North America, transmission cycle of
mogyuito-borne flaviviruses is maintained by birds, like the house spaRagser domesticlys
and in Latin America by Passeriformes, Columbiformes, and Galliformes(Bipgendix 2)

(Diaz et al., 2008; Bosch et al., 2007; Dupuis et al., 2003; Melandri et al., 2012; Osorio et al.,
2012; Radostits et al., 2007; Ulloa et al., 20@8xrddition, freeranging New World monkeys
(Alouatta caraya Sapajus nigritus S. cay, armadillos, and marsupialare infrequently
associatedFigueiredo, 2000; Svoboda et al., 2Q1igs are thenain amplifying hostsand
targets forJapanese encephalitis virus (JEV), while kéurray Valley encephalitis virus
(MVEV) rabbits and possibly greyangaroosare accounte@Mackenzie et al., 2017; OIE,
2019d) For the tickborne infections, lagomorphs, small rodents, skunk, dogs, sheep, and
grouse are the bekhown hostgFatmi et al., 2017; Hubalek et al., 2014; Kaiser, 2016)

Horses of all ages appeto be equally susceptible to infectigdadostits et al., 2007)
and along with humans, they are deaadd hosts for encephalitic flavivirusésor instance,
neurologic diseaséue to WNV infection occursin squirrels, chipmunks, bats, dogs, cats,
reindeer, sheep, alpacas, alligatand a harbour sedDIE, 2019h) the primary animals
infected bytick-borne viruses are sheep (Lougpiti virus), lambs, kids (tickborne encephalitis
virus, TBEV) and dogs (TBEV and Powassan vildgpendix 2).
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While the Flavivirus genus presentsvorldwide distributon, the viral species are
restricted to areas, usually related to the presence thtiamissiorvector (Ridpatl& Flores
2007).WNV has thewidest geographic distributiort is enzootic to Africa,t exploded in
Europe (available inhttps://ec.europa.eu/food/animals/anirdesleases/nesystem_enfand
Middle East(reviewedby May et al., 2011)and was introduced in 1999 in North America
(Nash et al., 2001)WNV also spread to Latin America unmasked byseveral serological
studiesand bythe first cases of clinical disease in humans and horses afte(Qi0ibet al.,
2019; Vieira et al., 2015)Fig. 13). SLEV circuldges at leassince 2005 in South America
(Burguenio et al., 2013; Tauro et al., 2Q12)ile
other encephalitic flaviviruseBke llheus virusare reported in Brazdince1944in Bahia state
and Rocio virus (ROCV) n t he 19700s (Laemn®rk & Hughes) 1947; st at «
Rosemberg, 1980JEV outbreaksccurin Asiaand northern Australid,BEV and Louping ill
in Europe, while Powassan virsendemic in North Americand sporadic in Russ(&atmi &
al., 2017; Hubdlek et al., 2014; Kaiser, 2016; Kiloucal et al., 2018)
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Fig. 13: Timeline of investigations carried out with flaviviruses posing risk of causin

neurological disease, Brazil

Investigations of potential neuro-invasive flaviviruses, Brazil

LAEMMERT & HUGHES 1947
First isolation of Ilhéus virus from
intracranial inoculation of monkey

serum in mice, Bahia state

ARAUJO et al. 2004; 2005
Serological survey with wild birds
in migratory places in Brazil (RS
and RN) did not detect WNV nor
other flaviviruses

SILVA et al. 2013

Serum from healthy horses
from MG, SP, RJ, PB, MS states
were analyzed and were
positive for WNV

PAUVOLID-CORREA et al. 2011

Investigation for WNV in mosquitoes,
horses and caimans in Pantanal, Mato
Grosso state. Horses presented
positive serological evidence of WNV,
SLEV, Ilheus virus (ILHV) and
Cacipocore virus

ROSA et al. 2013

Detection of SLEV from a horse
with neurological disease in
Minas Gerais state, with PCR

VIEIRA et al. 2015

First human case of
encephalitis due to WNV in
Brazil, Piaui state

ry ION

ROSEMBERG 1980

Rocio virus encephalitis outbreak in
S3o Paulo state. Approximately 200
deaths

FIGUEIREDO et al. 2007
Serological survey of 5000 wild
birds from different regions from
Brazil did not detect antibodies
against WNV

PAUVOLID-CORREA et al. 2010
Serologic evidence of the recent
circulation of SLEV and high
prevalence of equine encephalitis
viruses in horses in the Nhecolandia
sub-region in South Pantanal ,
Midwest, Brazil

MELANDRI et al. 2012

Natural circulation of WNV in
domestic birds and equids from
Pantanal, Mato Grosso state

OMETTO et al. 2013

Serological surveillance in horses
and birds. Positive for WNV

SILVA et al. 2014
SLEV/Rocio virus serological survey
in horses {cases from 2004 to 2009)

PAUVOLID-CORREA et al. 2014
Evidence of widespread circulation of
ILHV, SLEV, and WNYV in horses from
Pantanal, Mato Grosso state

SILVA et al. 2019

Four equids with neurological
disease, positive for WNV, Espirito
Santo state

ILHV: llheus virus. MG: Minas Gerais. MS: Mato Grosso do SBB: Paraiba. PCR: Polymeradeair
reactionRJ: Rio de Janeiro. RN: Rio Grande do Norte. RS: Rio Grande d8IStN: Saint Louis virus. S
Séo Paulo. WNV: West Nile virullustration prepared on Inkscape®© with VectorStock® royalty free i
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When mosquitos infected by viremic hosts feed on horses it initiates the transmission
cycle(Fig. 14). Keratinocytes and skin dendritic cells (Langerhans cells) are the primary targets
and can transport the virus to draining lymph nodes wthergirus replicaes andallow to
disseminaginto circulation and internal orgaKBierson & Kielian, 2013)irus entry receptors
involved in CNS invasion are virus speciasd cell targetlependentand occurs viaC-type
lectin dendritic cells specific intercelluld® grabbing non integrin (DSIGN), toll-like
receptor 3 and 7TRL3, TRL7), retinoicacidinducible gene 1Rig-1), Claudinsl, -6, -9,
glycosaminoglycan$GAG), and heat shock proteins (hgpleal, 2014) Flavivirusesprefer
developing neurons and neuronal progenitors, Gardalsoinfect pericytes, astrocyteand

microglia(Neal, 2014)

Fig. 14: Mosquito-borne flaviviruses transmission cycle

>,

Amplifying host

"Dead end" host "Dead end" host

Infected bloodmealseeking mosquito vectors feed on avian hosts, which will develop a viremic phase
these birds are then bitten again, they will infect new mosquito vectors. These will sporadically feed on
hosts, such as horses and humans, who are sildedptthe virus.llustration prepared on Inkscape® v
VectorStock® royalty free icons.

The incubation period after natural infection is eight to 15 agslostits et al., 2007)
Affected horses may present mild lymphopenia, and hyperbilirubinemia due to anorexia, and
occasionallyazotaemigPorter et a].2003) While some horses show signs of an uncomplicated
infection by WNV, around 8% of exposed naive horses will display neurological disease
(Gardner et al., 2007A mild increase in rectal temperature to around 35%°C usually
accompanies the infection before muscle fasciculation of the face and neck, weakness, ataxia
and dysmetrigAngenvoort et al., 2013; Murgue et al., 2001; Porter et al., 2008pping of
eyelid, head tilt,tongue weakness, and muzzle deviatioaveal cranial nerve deficit.
Behavioural changes likely result from infection of thalamus, medulla, and pathslimited
viral load in the cerebrum, and rare direct lesions in the cereb@llalbambre & Long, 2014;
Porter et al., 2003; Toplu et al., 2016pmplicated casesf JEV may addibnally result in
blindness, coma, and dedouldet al, 1964) SLEV also cause incoordination, depression,
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and flaccid paralysiof hind limbgRosa et al., 2013)

Gross lesions are infrequently sedmit might consist omultifocal congestion and
haemorrhage within the medulla oblongata, midbrain, and spina(Radbstits et al., 2007)
Histopathological changes include a rmuppurative meningoencephalomyelitis with
multifocal glial noduleswhich usually contain a few neutrophils amidstd neuronophagia.

In most @ses, lesions are mild and confined to thin cuffs of lymphocytes, with fewer
macrophagesnostlyin the grey matter. The inflammatory changes and viral distribution are
concentrated in the brainstem and thoracolumbar spinal t@derebral cortex andregcal

cord are less affecte@Autorino et al., 2002; Cantile & Youssef, 2016; Porter et al., 2003;
Radostits et al., 2007; Toplu et al., 201A)eas of haemorrhage and malaajgoear irsevere
cases, especially in brainstem and the ventral horn of the thoracic and lunma&rcepd.
Axonal swelling, spheroid formation, and vacuolizationaseobserved Cantile & Youssef,
2016; Toplu et al., 2015Extraneural lesionslike hepatits and myocarditis, which occur in
avian WNV infection, do not occur in equine WNV infecti@@antile & Youssef, 2016;
Smedley et al., 2007)

Confirmatory diagnose is achievbg typicalclinical historyandclinical signs, to the
residence in a risk area and the season of infecharomplete blood count usually reveals
lymphopenia, whilethe CSF shows plasmacytic/lymphocytic pleocytosis congoirwith
increased protein concentratiamsley et al., 2002Most serological tests present cross
reactivity among flaviviruses; plaque reduction virus neutralization is the most reliable using a
90% neutralization threshol(DIE, 2019d) IgM ELISA to detect antibodies against nspl,
which is induced only by infection and not by vaccioatihas increased serological tests
reliability (Beck et al., 2017; Konishi et al., 2004Qther diagnostic techniques are
recommenddby the OIE accordingpttheirmethods and purposeBable 2). For postmortem
diagnosis, histopathology is ideaid should beorrelate with presence ofintigen by IHC and
viral RNA by RT-PCR (Delcambre & Long, 2014; Rosa et al., 2Q118)s recommended to
analysespinal cord sections and multiple CNS sites to increase the chances of finding a virus
rich focus(Cantile & Youssef, 2016; Del Piero et al., 2001his strategy also increases viral
isolation outcoméKleiboeker et al., 2004As WNV infection in horses coincide with a short
viremic phase of four to six days that is cleared by the onset of clinical signs, only animals with
RT-PCR positive results are meaningf(Angenvoort et al., 2013; Patel et al., 2013;
Scaramozzino et al., 2001$H to detecviral RNA in nerve fibres, axonal hillocks, spheroids,

glial cells and their processes, endothelial cells of the brainstem and spinassaido proven
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useful viruses are detected to a lesser extent within cerebral hemispheres amdlurereb
(Toplu et al., 2015)

Table 2: Methods available for the diagnosis oflaviviruses and their purposeusing
equine samples

Purpose
Immune
. status in
. Individual : : e
Population : Confirmation | Prevalence | individual
Method animal . : ; :
free from of clinical of infection/ | animals or
; : free from : ;
infection : : cases surveillance | populations
infection
post-
vaccination

Agent identification
Virus isolation (brain, spinal cord, blood)
Isolation in tissue

- ++42 ++(+) - -
culture
Molecular methods(brain, spinal cord, blood)
gRT-PCR ++P ++ ++(+) ++P -
Nested RTPCR - ++ +++ - -
Antigen detection(brain, spinal cord)
IHC - 1 - [ + [ - -
Detection of immune responséserum)
:Egll_\fls(fpture ++0 ++ P ++ ++0 ++0
Plaque_ reo!uction it +4b H(#) . +
neutralization
IFAT + + + + +

Modified from OIE (2019d, 2019h)+++ recommended method. ++(+) recommended method but might have
reduced sensitivitdepending on the virus:+ suitable method. +may be used in some situations, but cost,
reliability, or other factors severely limits its applicatiennot appropriate for this purposeLISA: enzyme
linked immunosorbent assay. IFAT: indirect fluorescent antibody test. IgM: immunoglobulin M. IHC:
immunohistochemistry. RPCR: reverse transcription polymerase chain reaction:BBR: realtime RT-PCR.

a7 for Japanese encephalitis virig. for WNF.

There is no specific treatment for flavivirus infection in horses and only supportive care
is performedLong, 2015a)Currently, there are four USDhcensedVNV vaccines for horses
that confer immunity for up to one yeand that should be applied in the spring, prior to the
onset of the vector seas(Balasuriya et al., 2015)Other effective preventive measures rely on
vector control and the use of repellefiteng, 2015a)

2.2.1.4.3 Family Peribunyaviridae(Arbovirus group C)
This family is composed byour generaOrthobunyavirusHerbevirus Pacuvirus,and
ShangavirugHughes et al., 2020Pespite the tremendous impact that all bunyaviruses have

on human and animal health, this review will focusienrotropicorthobunyaviruseshe 80-
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120 nmvirions are enveloped ammbntainthree distinct, singlstranded, negativeense RNA
segments coprising 11.212-5 kb in total Fig. 15) (Hughes et al., 2020The large segment

(L) encodes the L protein, which has RNlkected RNA polymerase and endonuclease
functions, the medium segment (M) encodes s$tructural glycoproteingsn (aminoterminal
coding) and Gc (carboxytterminal coding, and some viruses like th&unyamwera
orthobunyavirus encode a nestructural protein (8§m T movement protein The small
segment (S) encodes the nucleocapsid protein (N), abundant in infected cells, and the non
structural pragin (NS)(Elliot & Schmaljohn, 2013; Hughes et al., 2020)

Fig. 15: Orthobunyavirus genome structure

i O ——

L segment | L (polymerase)
6875 nt :
cill IR Y — Y
M segment Gn Nsm Ge
| 4458 nt ]

3 o 5
N NS
|

|
961 nt

S segment

»
>

Bunyamwera orthobunyavirfBUNV) genome, segmented coding. Genomic RNAs are represented by tl
lines,abovethe gene products (colored blockse shownThe length is given in nucleotides (nt). Gc and
envelope glycoproteins. N: ribonucleoprotein. NS: nonstructuragioret Nsm: nonstructural protein. Modif
from Elliot & Schmaljohn 2013.

More tharllOOviruses compose th@rthobunyavirugamily, all associated anosquite
borne pathogensansmittedby Aedesspp., Culicoidesspp., Culisetaspp.,and Culex spp.
(Cardoso et al., 2015; Sakkas et al., 20A8)ariety of small mammals and birds serve as virus
reservoirsfor these worldwidalistributed virusegAppendix 3). The most importanCNS
pathogens for horses are the Maguari virus (MAGNuro et al., 2015)Snowshoe hare virus
(Heath et al., 1989and Main DraifEmmons et al., 1983present in the Americagnd Shuni
virus detected in Afric@van Eeden et al., 20123till, there are humaliebrile andneurotropic
viruses likeFort Sherman viru@liveira Filho et al., 2020and Cache Valley viru@Vilson et
al., 2017) respectivelydetected in serologicahssays in horsedut their role in virus
transmission and maintenanegnainyet unddéermined

The infection cycle and the cytoplasmic replication undergone by bunyaviruses in
equine infections is similar to the mosquidorne flavivirusegElliot & Schmaljohn, 2013)

33



Literature review

The virus atries host cells through clathrimediated endocytosi$lughes et al., 2020and
the cytopathic effects vary widely between the virus speldiestons are the primary target of
CNS infectionin mice modelg¢ProencaModena et al., 2016)

Main infection signs are characterized as aborts and teratogenic effects, especially in
ruminants, and CNS slktase in horses suggestive of multifocal lesibria cerebral and
cerebellar cortices, thalamus, brainstem, cranial nerve nuclei, and possibly spir{&deziid
et al., 1989; Hoffmann et al., 2013; Tauro et al., 20C&ical signsincludeincoordination,
ataxia, stiffness of the neck, heprkssingcircling, inability to swallow, fever, tachycardia
and muscle spasn(Emmons et al., 1983; Heath et al., 198H)stologcal lesions are
predominantly found in the cerebral cortex, and characterized as histiocytic and
lymphaplasmacytianeningoencephalitis, with thigkerivascularcuffs, multifocal necrotizing
panencephalitisand neuronal necrogi€antile & Youssef2016; Heath et al., 1989)he CSF
demonstrates a mild leucocytosis (primarily lymphocytic) and the hemagglutination inhibition
seroconversion usually reveals more than one antigen simultaneDisgllay of compatible
symptoms associated to positivewsa IgM detected with ELISA is considered diagnostic for
acute infections in humans. Diagnosis can also be estabbghedis isolation and molecular
detection ofthe viral RNA segments S or MRomercAlvarez & Escobar, 2018)Specific
control measures are not determirsedfar (Goehring, 2008Sakkas et al., 2018However,
deforestation and cultivation of land are risk factdrss potentially brings susceptible animals

such as the horse (and people) in contact with the vector and the virus reservoi

2.2.1.4.4 Family Reoviridae

Two viruses from th®rbivirus genus cause sporadically fatal neurological disease in
horses, th&quine encephalosigrus in Africa and théeruvian horse sickness virasPeru
and Australia. They are transmitted to horses through biting midge<ubooidesspp. and
mosquitos, respectivelAttoui & Mohd Jaafar, 2015)

2.2.1.5 Paramyxovirus encephalitis

Paramyxoviruseare enveloped pleomorphic virions with cytoplasmic replication. They
contain a norsegmented negativsinglestranded RNA §sRNA genome, which lengths
between 4.6 to 20.1 kb and encodesix genesthat produce sixcorrespondent structural
proteinsN, P, M, F, G, L(Fig. 16) (Rima et al., 2019)The nucleocapsid protein (N),
phosphoprotein (P), and large protein ignesprovide RNA polymerase activitgnd are
necessarfor replication The glycoproteigene(G) encodes the respective protein the viral

attachmento the host cell surface and the fusion proggne(F) for viral membranduseand
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viral releag into the host celiit also inducesyncytia formationwhile the matrix proteigene

(M) encodes the protein fatirion buddingand reduces host immune response to the virus
(reviewedby Dawes & Freiberg, 2019)wo relatively new viruses that can cause encephalitis
in horses within th@aramyxoviridadamily, Nipahhenipavirus (NiV) andHendrahenipavirus
(HeV), belong to theHenipavirusgenus, and although apparently geographically restricted,
there are further evidences that similar viruses are circulating ipteoopid fruit bats across
the world(Mortlock et al., 2015; Mleya et al., 2014; Rima et al., 2019)

Fig. 16: Henipavirus genome organization
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Genome structure not to scale. Each box represents sepé#inatslyencodedorotein by its correspondent ge
slashes indicate where multiple distinct open reading frames are present within mRNA traéecletscapsit
associated proteinbt - RNA-binding nucleocapsid protegi® (V,C)- polymeiaseassociated phosphoproteln-
large protein. Membranassociated proteind/ - matrix protein envelope proteing F - fusion protein ands -
glycoprotein.Modified from Rima et al. (2019).

Nipah encephalitis, an emerging disease characterized by severe and rapidly progressive
encephalitis anpneumoniaaffects humans and several animals spetiésis beemetected
in Malaysia, Cambodia, India, Bangladeahd PhilippinegCantile & Youssef, 2016; Ching
et al., 2@5; Weatherman et al., 2018)he fruit bat flying fox(Pteropusspp) is the natural
reservoir host of NiV, and spreads the disease horizontally tcapiysrumans(Hinchcliff,
2014) Pigs are the most susceptial@mal but natural infection by direct contact with swine
has also beerepated in horses, cats, goats, and dogs. Morbidity rates in pigs are ~10%, with
case mortality rates &f15%. The incubation period is estimated to K&WeekslIn pigs, he
virus targets the CNS and overcomes the blo@ih barrier through infection of &n
endothelial cells and results in acute onset of nervous signs, like trembling, seizures, or tetanus
like spasms. Respiratory disease is also observed, characterized by signs of acute dyspnoea
labouredand harsh respiration, opemouth breathingndsevere cough. Additionally, abortion
may occur to pregnant soGantile & Youssef, 2016; Clayton, 2017; Hooper & Williamson,
2000) Neurological symptoms in horses presumably infected by NiV consist of head tilt,
circling, and ataxia. However, no lesions or diagnostic tests were carried out, and infection is
basedon the report of human cases of encephalitis by NiV in the same villages in Philippines,
few months late(Ching et al., 2015)
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Hendraencephalitiss a rareemerging zoonosis affecting horséshas beeretected
in Queensland and New South Walegf\ustralia, andike NiV, the reservoir hosts aflying
foxes However,transmission of HeV from bats to horsesrase. There is epidemiologic
evidence of horseo-horse transmission, particularipn stables or veternary clinics, and
through surface aequipmentontaminatedby infectious fluidgSavageet al., 2014)

There is little pathologic information available frgmostmortemnaturally infected
animals.Lesionsare similar tothose observed with NiV, where the characteristic histologic
lesion is vasculitis with fibrinoid degeneration and necrosis of the vascular wall. This lesion
typically involves smaller vessels in lung, brain, meninges, spleen, lymph nodes, and kidney.
Sevee involvement of the lung is common, with diffuse areas of necrotizing alveolitis and
marked fibrinous alveolar exudates accounting for the respiratory signs. Syncytial cells may
also develop irvacular and lymphatiendothelium, and respiratory epittaland lymphoid
cells (Middleton, 2014; Savage et al., 201After an incubation time varying from 4 to 16
days, horses may develop severe, acute, febrile respiratory disease, sometimes accompanied by
facial swelling, ataxia, and terminally, copious frothy nasal disenasdhe result of pulmonary
oedema Recently, neurological signs have predominated in outbreaks, where the animals
display signs of hypersensitivity, ataxia, disorientation, facial paralysis, head tilt, circling, head
pressing, and strangu¢Field et al., 2010)

NiV and HeV are biosafety level 4 (BSL4) agents and all diagnostic methods that
involve viral cultures, blood samples, aftdsh tissues must be performed with appropriate
biosafety standard§erological tests like virus neutralization and ELISA are available, they
provide definitive antibody identification and screening, respectifjerentiating infected
from vaccinategnimals (DIVA) assaymight be also carried outentification of the agent is
achieved with virus isolatioand nucleic acid detection with conventional-RCR and gRT
PCRfor N, M, P, and L genegeviewedin OIE, 2019c; Tong et al., 20Q8HC to detect
henipavirus nucleoprotein is a safe tool, but still not widelylavig; suitable tissues are lung,
brain, lymph nodes, spleen, and kidney, and occasionally vasculaf@&|s2019e)There is
no specific treatment for horses infected by henipaviruses and only a vaccine for HeV
EquiVac® HeV- is available(Middleton et al., 2014)so other preventive measures to avoid
human and other animal species infection should aim to reduce contact with flying fox

secretions and infected tissues/secret{@avage et al., 2014)
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2.2.1.6 Miscellaneous viral encephalitis
Equine infectious anaemia (immumediated encephalitis)

The lentivirus causing the equine infectious anaemid)(Esl found almost worldwide
andis also widespread in Brazi{Tigre et al., 2017)Although it rarely causes primagNS
disease, ElAs an immunosuppressive conditittrat allows ceinfections like byTrypanosoma
evansito severelyreduce athlete horses performaKgi@iewedby Parreira et al., 2016IA
is mechartally transmitted byrabanidadlies (the same vector fdr. evang), or iatrogenically
(Mealey, 2014)

General clinical gins involve weight loss, cyclic anaemia and thrombocytopenia, fever,
hypergammaglobulinemia, oedema, and haemorrhage (Surataérd995; Oaks et al1998).
Most horses that develop chronic disease will decreasingly present signs over about a year, and
after that, they remain clinically normébellon et al., 1994)CNS signscanoccur asbrain
and/or spinal manifestationsuch adlindness, seizures, ataxia, and sudden dé€xdks et al.,
2004) Microscopic postmortem lesions are characterized by a nonsuppurative granulomatous
ependymitis, meningitis, and encephalomye(@sks et al., 2004)There are focal to locally
extensive infiltrations of lymphocytes, plasma cells, macrophages, and occasional giant cells
(Summerst al, 1995).

Clinical diagnosis can be confirmed bELISA complemented byagar gel
immunodiffusion testAGID or Coggins testjor detection op26 antigen with blood or spleen
pulp samplegOIE, 2019c) Foals nursing infectedams might béesed positive temporarily,
and recently infected horses mhbg tesed negative. As with other retrovirus infections, a
positive serological result can be confirmed by western immunoblot analysis and the presence
of proviral DNA in peripheral blood leukocyteordirmed by virusspecific PCR assay
(MacLachlan & Dubovi, 2011; Nagarajan & Simard, 2001; Oaksal, 1998) Virus
transmission in enzootic areas may be reduced by stabling horses irsewestfacilities
during those times of the year (summer) and that time of the day (dusk) when biting insects are
most active. Careful hygienean avoid iatrogenic transmission. EIAV infection now is
controlled in many countries, including Brazgropositive horses are either euthanised or kept
in quarantine for the stof their lives(MacLachlan & Dubovi, 2011; Schneider et al., 2014)

Auj eszkyods disease

Auj e s z k yiéasokdaws as pseuglorabies, mad itch, infectious bulbar paralysis,
or porcine herpesvirus infectipand is caused by tl&uid herpesvirus (SuHV-1) (Cantile &
Youssef, 2016)The disease is worldwide endemic in domestic and feral swineh are he

primary reservoirsywho shed the virus in saliva, nasal secretions, and aborted m&erial.
37



Literature review

rats may also contribute to fasto-farm distribution Other susceptible/accidental hosts include
dogs, cats, horses, cattle, sheep, and goats, and theigsiaenmay occur via ingestion,
inhalation, or bite¢reviewedby Long, 2015b) The disease is rare in horses but when infected,
they become febrile after one week intranasal and conjunctive inocu(&timman et al.,
1991) The primary behavioural change sually frenzy, followed by severely ataxic animals,
progressing to recumbency. Other signs observed are anorexia, depression, muscle tremors,
hyperexcitability, chewing, hypersalivation, pruritus, and-seltilation. Severe cortical signs
are observed asead pressing, nystagmus, iridocyclitis, and blindiflesag, 2015b; van den
Ingh et al., 1990)

For the diagnosis, a variety of rhets of antigen detection in brain tisseas be used
as well agsiral isolation, IHC, PCRISH and serological tests as neutralization test and ELISA
(van den Ingh et al., 19907t necropsy of affected horses, no specific gross lesae
observed. Microscopically, the predominant lesiamnsist of severe nonsuppurative
meningoencephaliticharacterized by marked perivascular cuffing of mononuclear cells,
accompanied by focal gliosiseuronal degeneration, neuronophagia and sag#{Cantile &
Youssef, 2016; Long, 2015aAcidophilic intranuclear inclusion bodies in neurons and
astrogliacan beobserved in all susceptible species, including pigs, with some morphologic
differences. In pigs, these inclusions are often solid and amphophilic, while in other species,
they are characterized as multiple sagainular inclusiongCantile & Youssef, 2016)here
is no vaccine available for horses, therefore, prevention of infections is achieved with
biosecurity, vaccination and identification of latentlyeicted domestic swine, and implement

measures to restrict the contact of horses with feral snenewedby Long, 2015h)

2.2.2 Parasitic encephalitis

Parasitic infections of the CNS of equine are relatively uncommon. However, as
parasitesare widespread in the environment and several prophylactic therapies are available,
infections by parasites might be good indicators of poor sanitary conditions and management
failures in a her@Dubey et al., 2015; Ehizibolo et al., 2012; Furr, 2015a; Laugier et al.,.2012)

2.2.2.1 Protozoa
2.2.2.1.1 Equine protozoal myeloencephalitis (EPM)

EPM is mainly caused bthe ApicomplexaSarcocystis neurondess commonly by
Neospora hughesand was attributed tboxoplasma gondin the pas{Cusick et al., 1974;
Dubey et al., 2015; Furr & Howe, 2019)hese protozoa parasites wa® hosts during their
life cycle (Lucius et al.,, 2018)For S. neuronathe opossumDidelphis spp.) is the best
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describedefinitive host, while fofT. gondiiare wild and domestic feline, and fdr hughes;j

is still unknown(Mehlhorn, 2016; Witonsky et al., 2014) wide range of warnblooded
vertebrates serve as intermediate/aberrant hosts, including horses and (Dubayset al.,
2015) Due to its significant relevance compared to other protozoa, this revision will focus on
S. neuronanfection.

Therisk factors associated with tirectionof horses aréhe admission of sick animals
in veterinary facilities during fall, hay storage seicure from wildlifegxposure of horses for
races/showsage between-% years, previous diagnosis of EPM on the premises, and a recent
adverse health everiMorley et al., 2008; Saville et al., 200@erologicalsurveyshave
confirmedthe widespread distribution of parasites in the Americas, wéemenantibodies
againstS. neuronahave beerdetectedn up to 42%horses witin a herd, Neosporaspp.in
48% and Toxoplasmaspp.in 47% (Borges et al., 2017; Cazarotto et al., 2016; Dubey et al.,
1999; Evers et al., 2013; Gennari et al., 2016; Magalhdes et al., 2017; Masri et al., 1992; Portella
et al., 2017; Ribeiro et al., 2016; Venturi et al., 2017)

The transmission cycle starts when the definitive hest. possum) sheds parasites
with their faecesand the intermediate host (horse) feeds on contaminated (sporocysts) food or
soil (Fig. 17). After hematogenous spread to the CNS, most likely within lymykesc S.
neuronamay localise in any area, from cerebrum to spinal cord, but is not found in peripheral
nerves(Witonsky et al., 2014)Merozoites and schizonts may be observed in a variety of cell
types in the CNS of horses with EPM, including neurons, mononuclear caligjlial cells
(Dubey, 1974)

The incubationperiod after experimental infectiowith S. neuronan young horses
ranges from 28 to 42 days, lhis is unknown for the natural diseafeenger et al., 1997)
Affected horsetend to bédright and alert with normal vital signshile a wide range of clinical
signshave beemeported. Ataxia, limb weakness, and lameness are highly suggestive of EPM,
esped@lly if asymmetry of lesions is presumédowe et al., 2015; Radostits et al., 2007,
Witonsky et al., 2014)Cerebral and brainstem inw@ment are characterized by depression,
head tilt, facial paralysis, and difficulty in swallowin{Reed et al., 2016; Witonsky et al.,
2014) Spinal cord ataxia is eviden@as hype or hypermetriaweakness, and defects in
proprioception(Radostits et al., 2007Multifocal spiral or cervical diseaded to dysfunction
of all four limbs while lesions caudal to the cervical intumescence cause signs in the rear limbs
only. Additionally, signs of cauda equine syndrome and asymmetric muscle atrophy are also
associated to lesions time spinal cordRadostits et al., 2007As the parasite may move agpn

the CNSclinical signs onset can expand to vestibular diseas#ateral facial nerve paralysis,
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dysphagia, tongue paralysis, masseter atrophy, anshlygsia(Howe et &, 2015; Radostits
et al., 2007; Reed et al., 2016)

Fig. 17: Sarcocystis neurona transmission cycle

Definitive host
. Parasite's sexual
Sarcocysts reproduction in the
in tissues ~ intestinal epithelium
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The transmission cycle starts within the small intestine walls of the definitive host (opossum). Ti
infective tissue cysts that contain bradyzoites and that were ingested by the opossum will transform
and female gamonts without replicatiorhen the female is fertilised by the male, which produces oocys
oocyst sporulates in the lamina propria of the intestine and produces spofggysteh with four sporozoit:
ithese are found in the opforsthatwilbbe indestesl byete intermeti
hostand/or dead end ho@torse). Inthe intermediate hosthere will be sporozoitésp2) release and invasi
of intermediate’s host intestinal epithelium. There, asexual multiplication (endopolygeny) occurs

tissues, producing schizogonies, maturing to schiz@atg. Merozoites are released by schizonts giver
to sarcocystés), the encysted stage. The sarcocysts are in a parasitophorous vacuole within the host ¢
It is suggested th&. neuronamultiplies in visceral tissues, lungs, and héarades the CNSModified frorr
Dubey et al. (2015), Fayer, Esposito & Dubey &01Witonsky et al. (2014), and Mehlhorn (20
Illustration prepared on Inkscape®© with VectorStock® royalty free icons.

In the horse, gross lesions are present orgguere cases and are restricted to the CNS.
They range from a multifocal acute haemorrhage to the subacute and chronic discrete multifocal
grey to dark yellow areas, and foci of malacia. Although the brainstem is more often involved,
the lesions are moreefquently seen in multiple segments of the spinal cord. Rarely, lesions
may be present in both brain and the spinal ¢Gahtile & Youssef, 2016; Dubey et al., 2015;
Mayhew et al., 1978Histological lesions are usually moderate to severe and characterized by
multifocal are@s of necrosis, malacia wiffresenceof gitter cells, gliosis, and infiltration of
large numbers of lymphocytes, histiocytes, plasma cells, and fewer eosinophils and neutrophils
and additionakevere involvement of the meninges. There might be multitocabalescing
areas of haemorrhagandthe blood vessels have swollattivated endotheliumParticularly

in spinalcord sections, there is axonal swelling or Jbesides the appearance of spheroids and
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digestion chambergCantile & Youssef, 2016; Dubey et al., 2015; MacKay et al., 2000)
Chronic lesions are seldom obgeil as most of the affected horses die or are eattthduring
the acute stage, or may have been tre@Bey et al., 1990) When present, however, the
inflammation can be predominantly histiocytic with occasional eosinophils and multinucleated
giant ells (Cantile & Youssef, 2016; Dubey et al., 2015; MacKay et al., 2000)

The number of parasitic stages present are often few and fisdmeguronanerozoites
or schizonts can be a challenge. Developmental stages are more easily seen if organisms are
presentwithin neurons rather than in inflammatory ceglBubey et al., 2015)Either way,
parasiticorganismsan beseen in association with lesions in fewer tb@fno of the cases (10
to 36%) and serial sections must be examined in most (Begst al., 1990; Hamir et al.,
1993; Witonsky et al., 2014MatureS. neuronaschizonts are oval or irregularly round, have
very thin walls (<0.5um), are up to 2@um in diameter, and contain a few basophilic ovoid
merozoites um x 1.5um, and are the onlgtructure ofS. neuronasurely identified in horses
In earlystages the uninucleate schizont sometimes resembles a macrophage or a degenerated
host cell(Witonsky et al., 2014)Finding multiple nucleolin a nucleus helps distinguish
neuronafrom degenerating host celf8vitonsky et al., 2014)Schizonts and merozoites are
periodic acidSchiff (PAS) reaction negative, strongly basophilic, and agyroph@dbeacKay
et al.,, 2000; Witonsky et al., 2014These stages are observed in neurons, giald, cel
neutrophils, and in macrophag&bey et al., 2015 he sarcocysts, incidental findings within
cattle muscldibres arelocated witln a parasitophorous vacuole in the hoslt cytoplasm,
lengthening approximately 700 um with a cyst wall from 1 to 3 um thick, filled with bradyzoites
with 5 pum in length(Dubey, 1976; Dubey et al., 2019)he infective developmental stage,
sporocystsin the definitive host, can be found in tongue and other skeletal muscleS. The
neuronasporocyst is round (5000 um) or elongate (50@um long and 4Qum wide), and
contains a number of bradyzoitgantile & Youssef, 2016)

Definitive diagnosis in live horses is challengibgtection ofS. neuronar N. hughesi
antibodies in serum and cerebrospinal fluid by immunoblot testssible Other serological
tests available are direct agglutination, IFAT, &ldSA (Duarte et al., 2004; Ellison et al.,
2003; Lindsay & Dubey, 2001However, positive results fnindicate exposure, and active
disease is only considered if positive serology is accompanied by the onset of weakness and
acute ataxia(Cantile & Yaussef, 2016; Granstrom et al., 1993¢sidesthe gold standard for
diagnosis remains poestortem identification of characteristic lesions and parasites in the CNS
(Witonsky et al., 2014)
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IHC can becarried out to detesichizonts within neuronal cytoplag@ranstrom et al.,
1991; Hamir et al., 1993; Masri et al., 1992nd bananahaped merozoites within
inflammatory cells, glial cells, vascular endothelium and extracellularly in the ne(Dopiey
& Hamir, 2000; Paixacet al., 2007) However, parasite reactivity is variable, as immature
sarcocysts react brilliantly and mature sarcocgststained irregularly or not at all within the
same histological sectigbubey et al., 2014; Thomas et al., 2Q0lecular detection of the
small subunit ribosoal RNA geng18S ss rRNApy PCRhas the advantage to detect several
apicomplexa that may be infective for horsesile the internal transcribed spacer 1 (ITS1)
detects the parasites in a restricted range, but at the specig&&htberget al, 2017; Miller
et al., 2009)However, if usingCSF, positive results can only be detected if parasites are present
(Marsh et al., 1996Brain, heart, and skeletal muscle fragmesaiected during the rmeopsy
offer a higher opportunity to detect parasitic stagegherparasitic life stagesight be present
(Dubey et al., 2015)

Horses sspected to be infected by EPM shoblel treated aquick as possiblesince
appropriate treatment resultstimerecoveryof 70-75% horsesApproved ati-protozoal drugs
are currently administereabsociatedvith antrinflammatories along with adequate ritibnal
support(Dubey et al., 2015; Kennedy et al., 2001; Radostits et al., 200 Bffectively kill S.
neuronasporocysts in feed or in the environment, Dubey g@bD2)heated them &5°C for
15 minutes or 60°C for one minute or more. The use of donsssiitisers, o the other hand,
is ineffective(Dubey et al., 2002)rhus, strategies to prevent infecsamould aim to minimise
natural reservoirs access to feeds and pastures. Horse feed should be protecteldilifern wi
access, and the same treatment should be given to domestic anin{dMo#ay et al., 2000;
Saville et al., 2000)Prompt treatment of illness and injury, monitor of pregnant mares, and
management of stresssociated to thesmnditionsmay alsobe beneficl (Witonsky et al.,
2014)

2.2.2.1.2 Trypanosomiasis

The flagellate Euglen@a parasites include some of the most important pathogens of
tropical diseass, like Chagas in humans caused bypanosoma crufiucius et al., 20181In
horses, Dourine,aused byl. equiperdumis primarily a venereal disease, transmitted through
seminal fluid and mucous membranes of the genitalia of the infected animal durindBaitus
et al., 1998) Therefore, the disease is almost exclugiy@esentin stallions and breeding
mares dthough foals infected witkthe parasitenay indicate an additional transmission route
during parturition or through the mifOIE, 2019a) Infections occur mainly in the Balkans,

most of the African continent, Asia, and South Ame(i8ehlafer & Foster, 2016 he signs
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of Dourine are divided in genital, cutaneous, nervous, and general manifestations, and might be
obsered separately or concurrently. The nervous manifestations develop tis=aseand

usually lead to deat{Schlafer & Foster, 2016)nitially, there is hyperesthesia, followed by
diminished sensitivity and/or aesthesia, accompanied by paresis or paralysis of individual
motor nerves, usually from the fag@ummerst al, 1995; Schlafe& Foster2016). Evidence

of a predominantly nsuppurative meningoencephalitis, hambog the parasite, has been
found anded tochanges inthe CSF (Summerst al, 1995).In the spinal cord, degenerative
lesions in whiteg(axonal degeneratiorgnd grey mattefneuronal degeneratiom@ye reported
(Yasine etl., 2019) There is neuropathy especially of large trunks in the lumbar and fifth and
seventh cranial nerves, accompanied by mononuclear cells, fibrosis of the perineurium and
oedemgSchlafer & Foster, 2016Piagnosis depends on the onset of clinical signs combined
with serological complement fixation tests. There is no vaccine available, and the most effective
control measure is the slaughter of infected anirf@Ig, 2019a)

Caused byT. evansj Surrais transmitted by lbod-sucking insects of the genera
TabanusStomoxysAtylotus andLyperosia(Brun et al., 1998)In South and Central America,
it might be also transmitted by vampire bd®$modus rotundiiswhich serve as both utor
and reservoir hogHoare, 1965)It can also bdirectly transmitted through milk or coit(®IE,
20199g) Moreover,T. evansioccurs also in Africa and AsiBrun et al., 1998)The clinical
signs are characterized by fever and anaemia, emaciation, oedema, cachexia, amdentlarg
of the lymph nodes and spleen. SimilarlyRourine, neurological signs appear late in the
disease, and are manifested as encephalic and medullar alterations, as hind limb paresis,
wobbling, incoordination, and reluctaamto move(Rodrigues et al., 2009; Rodrigues et al.,
2005)

In the hstology, T. evansiinfections present a severe necrotizing -sappurative
parencephalitis or meningoencephalitis affegtiboth grey and white matter, with thick
perivascular cuffs in which Mott cells are obser@@ddrigues et al., 2009; Seileral, 1981)

IHC demonstrates parasites in the VirchBabin spaces and in the neurdjitbdrigues et al.,

2009) The parasite can be also identified in thick or thin blood films, and in fine needle
aspirates from lymph nodes, or its DNA detected with PCR. For ak tleehiniques, false
negative results are frequent when parasitaemia is low, like in chronic infection. Treatment is
performed with diminazene aceturate, although drug resistance has been ré&porteds
potentially zoonotic, therefore, suspicious, andfdected samples should be handled with
proper biosafety measur@3IE, 20199)
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2.2.2.2 Helminths

Although a substantial number of worms might cause neurologic disease in horses, their
presence in the CNSusually due to erratic migratiar infestation of an aberrant h@g&tantile
& Youssef, 2016) Both conditionshave sporadicallybeenreported worldwide and are of
considerable importance for equiaed humarhealth(Onyiche et al., 2018; Summers et al.,
1995)

Infections can becausedby the nematodestrongylus vulgaris Angiostrangylus
cantonensis Draschia megastoma(Habronema muscae Halicephalobus gingivalis
Parelaphostrongylus tenyiSetaria digitata(cerebrospinal nematodiasiandSetaria labiate
papillosa(Cantile & Youssef, 2016; Frauenfeldetral, 1980; Littleet al, 1974; Mayhewet
al., 1982) How they infect horses unclear in several cases, but contaminated wounds in the
mouth, skin, and eydmve beewronsidered followed by hematogenous spread, along with eggs
shed infaecesand urine, accidentally ingestédnyiche et al., 2018; Radostits et al., 2007)

Affected horses may show vable symptoms, such as lethargyehavioural
abnormalities, circlingataxia,subluxation of atlant@ccipital joint (CXC5), head tilt,cranial
nerve signsand blindnesé~urr, 2015a; Hermosilla et al., 2011; Radostits et al., 2007; Tanabe
et al., 2007)

Gross lesiongn the CNSvary from localizecdbedemgTanabe et al., 20079 malacic
areas associated to parasite trg®lasconcelogt al, 2007) Like theinfection in other organs,

P. tenuisproduce a granulomatous eosinophilic inflammation, accompanied by eggs, larvae,
and adult parasitganabe et al., 2007Alternatively, in a case of acquired cervical scoliosis,
P. tenuided toextensive necrosis with proliferation of perivascular collagehe spinal cord,
spheroids, reactive astrocytes and dehiiesd macrophages scatteredithin a mild
inflammation composkemostly of lymphocytes with occasional eosinopf¥an Biervliet et

al.,, 2004) Horses affected withH. gingivalis produce predominant granulomatous
inflammatory infiltration of brain and meninges, with variable amounts of eosinophils,
numerous macrophages, and giant og¢llsrmosilla et al., 2011; reswvedby Onyiche et al.,
2018) Similar inflammatory lesions are observed in the kidndigseminatedhfections, and
skin (Furr, 2015a; Ruggles et al., 1998gtariaspp. aranvolvedin ocularfilariasis, while the
lesions in the CNS consist of focal areas of malacia, loss of myelomabswelling,
degeneration andccurrence ofjitter cells(Radostits etlg 2007) Larvae and adult parasites

of S. vulgarisare frequently observed withiomen ofmesenteric arteriegropitiatingtheir
hematogenous spread. In the CNSpeciallyin the cerebromedullarpathways, larvae

migration producebaemorrhagidracts of necrosis (Summegs al, 1995). As opposed te.
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tenuisparasites, which usually remain in the CNS, ascarids and strongyles are expected to be
on the move. Therefore, to find these parasites ibghdifficult, even in the early stages of
clinical signs onsefCantile & Youssef2016) By the time the parasites reach the CNS, few
treatment approaches are successful, and diagnosis is usually made during neassoksgn

parasite morphometry, tissue tropism, and geographic (&oge 2015a; Tanabe et al., 2007)

2.2.2.3 Arthropods

The only arthropod larvae known to migrate through the spinal canal of horses belong
to the flies ofHypoderma bovigCantile & Youssef, 2016; Furr, 2015&Yhile thesearasites
have cattle as natural hosts, in horses the larvae do not complete their lifeHcylotevis
migrates in the epidural fat of the spinal cord canal and produces acute neurologic disease.
Clinical signs are the sudden onset of muscular weakness osdoqadralysis that proceeds
to profound loss of motor control, convulsions, and death within a day to a week. This sudden
onset should be differentiated from traumatic injgRadostits et al., 2007Hadlow et al.
(1977) also described stumbling gait in circle, along with right side mouth drooping. Focal
extensivehaemorrhagere the main macroscopic and microscopic findings. There is moderate

neutrophilic and eosinophilic infiltrate around vesgeladlow et al., 1977)

2.2.3 Bacterial encephalitis

Bacterial infectios of the CNS of horsemreuncommon, affectingp to 10%of animals
surveyedLaugier et al., 2009)At least half of the cases refer to horses less than 6 months old
that havecomplications okepticaemiar secondary infection&somes et al., 2010; Morreg
et al., 2011; Viu et al., 2012pther possible routes of bacterial colonizatbmaurafterseptic
traumatic lesions the heagandingeston of contaminated foo(Baker & Ellis, 1981; Kaplan
& Moore, 1996; Smith et gl.2004) Immunosuppressed animals are also described as
susceptible to bacterial infectiofRelegrini-Masini et al., 2005)Despite the rarity of primary
bacterial infections in the CN&jsteria monocytogenesnd Borrelia burgdorferisensu lato
engagesignificantly as human and animal pathogéhterberger & Wagner, 2010)

L. monocytogenes an aerobiagram-positive rod found in naturat causebsteriosis
more frequently in sheep, cattle, goats, and chickRadostits et al., 2007Horses are rarely
infected, but it happens usually due to sgbddage fed incompletely fermented and with pH
above 5.5, during winter and early spr{@antile & Youssef, 2016).. monocytogenaavades
the apical side of intestinal epithelial cells and disseminates to neighbouring ones via plasma
membrane protrusions, which guarantees the organism will avoid the host defence mechanisms.

Damagedral, nasal, or ocular mucosa are also viable entries to the CNS, where the bacteria
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invade the trigeminal nerves and travel centripetally via axons to the(Geaitile & Youssef,
2016) Besides neurological sigihslepression, weakness, and seizutesseriosis is related to
septicaemia, keratoonjunctivitis, abortion, and didroea in horse¢Revold et al., 2015;
Rutten et al., 2006; Wilkins et al., 200Qisteriahas a remarkable affinity for the brainstem.
Histologically, mononuclear perivascular cuffing, especially in the medulla and pons, and less
severe in the thalamus and in the cervical parts of the spinal cord is present. The cuffs are
composd mainly of lymphocytes and histiocytes with a few admixed neutrophils and
eosinophils; granulocytes predominate in some q&mgile & Youssef, 2016; Seino & Long,
2014) Typically, this is accompanied by microabscess and occasionally spheroids. A
diagnostic pathognomonic finding of listerial encephalitis is gram staining of the CNS that
demonstrates gramositive intramonocytic or intraneutrophilic bacilli in association with
lesions (Cantile & Youssef, 2016)Imaging techniques, like computed tomography and
magnetic resonanee used in equine clinics to provide precise locatidtreptococcuspp.,
Pseudomonas aerugingsandE. coli suppurative infections and abscedgdken et al., 1987;
Audigié et al., 2004; Cornelisse et al., 20@hy can beneficiate listeriosis diagnosis as in
human medicingdHatipoglu et al., 2007)IHC to demonstrate &igen of L. monocytogenes
serotype 1/ 2a has already successf(Ddmingo been
et al., 1986)Listeriosis can be treated with most antibiotics available for equine, as long as
carried out through an adequate (usually long) period, and preventive meas\giss @o
adequate feed managem@radostits et al., 2007; Revold et al., 2015)

B. burgdorferiis a gramnegativespirochete transmittethostly by Ixodesticks and
causes Lyme neuroborreliogiBivers et al., 2018)Pathogenicity ofB. burgdrferi relieson
the spirocheteattachment to a receptor with the otdgerface protein (OspAgxpressed in the
midgut of infected ticks which allows the pathogeno remain in thetick. Also,
immunosuppressioand migration through connective tissues leeg factorsthat help the
organismto protect from humoral antibodiéBivers et al., 2018; Johnstone et al., 2016)

Neuroborreliosis iglescribedwith signs ofmuscle atrophy and weight loss, cranial
nerve deficit, ataxidby general proprioceptive deficits in conjunction with limb paresis
respiratory distress, uveitis, fever, joint effusiamd cardiac arrhythmis(Johnstone et al.,
2016) A lymphohistiocyticinfiltration of the leptomeninges and the vessel walls mightladso
present duringnfection withB. burgdorferiin horses, accompanied by reactive astrogliosis and
Wallerian degeneratiodames et al., 2010; Johnstone et al., 20%6)erosing vasculitis,
cranial and peripheral ganglionitis, radiculoneuritis, and neuritis are also reported, with fewer

lesions affecting the parenchyma of the bemdspinal cordJohnstone et al., 2016)
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To detect infections byB. burgdorferj serological tests are the gold standérd
combined in a twsstep protocol (i.e. ELISA or IFAT confirmed by Western b(@&3sile et al.,
2017) Histology is aeliable testalso in combination witlspirochete detection (i.e. Warthin
Starry or Steiner staining), PCR, and Ii@ai et al., 2011; James et al., 2010; Johnstone et
al., 2016) Treatments achieved withantibiotics,extrapolated from human guidelineghile

prevention is better achieved by avoiding tick infestati@isers et al., 2018)

2.2.4 Mycotic encephalitis

Mycotic encephalitiss rare in horses anghost oftenasso@atedwith complicatiors of
guttural pouch mycosis or fungal sinusitisMc Lau g h | i n & Th@se bonditiensgre 19 8 6
usually related tdAspergillusspp. infections, presenting napecific clinical signs, usually
with brainstem and cerebral involvementlysphagia, heh shaking, ataxia, blindness, and
seizures. Histological lesiornsist ofinfiltration with neutrophils and mononuclear cells,
along with thrombosis of vessels, and fungal elemédRtar, 2015c) Infections with
Cryptococcus neoformanted to chronic granulomatous inflammation, usualiy the
respiratory tracbf immunocompromised animals. The same lesgarsbefound in cases of
meningitis and encephalit{®arclay & DeLahunta, 1979; Cho et al., 1986; Hart et al., 2008)
Direct mycotic transfer from a piexisting lesion, like in sinusitis, might produce seydarge
foci of cerebral malacia, different from a hematogenous spread from the guttura(idantdr
& Nation, 2011)

2.3 Differential diagnosis for infectiousnon-suppurative equine encephalitis

Differential diagnosis of primary infectious CNS disease is a challenge. Pathogens
involved in these cases appear predominantly in multifocal regions of the brain and spinal cord,
and there is predominance of reuppurative lesiongTable 3). There are variable degrees in
severity of lesions observed throughout the CNS and in some cases the affinity of some
pathogens to determined areas might help in the diagnosis. Also, formation of inchdias) b
ganglial lesions, and infection in other organs can hint towards a pathogen or a group of
pathogensTable 3, revision in this study
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Table 3: Key histological lesions caused by infectious agentsthe CNS of horses Continued
Frequency of Hstological lesion location
Disease Main histological features Forebrain Midbrain Sp. cord
9 Cer. | Hippoc. | Thalamus | Mesen.| Pons| Medulla | Cereb. | Gm | Wm | Ganglia | Others
cortices oblongata
Rabies + to ++ nonsuppurative
encephalomyelitis, ICB (neuron)
Borna Disease Non-suppurative encephalomye
litis, INB (neuron, astrocyte)
Equine herpesviral Thrombaocclusive necrotizing
myeloencephalopathy | vasculitis, myeloencephalopathy
INB (airway epithelial, hepatic)
Auj e s dideas®d s | +++ nonsuppurative meningoen H
cephalitis, INB (neuron, astrocyt
Alphavirus + to +++ nonsuppurative
encephalitis meningoencephalitis, necrotizing B, H,
vasculitis, neutrophils beginning K, LI,S
of infection
Flavivirus encephalitis | + to ++ nonsuppurative
encephalomyelitis
Bunyavirus ++ to +++ norsuppurative
encephalitis meningoencephalitis, thick cuffs, A
multifocal necrotizingencephalitis

Hendra encephalitis

+, ++, +++ focal norsuppurative
meningoencephalitjisiecrotizing
lymphadenitis and alveolitis
syncytial cells (vascular/lymphoid
endothelium)

Equine protozoal
myeloencephalitis

++ to +++ mixed (meningd
encephalomyelitisssgmented
lesions spinal cordschizonts/
merozoites in lesions

Dourine

Non-suppurative
meningoencephalitis
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Frequency of histological lesion location
Disease Main histological features Forebrain : Midbrain Sp-cord
Cer. Hippoc. | Thalamus | Mesen. | Pons| Medulla | Cereb. | Gm | Wm | Ganglia | Others
cortices oblongata
Surra +++ necrotizing norsuppurative
(meningo)encephalitjs-++ white M
matter lesionsAlla

Arthropod aberrant Focal extensive haemorrhage
migration neutrophilic andeosinophilic
perivascular infiltrate
Helminth aberrant ++(+) granulomatous eosinophili
migration (meningo)encephalitis
Listeriosis Microabscesses; ++(+) nen
suppurative encephalitis
Neuroborreliosis Non-suppurative
meningoencephalitis/ myelitis
Mycotic encephalitis Chronic granulomatous
encephalitis/ meningitis

Severity of lesions: +++ severet+(+) moderate and severetr moderate, + mild, no lesions reportedrrequency of lesions observed in each locatidesions argoredominantly
observed in this regiol, lesions are frequently observed in this reg:on, lesions can also be observed in thignegigpis@ace indicatethat lesions have not yet been describec
in this region Alla: Alzheimer type Il astrocyte€er.cortices cerebrakortices including frontal, parietal, temporal, and occipital, as well as olfactory bulb. Cereb.: cerebell
Gm: grey matter. Hippoc.: hippocampus. ICB: intracytoplasmic bodies. INB: intranuclear bodies. Mesen.: mesend&phatasal cavity and/or superioegpiratory tract.
Others: orgars or structures that might also present lesiéng,abortion; Bi urinary bladder; B eye; Gi genital, Hi heart; Ii intestine; Ki kidney; LU T liver; LU T lung; LN

I lymph node; MAi mesenteric artery; N muscle(atrophy); S1 septicaemiaSKi skin; SPi spleenSp. cord: spinal cordVm: white matter.
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The differential diagnas of meningitis and encephaliti;m horsesinclude viral,
parasitic, bacterial, and fungaktiologies (Seino & Long, 2014) Also, poorly known
neuroinvasive pathogens of animals herded with horses, like cattle infected with astrovirus,
couldspill over to a new hogSchlottau et al., 2016)

Infectious encephalitis may also be difficult to distinguish from an encephalopathy with
metabolic and toxic caus€Bivers, 2011; Radostits et al., 200Hepatic encephalopathy
horses is associated tohyperammonaemjagutderived neurotoxis, endogenous false
neurotransmitters, increases in aromatic amino abigmglycaemiaand blooebrain barrier
disruption(reviewedby Divers, 2011)while uremic encephalopatifiyE) indicateschronic
renal failure(Frye et al., 2001)Both produce nearlydentical symptoms such gsogressive
anorexia, altered mentation, lethargy, head pressing, and seidliideads additionally to
azotaemia Histological lesions consist omarked status spongiosuand diffuse reactive
astrocytosis(UE) with Alzheimer tye Il astrocytesmainly in hepatic encephalopathy
(Bouchard et al., 1994, Frye et al., 2001)

Although raretoxicoinfections(due to toxins released by infectious agents) @adt
intoxicationsshould be included in the differential diagnosis. These conditemtsto occur
due to poor management, when animals are fed or graze in contaminated/infested food/pasture,
more commonlyin regions where horses can freely grass, like in the Amer@iastridium
botulinumandC. tetaniare good examples of environmental contamindoatilism is usually
associated to signs of progressive muscular weakness, dysphagia, paddling, gastrointestinal
signs, usually affecting more than one horse in the {@strowski et al., 2012; Schoenbaum
et al., 2000)while tetanus is reporein cases of limb spasticity, stiffness, trismus and/or jaw
locking, dysphagia is seldomly observed, and history of wound is conjn®m a | ner et
2015; Ribeiro et al., 2018Mycotoxins released byspergillusspp. and-usariumspp. tend to
induce signs of depression, ataxia, and are involved in cases of sudde(Gikeatitti et al.,

2011; Headley et al., 2014; Tunewaét 1999; Vendruscolo et al., 2018)mong the neuraixic
plants, bracken fernPteridium aquilinunp is widely described, although lesions are not
observed. Othaplantspecies aralsoreported in Brazi(Table 4), and the main clinical signs
consist ofataxia, depression, and cranial nerves defiBigsmdarra et al., 2010; Lorenzetagt
2018; revewedby RietCorrea et al., 2017)
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Table 4: Neurotoxins originated from bacteria, fungi, and plants of risk for horses

Agent (toxin) . . . Predominant
Bacterial CNS histological lesions lesion location

Clostridium Usually no lesions, but perivascular
botulinum(A, B, Gy, | haemorrhages, gelatinous oedema of head | Not specific
C,D,E F G) neck can occur

Clostridium tetani

(tetanospasmin) Not observed Not observed
Mycotic
_ Intralesional hyphae, coagulative necrosis
Aspkerglllusspp. (grey matte), haemorrhage, vasculitis, Cerebrum
(unknown) thrombosis, gitter cells
Leucoencephalomalacia, diffuse brain
Fusariumspp. congestion, oedemagvere microand Thalamus,
(fumonisin B) astrogliosisreactive endothellum, brainstem
haemorrhage, mononuclear perivascular cu
Plant toxin
Bambusa vulgaris .
(unknown) Oedema, axonal degeneration Medulla oblongate
Pteridium aquilinum
d Not observed Not observed

(thiaminase)

Sida carpinifolia v lati ¢ verikaria Cerebellum,
(swainsonine) acuolation of perikaria in neurons ganglia

Trema micrantha Hepatic encephalopathy with Alla, severe | Cerebral cortex,
(unknown) fibrinoid vasculitis, thrombosis, haemorrhag( cerebellum

Alla: Alzheimer type Il astrocyte®Not specific lesion: if found, it may be observed anywhere in the CNS.

Other conditions taconsider in the differential diagnosis arsatders like equine
degenerative myeloencephalopaimgdequine motor neuron diseabatmight mimic signs of
EPM, but low serum/plasma vitamin E concentration and symmetry of lesions are supportive
for the corect diagnosis(MacKay, 2015) Fractures of cranial cervical vertebrae are fairly
common in horsefTyler et al., 1993and they can destruct the primary sensory neurons in the
dorsal roots and ganglia. This leads to orthograde fibre degeneration in the spinal dorsal
funiculus (Smmerset al, 1995)and be misinterpreted as parasitic tracts, similar to what is
found in acquired scoliosis associatedPtatenuismigration (Van Biervliet et al., 2004)An
undocumented systemic hypertension in older animals can lead to sigepretsion and
weaknesssimilar to rabies i.e.(Radostits et al., 2007Cholesteol granulomas are usually
incidental necropsy findingfrom older and oveweight horses but can mimic signs of
cerebrocortical diseaséRadostits et al., 2007)Neoplasia parallels signs ofincreased

intracranial pressure and local tissue destructmpisthotonos, convulsions, nystagmus, head
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pressing, hyperexcitability or dullnegs and localizing signs of circling, head tiland
disturbance of baland®adostits et al., 2007)

2.4 Zoonotic potertial and (re)emergence of equine encephalitis

In the last two decadesremarkabléncrease in emergent,-emmergent, and neglected
diseaseshave been notedSeveral pathogens involved in these conditions are zoonotic,
potentially,or knowingly neureinvasive for humans arftbrses andepresent serious sanitary
and economic threats worldwide. This situation is aggravated due to the inevitable strict contact
between humans and horses, especially in places where these animals ensure the survival of
poor communitiegkumar et al., 2018; Lecollinet et al., 2019; Powell, 2000)

Although a high proportion of zoonosis circulate in humans and animals from tropical
and subtropical regions, history suggests that climatesaoeconomic changes, added to
high adaptability of pathogens, allow the spread of diseases to new, temperate(Yégeares
& Reisen, 2010)Economically developed regions, like Europe, experience an increase in the
number of cases of vectborne zoaosis, both imported and indigeno{f3alzolari, 2016)
Adversely, invasion of natural areas for pasture and disorganized urbanization as well as intense
human and animal movement across the world have practically extinguished disease boundaries
(McNerney, 2015; Morens & Fauci, 2013; Mota et al., 2013¥0, increase in bdiorne
breakouts are allegedly cegguences of mamade environment changes, due tehmaising
invasion (reviewedby Mildensteinet al, 2016) Other impact by the decline of ecosystems
health due to human activity is the dilution effect: a less diversified environment heightens the
probability of spreading diseases to naive populatidmsmans and domestic animgi&halil
et al., 2016; Wood et al., 2014; Young et al., 2017)

Although few diseases are transmitted directly from horses to pegpieg are in close
contact to humans and present susceptibility to several similar agents as humanthsy that
are suitable sentinels for respective risk assessr(igatsler & Tsukayama, 2004; Gossner et
al., 2017; Timoney, 2000)n other circumstances, equine infections maintain epizootics, like
VEEV outbreaks, Wwere human disease has never been demonstrated in the absence of equine
encephalitigKissling et al., 1954; Milleet al, 1973) or by handling horses infected with HeV
which spreads the disease among horses and hfaliset al., 2010)

For other diseases, horses can also serve as carrignsthé@/increase in the human
immunocompromised populatiGncancer survivors, HIV patients, transplanted, and ageing
there is a higher risk to be infected. Although rare, transmission of pathogens such as
Cryptosporidiumspp., Salmonellaspp., Campylobater spp., Rhodococcus equiand L.

monocytogendsave been associated from horses to-hfécted persongeviewedby Bender
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& Tsukayama, 2004 Horses are also carriers and susceptibi. tourgdorfer, which causes
neuroborreliosis, and that in humans the acute phase characterizes by expanding erythematous
skin lesions, and late manifestations include neurological fBasile et al., 2017)More
recently it was demonstrated thstrains of the bactertlizabethkingia anophelisolated from

horses in Oklahoma, USAyeresimilar to isolates from human clinical samplegsggesting a
potential zoonotic spread involving horses as car(i#hnson et al., 2018Horses can also

carry Babesiaspp known to infect hum@as and bovine cattléGaffar et al., 2003)these
protozoa are transmitted to susceptible hosts through hard ticksddesspp, Rhipicephalus

spp., that also feed on horgesicius et al., 2018)

2.5 Strategies forpathogen detection

With the increase in cases of emergentmergent zoonotic and neglectigeases not
only in developing regions, but also in economically stable countries, there is the need of
detecting pathogens with methodologies accessible to all levels of infrastr(id&lret al.,
2017; Powell, 2000; Timoney, 2000is strategy can prevent that outbreaks get out of control
and burden already fragile public health syst€MeNerney, 2015)In this scenarica One
Health approachis the most appropriate tool for implementing appropriate surveillance,
managing outbreaks, and preventing infections as it explores the relation of human, animal, and
environmental hdth in a multidisciplinary effor{Nel et al., 2017)On the other hand, scarcity
of resources and the lack afsestancén geographically remote areas are especially detrimental
for appropriate assessments and interventions. Thilg choice of material to conduct
investigations shodlstrategcally match thereality of the cohort studie@McNerney, 2015)

2.5.1 Formalin-fixed paraffin-embedded tissue as diagnostic tool for equine encephalitis
Routine formalin fixation fronbiopsiesor from necropsiesre still the most common
type of sample archive in pathologyhe use of FFPE material is essential for the diagnostics
of infectious diseases, which combined to other techniques can improve the diagnose of
unresolved casefkech & Barros, 2015)in some regions, like in Brazil, necropsy of large
animals is performed in the field. Under the circumstances of varied clidemtiandsdegrees
of body conservation, and sample tiams from isolated areas, preserving material in formalin
may be the only alternative of acquiring reliable matgifikdch & Barros, 2015)Besides,
histotechnical procedures alleviate the risk of infection to laboratory staff for pathogens like the
novel coronavirus (SARS G62) andEbola virus(Henwood, 2018, 2020Moreover,FFPE
archivesare largely employed ipilot and retrospective studiaad are wide source$ material

from natural diseasthat requirdewertransportregulatons(Abed & Dark, 2016)
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There are though some litationsin the use oFFPEmaterial(Table 5). Techniques
like IHC, molecularand genomi@assays might have reduced performance satimples that
arelong-term stored/fixed, contaminatéchemical and environmentabr havelow pathogen
density(Bhudevi & Weinstock, 2003; Frickmann et al., 2013; Layton et al., 2019; R¥aras
2005; Ramod/ara et al., 2008)This happens because #@tope and thaucleic acidequired
are masked by protein crelskedwith formalinin boundghatare almost insoluble over time
(Bhudevi & Weinstock, 2003; Lagn et al., 2019; Masuda et al., 1999; Nam et al., 2014)

Thereforeproper adaptation intsiringent methods are on demdfidble 5).

Table 5: Factors to considerwhen using formalin-fixed paraffin -embedded tissues
research and diagnostics

Technique Problem Solution
Antigen detection in different
Immunohistoche | species using the same antibo
mistry Reduced antigen detection du
to prolonged storage/fixation

Standards for different species

Stringent antigen retrieval

Improve sampling/storage
conditions

Improve nucleic acid extraction
protocols

Adapt PCR to amplify shorter
amplicons

Adapt PCR to amplify shorter
amplicons, smaller contigs eaff
PanrPCRs followed by Sanger
sequencing

Target enrichment

Nucleic acidcontamination

Molecular and
genomic assays Low yield/quality of nucleic
acid; low pathogen density

Moreover, the potential of FFPE archives can be unravelled by a combination of
hypothesisdriven techniques (IHC and PCR for pathogen detection) with hypothesis
techniques (IHC to characterize host response to injury and metagenomic MeGHat, tie
establishment of standards is required, while considering methods applicable also in areas of
limited resourceswhich are historically burdened bythe majority of deadly pathogens
(Frickmann et al., 2019; Gu et al., 2019; McNerney, 2015; Raraos et al., 2008)
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3. Materials and methods
3.1 Sample selection

Thirty-five samples consisting of archived formafixed paraffirembedded (FFPE)
tissues of the central nervous system (CNS) of horses from Brazil were selected. Selection
criteria consisted of necropsy cases that remained with unclear etiologic sdgomosanimals
that presented neurological clinical signs associated to a) nonsuppurative inflammatory lesions;

b) degenerative and/or c) reactive lesions that do not rule out an infectious cause.

3.2 Origin of the samples used in the study

Sample materialvere kindly provided by Prof. Dr. Edson Moleta Colodel, Prof. Dr.
David Driemeier, Prof. Dr. José Diomedes Barbosa, and by Prof Dr. Marcio Botelho Castro.
Paraffin blocks were identified and packed according to the World Organization for Animal
Health (OIB instructions FEig. 18).

Fig. 18: Origin of samples from theCNS of horses from Brazil (N=35)

&
@
Origin of samples
UFMT [
& UFRGS I
UFPA 1
. UnB [ |

UFMT: Universidade Federal do Mato Grosso, Prof. Dr. Edson Moleta Colodel. UPB@&rsidade
Federal do Rio Grande do Sul, Prof. Dr. David Driemeier. UFPA: Universidade Federal do Pard, Prof. |
Diomedes Barbosa. UnB: Universidade de Brasilia, Prof. Dr. Marcio Botelho Castro.

3.3 Epidemiological data assessment
Data from each horse were gathered, through the clinical history and suspected etiology

sent with the tissue®\ppendix 4). If available, information regardirgex, age, breed, clinical
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signs, CNS fragments available for investigation, season, year and nature of death, and relevant
gross lesions were noted. Upon availability in 24/35 cases, the tests perionwnexbr after
the necropsy in Brazil were addéehple 6).

Table 6: Diagnostics tests performedn vivo or after necropsy in 24/35 cases of equine
neurological disease in Brazil

_Suggesteq D|agn_ost|c Result Horse ID
disease/lesion | technique
EEE PCR (fresh CNS) Pos@t!ve 26, 27, 31
IHC Positive 29, 30, 31, 32, 33
EHV-1 IHC Negative 9
IHC Negative 9, 21, 24, 25, 26, 27
Rabies IF Neg_qtive 1, 16, 19
IF Positive 2
Clinical Inconclusive 5,17
EPM Clinical Inconclusive 20
Hematozoan Not specified Negative 22
Bacteria Bacteriology (spinal Negative 15
cord swab)
Botulism Clinical Inconclusive 17
Tetanus Clinical Inconclusive 14
Trauma Clinical Inconclusive 8, 18, 21

Clinical: investigation based on clinical signs. CNS: central nervous system. EEE: Eastern equine
encephalomyelitis. EHML.: equine herpesvirus 1. EPM: equine protozoal myeloencephalitis. ID: horse
identification. IF: immunofluorescence. IHC: immunohistatigry. PCR: polymerase chain reaction.

Neurological clinical signs were classified according to the presumptive
neuroanatomical localization of the lesiofislfle 7). Additionally, the categoriesultifocal
with, and multifocal without cerebral signsiere assigned to animals presenting signs that
implied involvement of more than one region of the QR&T & Reed, 2015; Radostits et al.,
2007)

Table 7: Presumptive neuroanatomic location of lesions according to the clinical signs

Anatomic region Predominant clinical signs

Cerebral cortex Postural deficits, seizures, altered mentation, blindness

Mild to moderate ataxia, weakness and dysmetria; dysphagia

anisocoria, or dilated pupils possible

Vestibular system Ataxia, head tilt, and pronounced postural deficits

Cerebellum Ataxia and intention tremors

Spinal cord/ UMN Mild to _mo_derate paresis, ataxia, and dysmetria, all present;
spasticity is prominent

Brainstem

Peripheral nerve/
LMN

UMN: upper motor neuron. LMN: lower motor neuron. Modified from Furr and Reed (2015).

Weakness predominates; mild postural deficits and ataxia
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3.4 Pathological studies
3.4.1Tissue preparationand histochemical stains

Tissue preparation fdristochemical stains were carried out according to Suirak
(2019) specifications. The paraffiblocks were archived at room temperature and protected
from light. From each block, sections with 4iihickness were obtained and placed at glass
slides SuperFrost® Plus Objekttrager (R. Langenbrinck, Emdingen, Germany). Afterwards
the slides were dried at 60°C for 15 minutes in the heat incubator and stored in plastic slide
boxes at room temperature. All slides were mechanically cover slipped by the end of every
staining with Miles Tissue TEKFIM® (Sakura®, Alphen aan den Rijn, The Netherlands).

Hematoxylireosin staining
Deparaffinization and rehydration of tissue sections followed by staining with
hematoxylineosin (HE) were carried out in the automated Leica slide stainer (Leica Biosystems

Nussloch @bH, Nussloch, Germany).

Periodic acid Schiff staining

Periodic acid Schiff (PAS) staining was used for demonstration of potential infectious
agents. Deparaffinization and rehydration were carried out with immersion of slides in three
rows of xylol, folloved by two immersions in isopropanol, once in 96% ethanol, and once in
80% ethanol, for 3nin each. Afterwards, slides were incubated in 0.5% periodic acid for 10
min and rinsed three times for two minutes with distilled water. An incubation with filtered
readyto-use SchiffReagent was carried out for 30 min at 60°C. Samples were then rinsed three
times for 2 min each with frestulphur waterand with distilled water, respectively. For nuclear
staining, a 3 min immersion in Papanicolaou was made, follbwé&dnin washing in tap water.
In the end, the slides were dehydrated in increasing alcohol series, isopropanol, and xylol.

Congo redstaining

Congo red was used for demonstratiopatentialamyloid deposit Deparaffinization
and rehydration were carried out as described above. Slides were incubated in Congo red
solution for 25 min, washed in distilled water, then in running tap water for 5 min. Counterstain
was carried out wit h Blaesweérstliien deleydnated,aclrayed,iand f or

mounted as described above.

Giemsa staining
Giemsa staining was carried out for demonstration of potential blood parasite infections.
Deparaffinization and rehydration were carried out as described abovenSeati@ incubated

in a dilution of 1:50 Giemsa (Merck, Darmstadt, Germany) for 2h, and rinsed once with distilled
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water, which contained light acidity of glacial acetic acid. When the sections gained a reddish
colour, which indicates staining of connectitresue, 96% ethanol was rinsed, until no cloudy
staining was seen. Afterwards, two immersions of 30 seconds in isopropanol were carried out,

followed by three in pure xylol.

Luxol fast bluecresyl violet staining

Luxol-fastblue was used to demonstratetgntial demyelination. Slides were
deparaffinized and rehydrated using ethanol 95%. After an ovetinightbation in Luxol fast
blue-solution at 57°C, slides were let to cool, and the excess stain washed out with 95% ethanol
and distilled water. Rapid imension in 0.05% lithium carbonate and then in 70% ethanol
ensured adequate staining until dedoursblue and white could be differentiated. Afterwards,
slides were rinsed with distilled water and incubated for 8 min in 0.1% eredgt-solution at
60°C added to 10% glacial acetic acid (5 drops/30ml). To finalize, slides were washed with

95% ethanol, and immersed in xylol.

Masson Goldner trichrome staining

Masson Goldner trichrome staining was carried out to demonstrate connective tissue
deposits and/oalterations. Slides were deparaffinized and rehydrated according to the HE
staining protocol. Afterwards, sl i@me@iver e
ml Solution A, 30 ml Solution B) for nuclear staining. Sections were then wash#&@ fom
in running tap water and immersed for 5 min in poneaadfuchsin (Solution 1). They were
then briefly rinsed with 1% acetic acid and differentiated with mordent solution (Solution II)
for 30 min, followed by another rinse in 1% acetic acid. @Gewustaining was performed with
0.1% light green solution for 5 min, finalized by washing in 1% acetic acid for 5 min, 3

immersions in absolute ethanol, and once in xylol.

Gram staining

For identification of possible bacterial infections, Gram staining @aried out with
deparaffinized and rehydrated sections. For nuclear staining, incubation with - Harris
hematoxylin for 5 min was followed by a brief rinse with 1% ammonium hydroxide solution
and washing for 10 min under running tap water. 1% gentian aote5% sodium bicarbonate
solutions were mixed, applied to the slides, and incubated for 2 min, until being washed with
distilled water. Fixation and differentiation were carried out with incubation for 1 min in Lugol
solution, followed by washing undeanning tap water and ethacetone solution. Counter

staining was performed with 0.01% fuchsin for 5 min and washing under running tap water.
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The last differentiation was performed with brief immersions in acetone, jgicid@acetone

solution, a secondnbe in acetone, and in acetehistological clearing agent for 2 min.

3.4.2 Histological evaluation
The terminology and description of histological alterations were classified according to
Cantile and Youssef (201@ndKaufmann et al. (2012).

3.4.2.1 Degree of infammatory cell infiltration

To establish a scoring system for thegree of inflammatory cell infiltratio(DICI),
available CNS fragments were sorted into four subcategories, similar to descriptions used by
the International Harmonization of Nomenclatarel Diagnostic Criteria for Lesions in Rats
and Mice (Kaufmann et al.,, 2012)1) forebrain (paired cerebrdlemispheres and the
diencephalon); 2) midbrain (mesencephalon, ventral metencephalon, medulla oblongata); 3)
cerebellum, and 4) spinal cord. Severity of lesions was determined by calculating the mean of
inflammatory cells observed within five microscopields, under a 200x magnification field
from:

A) The perivascular inflammatory cuffs

B) The number of inflammatory cell layers of the cuffs

C) Inflammatory cells in the parenchyma

Sample analysis was carried out with the Nikon Eclipse 80i microscope (Nikon,
Dusseldorf, Germany). Acquired images and counting of inflammatory cells were obtained with
the highresolution microscopeamera Nikon DS-il (Nikon, Dusseldorf, Germany), and
visualized with NISElements Basic Research 3.2 64bit software (Nikon, Dusseldorf,

Germany).

3.4.2.2 Inflammatory cell morphology
The percentage of each cell type constituting the inflammatory infiltrgtegphocytes,

macrophages, plasma cells, and eosinofihilss determined within five 400x magnification
fields and graded according to Algermis$2810)

- No inflammatory cells

+ Small number of inflammatory cells (between 23%)

++ Moderate number of inflammatory cells (between’ F6%)
+++ Accentuated number of inflammatory cells (> 67%)

If transitions were observed, they were classified as <(+), (+), +(+) or ++(+).
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3.4.2.3 Meningeal inflammatory infiltrate
Likewise, meningeal infiltras were categorized according to Schwab et2407)
- No inflammatory infiltrate
+ Mild (one or no more than a few infiltrates)
++ Moderate (one moderate infiltrate or several mild infiltrate
+++ Severe (several moderate infiltrateonfluent infiltrates)

If transitions were observed, they were classified as <(+), (+), +(+) or ++(+).

3.4.2.4 Additional lesions

Further  tissue  alterations were categorized as neuronal necrosis,
satellitosis/neuronophagia, vascular alterations (subcategories vaduaditisprrhagereactive
endothelium). Vacuolation and malacia were considered if they were colocalizedtieth
alterations. Morphologic alterations observed in astrocytes and microglia cells were described
under the IHC sectior8(5.1Q 3.5.11).

3.4.2.5 Statistical analysis

The statistical evaluation of the histopathological investigation was carried out by the
Biomathematics and Data Processing working group of the Department ahsigté/edicine
of the Justud.iebig-University Giessen (JLU Giessen). To assess the DICI based on number
and morphology of cells involved in the lesions, data processing and statistical tests were
conducted with the BMDP Statistical Software.

Quantitativescore for inflammatory cells infiltration

The first step for the establishment of DICI, weights were given to each histological
characteristic roughly composing an inflammatory infiltrate:

A) mean of inflammatory cells in perivascular infiltrates (weigt

B) mean of layers of these infiltrates (weight 1), and

C) mean of inflammatory cells in the parenchyma (weight 2)

For each CNS region, Asevereo infiltratio
observed among the samples. The definition of sevaseused as scale to construct the

following scheme applied similarly to other brain areas and spinal cord:

G 'QOE "D QIABMQE | QONLNAET da Do Qi

el L A OB GIDOH 6OE 00 0L 6 NBMOE | 008 BeE 1 [ Qi

QA& OO@BMQE | QORI da Qo Qi

el bO F OB Hab Gl b BB OBMOE | Q08 BEE | | Qi
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OeE1 DQ

This was followed by the final equation that established a score ranging from mild to
severe, or O to 6, respectively:

YO EDRO QDI o 081 ®Q 0¢E 1 DQ ¢ 'Ol BQ

This scoring system provided mstdale values, where CNS fragments presenting score
from O to 2 areconsidered to have mild DICI, from >2 to 4 considered moderate DICI, and
above 4 considered severe DICI. A general final score was defined for each CNS region. To
describe the data obtained, quantitative, approximately normally distributed characteristics
were shown through descriptive statistics, with values for mean, standard deviation, standard
error of mean, minima, and maxima values. For statistically significant res.Q%),the
data description was carried out by specifying the medignshe quartiles (Q1 and Q3) and
the smallest and largest observations with presentation in box and whisker plot.

Qualitative analysis of lesions

Wilcoxon-MannWhitney-test (WMWT) assessed whether there was relation between
the DICI and the occurrence of othadterations that were usually observed with CNS lesion
3429 . 1 f this relation showed significant di
with Spea man 6 s Cor ratldestriptionnwast carsetl out bip specifying the medians
(0, the quartiles (Q1 and Q3) and the smallest and largest observations with presentation in

box and whisker plot.

3.5 Immunohistochemical studies
Immunohistochemistry (IB) was carried out with all 35 brain samples, and as a rule,
every CNS tissue available was tested. Repetitions were performed when inconclusive staining

was observed.

3.5.1 Deparaffinization and rehydration
The slides were placed in glass cuvettes and depazeff in a thregow immersion in
xylol for 3 min each, followed by 2 rounds of 3 min in isopropanol. To rehydrate the tissues,

the cuvettes were incubated for 3 min in 96% ethanol and, 3 min in 80% ethanol.

3.5.2 Endogenous peroxidase blocking
For each cuvettcontaining 20 slides, 177 ml methanol added to 3 ml of 3g% H
was incubated for 30 min at room temperature. Afterwards the slides were rinsed with tris

buffered saline (TBS) for 5 min.
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3.5.3 Antigenic retrieval
Enzymatic digestion

For epitope retrieval of doublranded RNA (dsRNA), and antigensTaixoplasma
gondiiandNeospora caninuslides were first incubated with buffer Na®BS pH7.4 for 5
min at 37°C. Right after, followed an incubation with 5 pg proteinase K (Sigma Life Science,
Mannheim, Germany) to each 10 ml Na@€BS buffer, pH 7.4 for 5 min at 37°C. Slidesr&
washed twice for 5 min with ieeold TBS and placed on Sequehz8&lide Rack with
Coverplate’§ (Thermo Fischer Scientific, Carlsbad, USA).

Heatinduced epitope retrieval

Retrieval of alphavirus, flavivirus, anBarcocystis neuronantigens was carried out
with the incubation of the slides in citrate buffer pd 4t 95°C in water bath for 20 min. After
cooling down in the buffer, the slides were transferred to Seq':EueStide Racks with

Coverplate§ (Thermo Fischer Scientific, Cabbad, USA) and rinsed once with TBS for 5 min.

3.5.4 Positive controls

For each IHC, positive controls were used to assess the correct functioning of protocols
(Table 8). Unless signalized, controls originated from cases with confirmed infection of the
respective agent at the Institute of Veterinary Pathology, JLU Giessen. For negative controls
see3.5.5
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Table 8: Positive controls used for immunohistochemistry

Antibody against antigen of

Animal sp. tissue

Organ/cells

Rabies virus

Mouse

Cerebellum

Bornadiseasevirus nucleoprotein | Horse Hippocampus
Bornadiseasevirus phosphoprotein Horse Hippocampus
Equine herpesvirus type 1 Horse Liver, brain
Glial fibrillary acid protein Mouse Spinal cord
Ibal Horse Hippocampus

Doublestranded RNA

Pelican (WNV?}

Hippocampus

Mouse (rabies virus) Cerebellum

Swine SuHV-1) Brain

Horse (EHV1) Brain, lymph node
Alphavirus Horse Mesencephalon
Flavivirus envelope Pelicar? Brain
Listeriasp. Ovine Spinal cord, obex
Toxoplasma gondii Kangaroo Liver
Neospora caninum Dog Cerebellum
Sarcocystis heurona Cattle® Cardiac muscle

EHV-1: equine herpesvirtk. Ibal: lonized calciurrbinding adapter moleculé. SuHV-1: Suid herpesvirus 1.
WNV: West Nile virus.

aprovided by Prof. Dr. Arno Winschmann, Veterinary Diagnostic Laboratory, University of Minnesota” USA.
provided by Dr. Fabiana Marques Boabaid, Laboratory of Veterinary Pathology, University of Cuiab4, Brazil.

3.5.5Antibodies and sera

Primary antibodies for the detection of viral, bacterial, and protozoal agents are listed in
Table 4 including further information on origin and respective use. Additionally, glial cells
reaction pattern was investigated using the glial fibrillary acidepro(GFAP, Dako A/S,
Glostrup, Denmark) andhe ionized calciunbinding adapter molecule Ilbal, Wako
Chemicals GmbH, Neuss, Germanypble 9). Also, the monocloradoublestranded RNA
(dsRNA, Scicons English and Scientif@onsulting Szirdk, Hungarywas used for detection
of positivestrand RNA viruses and DNA virus@Richardson et al., 2010; Weber et al., 2006)
After antibody application, slides were incubated in the Seqﬁerﬁldade Rack with
Coverplate% (Thermo Fischer Scientific, Carlsbad, USA) at 4°C, overnight. On the next day,
slides were rinsed three times for 5 min each with TBS buffer before secondary antibody
incubation.

For each primary monoclonal antibody, a negative control isatyggehed originated
from chicken FHymphocytegHirschberger, 198Avas applied alongside to positive controls.
For the polyclonal antibodies, rablsibntrol serum (Dako A/S, Glostrup, Denmark) was used

instead.
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Table 9: Primary antibodies tested for immunohistochemistry in theCNS of horses Continued
Antigen (target) Dilution 2ry antibody (1gG) Detection
Clone Source Buffer Blocking-serum Dilution, incubation Ssvstem
Specificity Negative control Buffer y
Rabies virus Dr. Ulrich 1:2000 20% swine Biot. goat antrabbit
Polyclonal, rabbit Iéskens 20% swine serum/TBS serum/ TB 90! / miRT 3 ABC
Not stated Rabbitcontrol serum 20% swine serum/TBS
Borna disease virus 1:500 20% swine Biot. horse antmouse
Monoclonal, mouse Dr. Herzog 1% BSA/TBS s e rou TR 9061 / MIRT 3 ABC
Nucleoprotein (Bo18) Chicken Flymphocytes 1% BSA/TBS
Borna disease virus Institute of 1:2000 20% swine Biot. goat antrabbit
Polyclonal, rabbit Virology, 20% swine serum/TBS serum/ TB 90! / miRT 3 ABC
Phosphoprotein (p24) Marburg Rabbitcontrol serum ] 1% BSA/TBS
EHV-1 Dr. Michael 1:500 20% swine Swine antirabbit
Polyclonal, rabbit ‘Hardt 20% swineserum/TBS | < r"u /TR 1: 100RT 30 PAP
Not stated Rabbitcontrol serum 1 20% swine serum/TBS
GFAP(Z0334) 1:500 20% swine Swine antirabbit
Polyclonal, rabbit Dako A/S 20% swine serum/TBS se rou m/ TB 1: 1006RT 3Q(Q PAP
Full length, all isoforms Rabbitcontrol serum 20% swine serum/TBS
Ibal , Biot. goat antirabbit
Polyclonal, rabbit Wako 1500 1.5% goat 1:200, 1h RT,

. Chemicals 1.5% goat serum/TBS ABC
C-terminus of Ibal GmbH Rabbitcontrol serum serum/TBS, 2hs 1.5%goat serum 1%

BSA/TBS
(I\j/lsoilg?lcgﬂzza)l mouse Er?cizgﬁn;nd 1:200 Biot. horse antmouse
’ glish € 3% BSA/PBS 3% BSA/ PB 1:50037°C30 ABC

LargedsRNAfrom Scientific Chicken Flymphocytes 3% BSA/TBS
unspecified agent Consulting ymphocy 0
Alphavirus (MBS832145) 1:50 Biot. goatanti mouse
Monoclonal, mouse My Bio Source 1% BSA/TBS No blocking 1: 500RT 30 ABC

Whole virus lysate

Chicken Flymphocytes

1% BSA/TBS

SPOYISN pue Sjelare
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Antigen (target) Dilution 2ry antibody (1gG) Detection
Clone Source Buffer Blocking-serum Dilution, incubation Svstem
Specificity Negative control Buffer y
Flavivirus (3571) Santa Cruz 1:50 Biot. goatanti mouse

Monoclonal, mouse Biotechnology 1% BSA/TBS No blocking 1: 500RT 30 ABC
Envelope protein Chicken Flymphocytes 1% BSA/TBS

Listeria sp. 1:100 20% swine Swineantirabbit

Polyclonal, rabbit Dr. Domingo | 20% swine serum/TBS serum/ TB 1: 100RT 30 PAP
Not stated Rabbitcontrol serum 1 20% swine serum/TBS
Toxoplasma gondii 1:800 20% swine Swine antirabbit

Polyclonal, rabbit Dako A/S 20% swine serum/TBS serum/ TB 1: 100RT 30 PAP
Not stated Rabbitcontrol serum 20% swine serum/TBS

Neospora caninum Concentrate Biot. horse antmouse

Monoclonal, mouse Dr. Schares - 100% horse serum 90!l / mMRT 3 ABC
Not stated Chicken Flymphocytes 1% BSA/TBS
?g{;&%ﬂ;?rxg?na Dr. Jitender 1:100 1.5% goat Biot. goat antirabbit

Unspecified proteins from Dubey 1.5% goat serum/TBS serum/ TB| 1: 500RT 30 ABC
culturedmerozoites Rabbitcontrol serum 1.5% goat serum/TBS

ABC: Avidin-biotin complex. Biot biotinylated. Bo18: Borna disease vinugcleoprotein 18. BDY24: Borna disease virgghosphoprotein 24. BSA: bovine serum albumin.
dsRNA: doublestrand RNA. EHV1: equine herpesvirts. GFAP: glial fibrillary acid protein. Ibal: ionized calcitmnding adapter molecule 1. PAP: peroxidaseiperoxidase.
RT: room temperature. TBS: tfisuffered saline. T1: negative control originated frortymphocytes.
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3.5.6 Detection systems

A commercial horseradish peroxidds&ed (HRP) conjugate detection kit and an HRP

peroxidaseanttp er oxi dase ( PAP)

antibody

were appl i

instructions Table 10). Afterwards, slides were rinsed three times with TBS for 5 min.each

Table 10: Enzymatic detection systems

Detection system

Source

Dilution, incubation

Avidin-biotin complex
(Vectastaiff ABC Kit
peroxidase standard)

Vector Laboratories

4.5l Avidin (A) + 4.5l Biotin
(B) in 100001l @

-RT

Mouse peroxidase anti
peroxidase (PAP)

Jackson
ImmunoResearch

1: 600 in

1% -BTS

BSA: bovine serum albumin. RT: room temperature. TBS:hwiered saline.

2 |bal incubated for one hour.

3.5.7 Staining, counter staining, and mounting

After incubation with the detection system, gtiedes were transferred from the racks to

glass cuvettes.

T diaminobenzidine tetrahydrochloride hydrate

The slides were t

(DAB,  Sightdrich®,

USA)/Imidazol solution (Carl Roth GmbHKarlsruhe, Germany) and 70ul

hen i ncubat
St.  Louis,
30% hydrogen

peroxide (HO., Carl Roth GrbH, Karlsruhe, Germany) for 2 min at room temperature.

Exceptionally, for detection of Ibal, alphavirus, and flavivirus slides were stained for 10 min,

andS. neuronafor 5 min. Subsquently, the slides were rinsed for 5 min three times in TBS

buffer immersion, followed by one immersion in distilled water. Then, the slides were

immersed for 5 min in Kardasewitch solution and washed in distilled water twice. Counter

staining was carrgt out with Papanicolads-hematoxylin (Merck KGaA, Darmstadt,

Germany) for approximately 30s. Afterwards, two final washings were made during 5 min each,

with tap water and distilled water, respectively.

Dehydration of the slides was carried out in areading series of alcohol (50%, 80%,

and 96%), twice in isopropanol and then cleared three times in xyloHRatl® (Carl Roth

GmbH, Karlsruhe, Germany), for 3 min each time. To conclude, slides were mechanically

coverslipped with Miles TissueTEIFiIIm® (Sakura®, Alphen aan den Rijn, The Netherlands)

machine.

3.5.8 Antigen distribution

Sections from all available brain locations were examined. Except for immunostaining

of GFAP and Ibal, the IHC reactivity was scored according to Stein(20&D)
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- Specific staining is absent

+ Weak, mean of 1 focus of positive cell per hjgdwer feld

++

+++

Moderate, mean of 2 to 5 foci of positive cells per high power field

Strong, mean of more than 5 foci of positive cells per high power fi

Cellular staining pattern for each agent was compared to previous rdfadorks 11).

Table 11 Immunohistological cellular staining pattern for each agent

Detection of | Cellular staining pattern Q“'m"f" SPP- | Reference
escription
Fine to large intracytoplasmid Pedroso et a(2008)
Rabies virus| granules (neurons, glia cells,| Mammals Wilkins & Del Piero
oligodendrocytes (2014)
Nucleus and cytoplasm of Herden et al. (1999),
Borna :
di .| neurons, neuronal processes Horse Algermissen (2010)Long
isease virus _ .
glial cells et al.(2014)
Nuclei, cytoplasm and axona Horse. llama House et al(1991)
EHV-1 processes of neurons and gli black E)ear | Wohlsein et al(2011)
cells Slater(2014)
dsSRNA Cytoplasm (RNA viruses), Eukaryotic Weberet al.(2006)
nucleus (DNA viruses) cells
_ Neuronal cytc_)plasm,e:hdntlc Pennick et al(2012)
Alphavirus | processes, glial cells, Horse
Sousa et al2015)
lymphocytes
? eigrtlngsrlncg;or?ilgls(r:r;”zxon, Horse, raptor Ellis et al.(2007) Cantile
Flavivirus ylop 9 . OrSe, Taptor, | o al.(2001) de Barros et
macrophages, neutrophils, af mice
. al. (2011)
endotheliakells
Intra and extracellular
Listeriasp. | bacteria within infammatory | Horse Rutten et al(2006)
cells
Toxoplasma CN_S (cysts with bradyzoites Sheep Silva et al(2013)
gondii amidst parenchyma)
Neospora | Tachyzoites and bradyzoites Mouse. cattle Lindsay& Dubey(1989)
caninum within neural tissue ' Uzéda et al(2013)
Schizonts within neuronal Granstrom et al(1991)
Sarcocvstis cytoplasm, merozoites within| Horse, mink, | Masri et al.(1992) Hamir
neuronZ\ inflammatory and glial cells, | racoon, cat, | et al.(1993) Dubey&
vascularendotheliumand skunk Hamir (2000) Pakao,
neuropil Régo& Santog2007)

dsRNA: double stranded RNA. EHY: equine herpesvirus type 1.

3.5.9 Antigen crossreactivity test

After antibody standardization, the protocols were also tested with samples from

animals infected with morphologically similar agents when concerning protozoa and bacterial
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agents, according to Ram¥ara et al. (2008). Croggactivity tests were also carried out with

the viral antigens assessed in the study.

3.5.10 Immunostaining of GFAP

Available CNS fragments were categorized under four main regions, 1) forebrain, 2)
midbrain, 3) cerebellum, or 4) spinal cord. Eaegion was sulcategorized in lesioned and
nortlesioned areas, added to specification whether lesions were predominantly inflammatory
or reactive/degenerative. Fomonaltered CNS of horses necropsied at the Institute of
VeterinaryPathology, JLU Giessewere used as controls to characterize the normal equine
astrocytic morphology and GFAP staining pattern. Samples were examined using a Nikon
Eclipse 80i microscope, and images were taken with therbghiution microscope camera
Nikon DSFil. Immunostaing cells were counted with the NEBements Basic Research 3.2
64bit software. For quantitative and qualitative analysis, 200x magnification field was used and

the following methodology was performed:

Quantitative assessment of astrocytes
The mean of GFAPgsitive astrocytes was calculated within five microscopic fields in

lesioned areas and in five fields of Al@sioned areas.

Astrocytosis grading

A scale from grade 0 to 3 was established for astrocytic alterations obsEabée 12,
Fig. 19). To grade these alterations, four morphologic characteristics were taken into account,
a) apparent cellular proliferation, b) nuclear alterations, c) cytoplasmic staining, and d)
alterations of cellular processgofroniew & Vinters, 2010; Sofroniew, 2009)

Table 122 Morphologic criteria to grade astrocytic injury in the CNS of horses

Morphologic Non-altered Definition according to severity of lesions
structure Mild Moderate Severe
CeII_uIar ) No N.O or Moderate Yes
proliferation discrete
No Mild increase !\/Ioderatg Severe increase in
Nucleus . . increase in
alterations in volume volume
volume
Cytoplasm FeV." mildly M'I(.:"y Mo_derately Accentuated stain
stained cells | stained stained
. . Thickened, trespassin
Processé€s Long, th'.n.' Long, th'.n.’ ang, moderately other cell processes,
well ramified | well ramified | thickened .
gemistocytes
Grade 0 (Fig.19A) | 1 (Fig.19B) 2 (Fig.19C) 3 (Fig.19D)

@ Protoplasmic (in the grey matter, with numerous, shorter, and branched processes) and fibrous (in the white matter,
with relatively few, long processes) astrocytes taken into consideration according to Sofroniew and Vinters (2010).
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Fig. 19: Schematic representation of the different astrogliosis gradir
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Statistical analysis

The data were evaluated by the Biomathematics and Data Processing Working Group

of the Department of Veterinary Medicine of the JLU Giessen. The statistical tests were

conducted with the statistical program BMDP / Dynamic, Release 8.1 (Statistical Solution

Ltd., Cork, Ireland)Dixon, 1993)and data were sorted according to the IHC quantitative and

morphologic analyses carried out with each of the four CNS regions available.

T-test for dependent variables was conducted to determine if the number of

immunostained astrocytes occurred differently between lesioned atldsiomed areas of each

CNS region. Astrocytosis grade in lesioned and-lesioned areas from the CNS was

investigated with Wilcoxon Signed Ranks Test. Moreover, a rough classification to indicate a

range

Coefficient. Statistical significance was assigned a® .05. Regardig the lesion type
conferred to each CNS region, WilcoxdMannWhitney test ( WMWT) and WMWT with exact

of

astrocytes

stained within

each

gr ad

inference determined if the mean of astrocytes and the astrocytosis grade in inflammatory

lesions and in reactive/degenerative lesions occurs differemtbpectively. To describe

approximal normally distributed quantitative data, arithmetic mean vakdgess{andard

deviation (sd), minima (min), maxima (max), and sample sizes (n) were calculated and

tabulated. In the case of semiquantitative variables,data description was carried out by
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specifying the mediansy, the quartiles (Q1 and Q3) and the smallest and largest observations

with presentation in box and whisker plot.

Range of GFARositive astrocytes related to the alteration grade
After the morphological and statistical assessment, the range of astrocytes stained in

each grade of astrocytic alteration was determined as sholablea 13.

Table 13: Range of GFARpositive astrocytes for each astrocytic grade in different
regions of the CNS of horses

, Astrogliosis
CNS region Grade O Grade 1 Grade 2 Grade 3
Forebrain 0 to 20 cells 20to 56 cells | 43 to 86 cells >86 cells
Midbrain 0 to 20 cells 21to 60 cells | 58 to 96 cells >115 cells
Cerebellum 0 to 30 cells 30 to 58 cells | 40 to 100 cells >90 cells
Spinal cord 0 to 20 cells 16to 43 cells | 43to 77 cells >77 cells

3.5.11 Immunostaining of Ibal

Available CNSfragments were categorized under four main regions as described above
(3.5.10. Fournonaltered CNS of horses necropsied at the Institute of VeterPaityology,
JLU Giessen were used as controls to characterize the morphology and Ibal staining of equine

resting microglia. Samples were examined as described ab&ve(.

Ibal staining quantitative assessment
The mean of Ibaktained microglial cells was calculated within five microscopic fields

in lesioned areas and in five fields of Aesioned areas.

Microgliosis grading

A scale from grade 0 to 3 was established for trexaglial alterationsTable 14, Fig.
20). To grade the alterations observed, four morphologic characteristics were taken into account
if applicable a) apparent cellular proliferation, b) nuclear alterations, c) cytoplasmic staining
and/or cell body, and d) alterations of cellular proce@Sesws & Vetreno, 2016; Kreutzberg,
1996; Lemstra et al., 2007; Taylor et al., 2014)
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Table 14: Morphologic criteria to grade microglial activation in the CNS of horses

Morphologic | Resting Definition according to severity of lesions
criteria microglia Mild Moderate Severe
CeII_uIar : No No or mild Moderate Yes
proliferation
o Moderate Severe increase in

No Mild increase| . :
Nucleus , . increase in volume, vacuolated

alterations | in volume

volume appearance
I Enlarged cell Roundedmacrophage
tc)lg/éoplasm/cell Egéa" cell :\r/lll?e:lnggedase bodies, bushy | like, amoeboid shape
y y Y cells (Gitter cells)

Long, thin | Long, thin, Long, Thickened, shortened,
Processes well hyper moderately few, or no processes, 0O

ramified ramified thickened bipolar (rod cells)
Grade 0 (Fig. 20A) | 1 (Fig.20B) 2 (Fig. 20C) 3 (Fig. 20D)

Fig. 20: Schematic grading for microglial activation
A B
&
o o
o @

&

Statistical evaluation

The data were evaluated by the Biomathematics and Data Processing Working Group
of the Department of Veterinary Medicine of the JLU Giessen. The statistical tests were
conducted with the statistical program BMDP / Dynamic, Release 8.1 (Statistical Solution
Ltd., Cork, Ireland)Dixon, 1993)and data was sorted according to the IHC quantitative and

morphologic analysis carried out with each of the four CNS regions available.
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T-test for dependent variables was conducted teeroeme if the number of

immunostained microglial cells occurred differently between lesioned antesioned areas

of each CNS region. Microgliosis grade in lesioned andlesioned areas from the CNS was

investigated with Wilcoxon Signed Ranks Test. Btorer, a rough classification to indicate a

range of

mi crogl i al

cel

S st ai

ned

wi t hin

Correlation Coefficient. Statistical significance was assigned@8.p5. Regarding the lesion

type conferred to each CN8gion, WMWT and WMWT with exact inference determined if

the mean of microglial cells and the microgliosis grade in inflammatory lesions and in

reactive/degenerative lesions occurred differently, respectively. To describe approximal

normally distributed gantitative data, arithmetic mean value$, (standard deviation (sd),

minima (min), maxima (max), and sample sizes (n) were calculated and tabulated. In the case

of semiquantitative variables, the data description was carried out by specifying thesmedian

(0, the quartiles (Q1 and Q3) and the smallest and largest observations with presentation in

box and whisker plot.

Range of Ibadositive microglial cells related to the alteration grade

After the morphological and statistical assessment, the rangefglial cells stained

in each grade of alteration was estimated when possible as shdaolél5.

Table 15: Range of Ibakpositive cells for each grade in different regions of the CNS of

horses
: Microgliosis
CNS region Grade 0 Grade 1 Grade 2 Grade 32
Forebrain 0 to 15 cells 6 to 30 cells 20 to 60 cells > 50 cells
Midbrain 0 to 10 cells 10to 30 cells | 30 to 60 cells > 60 cells
Cerebellum 0 to 13 cells 10to 17 cells > 15 cell$ ¢
Spinal cord 0to 11 cells 10to 25 cells | 17 to 37 cells > 37cells

aAll cases had cells compatible with Gitter céllsorse 24 onlyt there were no microglial alterations compatible
with grade 3 in the cohort studied.

3.6 Cell culture and transfection

3.6.1Vero cell culture

The Vero cell line B4 was kindlgrovided by Prof. Dr. Friedemann Weber, Institute of

Virology, JLU Giessen. The adherent cells were cultured in 2&elnculture flasks (Sarstedt,

Numbrecht, Germany) at 5% G@tmosphere and incubated at 37° C in an incubator. Once a

week a medium chge was performed. The culture medium used for the seeding and the four

first passages was the minimum essential medium (MEM) enriched wittfioEd&icalf serum

(FCS)

and

1%

penicillin/streptomycin.
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Eagle Melium (DMEM, PAA Laboratories GmbH, Pasching, Austria) supplemented with 10%
FCS (PAA Laboratories GmbH, Pasching, Austria) and 1% penicillin / streptomycin (PAA
Laboratories GmbH, Pasching, Austria) was used. Once a week, the cells were additionally
passagd, and the confluence was initially monitored microscopically. Following this, first the
old medium was aspirated, 2 ml tryp&tDTA solution (PAA Laboratories GmbH, Pasching,
Austria) was added and the cells were kept for 5 min in an incubator at 3@°&@cQ
atmosphere. After addition of 5 ml of the DMEM medium, the cell suspension was transferred
to a conical centrifuge tube and centrifuged for six minutes at 200xg, at 15°C (48 C Rotina,
Andreas HettichGmbH & Co. KG Tuttlingen Germany. After that the supernatant was
aspirated, the cell pellet was resuspended in 3 ml DMEM medium and 50 pl of the cell
suspension transferred and 5 ml DMEM medium in a new 23issue culture flask was given
(Sarstedt, Nimbrecht, Germany). Cells were kept inculzt8d°C and 5% C&atmosphere.

3.6.2Vero cell infection with La Crosse virus

Infection of Vero cells was carried out with a concentration of 2.05"pfldml and
MOI 1 of La Crosse virus (LACV). The infection protocol Gardoso et al. (2015 as
modified, adapted to infection in 25 cm? cell culture flasks. After an incubation of 2 h at 37°C
and 5% CQ, the inoculum was removed, and the cells were washed with high glucose DMEM
containing 1% penicillin/streptomycin. The cell medium was replaced, and cells were further
incubated for 72 h. Harvesting of cells for further molecular investigation was cautigdth
Trizol® Reagent (Thermo Fisher Scientific Inc., Carlsbad, USA) and total RNA extracted with
RNeasy Mini Kit (Qiagen GmbH, Hilden, Germany), performed as describ€thdynczynski
& Sacchi (1987)

3.7 Molecular analyses
3.7.1 Optimization of RNA isolation from FFPE material

The protocol used for RNA isolation was adapted from the one provided with the
RNeasy FFPKit (Qiagen GmbH, Hilden, Germany) and depicted in detail in Boos et al.
(2019) In summary, twaleparaffinization methods and three lysis approaches where tested to
establish the maximum yield and purity of RNA for FFPE material. Tests were firstly conducted
with 18 samples from the CNS of horses from Brazil, and after statistical analysis with the
program BMDP / Dynamic Release 8.1, the most appropriate protocol was used for the 35
samples. The RNA obtained was eluted in 24 ul RMasewater, measurements of RNA yield,
purity in relation to proteins (A260/28@m) and in relation tawontaminants (A260/23Am)
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were obtained with NanoDrop 2000 (Thermo ScientBigectrophotometemnd Software) and

kept frozen at80°C for future analysis.

3.7.2RNA isolation from inactivated-infected cells

The fast version of the RNA isolation protocol leé tRNeas§ Mini Kit (Qiagen GmbH,
Hilden, Germany) was used for the samples of Nipah virus ¢(Miférted Vero76 cells. The
first steps of RNA isolation were performed under biosafety S4 laboratory of the Institute for
Virology, Philipps University Marburcgoy Dr. Laura Behner (AG Prof. Maisner). These
consisted of treatment wi t-iercapfobthalol, incRdat&dab uf f e
room temperature for 10 min and addition of 250 pl 100% ethanol. Further steps were carried
out at the Institute oMet eri nary Pat hol ogy, JLU Giessen
instructions. RNA was eluted in 40 yul RNasee water, measured with NanoDrop 2000
(Thermo Scientific, Spectrophotometer and Software) and was kept fro9f@tfor future

analysis.

3.7.3Genamic DNA isolation from FFPE material

Genomic DNA (gDNA) isolation from FFPE material was carried out with the
QlAamp® DNA FFPE Tissue Kit (Qiagen GmbH, Hilden, Germany), following the instructions
of the manufacturer. Starting material consisted of saveight sections obtained from FFPE
blocks, with 8 um thickness. Genomic DNA was eluted in 30 pl buffer ATE and measured with
NanoDrop 2000 (Thermo Scientific, Spectrophotometer and Software) after a water bath was
set at 63°C for five minutes while theogram was blanked using buffer ATE. Extracted DNA

was kept frozen aR0°C.

3.7.4 Genomic DNA isolation from fresh tissues

Genomic DNA from fresh tissues was extracted with the QIAmp DNA Mini Kit (Qiagen
GmbH, Hi |l den, Ger many) f o luttions.i Fneglirozerh @NS ma n u f
fragments from a horse previously diagnosed with EHWas used as positive control and
gDNA from a healthy horse, provided by the genetic bank of the Institute of Veterinary
Pathology, JLU Giessen served as negative control Hi/-E investigations and as positive
control for the housekeeping gene equine glyceraldeBymtoosphate dehydrogenase
(GAPDH).

3.7.5Reference material
To establish optimal cycling conditions and assess the proper working conditions for

the RTPCR or PCR assayeeference material consisting of knowingly infected cells/organs
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were usedTable 16). Alongside each test, a negative control consisting of nucleic acid extracts
from the CNS of a horse with no neurological signs/lesions was used as well-tardpiate
controls (NTC), consisting of RNaseee water. The RNA extracted from reference material
originated from FFPE material was obtained with the optimized RNA extracttwcpi(Boos

et al., 2019a)

Table 16: Referencematerial used for the optimization of RT-PCR or PCR assays

Target Cell line/ Nucleic acid Origin

RNA organ ng/ul

Rabies virus BHK cells 5.8 Dr. Eickman#

Rabies virus CNS (FFPE) * IVP Giesseh

Borna disease virus CNS (fresh) 79.2 Dr. ManonBourd

Borna disease virus CNS (FFPE) * Dr. Manon Bour§

Alphavirus (CHIK) BHK cells 15.8 Dr. Eickman#

Alphavirus (Horse 31) | CNS (FFPE) * Prof. Castrd

Flavivirus (YFV) Vero cells 3.4 Dr. Eickman#

Flavivirus (WNV) CNS (FFPE) * Dr. Wiinschmant

Bunyavirus (LACV) Vero cells 100 Prof. Friedemann Welder

Paramyxovirinae (NiV) | Vero cells 5.1 Prof. Maisner and Dr.
Behnef

Paramyxovirinae (CDV)| CNS (FFPE) * IVP Giesseh

DNA

EHV-1 CNS (fresh) 747.1 IVP Giesseh

EHV-1 CNS (FFPE) 73.6 IVP Giesseh

Coccidia Eimeria Jejunum 268.2 Prof. Hermosilla and Dr.

arloingi) (FFPE) Silve

Horse 1 (GAPDH) CNS (FFPE) 109.9 IVP Giesseh

BHK: baby hamster kidney cells. CDV: Canine distemper virus. CHIK: Chikungunya virus. CNS: central nervous
system. GAPDH: glyceraldehyde phosphate dehydrogenase. LACV: LaCrosse virus. NiV: Nipah virus. WNV:
Nest Nile virus. YFV: Yellow fever virus.detemined after RNA extraction optimization (see Resdlts1.].
3|nstitute of Virology, PhilippsUniversity Marburg, Germany.Institute of Veterinary Pathology, JustLigbig-
University, Giessen, Germarfil.aboratory of Veterinary Pathology, Universitéade Brasilia, Brasilia, Brazfl.
Veterinary Diagnostic Laboratory, University of Minnesota, USAlnstitute of Virology, Justusiebig-
University, Giessen, Germarlynstitute of Parasitology, Justlisebig-University, Giessen, Germany.

3.7.6 Polymerase clain reaction (PCR)

To optimize PCR assays adequate for FFPE material, additional sequences of the
targeted pathogens were obtained with the Basic Local Alignment Search Tool (BLAST
National Centerfor Biotechnology Information, Bethesda, USA) and alignments were
conducted with the alignment editor BioEdit v7.2.5 (Tom Hall, Ibis Biosciences, Carlsbad,
USA). Afterwards, the primers set were purchased at biomers.net (biomers.net GmbH, Ulm,
Germany). Emperature gradients were carried out to establish appropriate cycling conditions
for primers designed for new targets. Tests for optimal dilution of reference materials were
carried out from a total RNA or gDNA concentration of 1@@0and 3(hg, respectiely, and
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afterwards diluted in 1:10, 1:100, 1:1,000, and 1:10,000 aliquots. Unless stated otherwise,
cycling was carried out with the therrsgcler Multicycle PTC 200 (Biozym Scientific
GmbH, Hessisch Oldendorf, Germany).

3.7.6.1 Reverse transcription

Revese transcription was performed ahead all of protocols involving RNA viruses. The
manufacturerds instruct P Renesse Tramnscriptioh it (Qiagen o f
GmbH, Hilden, Germany) were followed to obtain a master mix of 2Uablé 17). For the
elimination of gDNA, each template RNA was diluted in RNfiee water in a final
concentration of 1000 ng. The NTC consisted solely of gDNA wipeout buffer and 12 pl-RNase
free waer. An incubation at 42°C for 2 min was then carried out in the theymtler.
Afterwards, 6 pl of the RImaster mix was added to the 14 pl gDitde samples and
incubated for 15 min at 42°C followed by 3 min at 95°C. The cDNA obtained was used for the

following PCR protocols.

Table 17: Reversetranscription reaction components

Concentration of Concentration/amount
Reagent : Volume .
stock solution per reaction
1. Elimination of
genomic DNA
(9DNA)
gDNA Wipeout X 2pl 1x
buffer
RNasefree water Variable
Template RNA Variable Max. 12ul Max. 1000ng
Partial volume 14ul
2. Reverse
transcription
master mix
Quantiscript revers 1pl
transcriptase
Quantiscript RT 5x 4ul
buffer
Polymerase 1l
Total volume 20yl

3.7.6.2 Equid glyceraldehyde 3-phosphate dehydrogenase
To investigate RNA accessibility obtained with each RNA isolation protocols, six equid
glyceraldehydes-phosphate dehydrogenase (GAPDH) primer sets were tested in ascendant

length Table 18). For this first approach, 18/35 samples were selected showing inflammatory
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lesions(Boos et al., 2019afEquid GAPDH PCR was then carried out with all 35 samples by

using RNA from the optimized extraction protoc8Iq.1).

Table 18 Sequences of equid glyceraldehyd& phosphate dehydrogenase primers

Target gene Sequenrcde 506 Positior? | A.t. | Product
GAPDH eq 421F | TCT GCT GAT GCC CCAATGTT 421-440 .

GAPDH eq 447R | ATT TCT CGT GGT TCA CGC CC | 466447 | 2°°C| 46bp
GAPDH eq 214F | TTC CAT GGC ACA GTC AAG GC | 214233 .

GAPDH eq 277R | AGA TGG TGA TGG CCT TTC CG | 277.05g | 80°C| 64bp
GAPDH eq 300F | CAT CAAATG GGG CGATGC TG | 300319 .

GAPDH eq 402R | CCT TTT GGC TCC ACC CTT CA | 402383 | 80°C| 103bp
GAPDHeql170 F | ATC CCT GCT TCT ACT GGT 667-685 .
GAPDHeql70 R | TTC ACC ACC TTC TTG ATCTC | 875855 | 22 C| 170bp
GAPDHeq298 F | TCT TCC AGG AGC GAG ATC 275293 .
GAPDHeq298 R | ATG AGT CCC TCC ACG ATG 609591 | °°°C| 298bp
GAPDHeq517 E | AAA GGC CATCACCATCTTC | 262280 | __. ]
GAPDHeg517 R | CAC GAC TGA CAC GTT AGG g12.794 | 22°C| >17bp

A.t.: annealing temperature. bp: base p&cs.equineF: forward. R: reverse.
a Reference gene NM001163856.1 tequus caballuglyceraldehyde3-phosphate dehydrogenase (GAPDH),
MRNA. ? Kristine Kehr (data not publishednstitute of Veterinary Pathology, JLU Giessen.

GAPDH master mix of QIAGER Multiplex PCR Kit (Qiagen GmbH, Hilden,

Germany), was prepared accordingrble 19. 5 ul of cDNA from each sample was added,

and the solution cycled. A horse br@BDNA obtained from a fresh FFPE block was used as

positive control, while RNas&ee water as NTC. Cat and squirrel RNA extracted from FFPE

blocks from the archives of the Institut of Veterinary Pathology, JLU Giessen, were used as

negative controls for aptification products up to 130 bp and from 1507 bp, respectively.

Table 19: Overview of reaction approaches for equidGAPDH PCR

Reagent Volume for 1 reaction | Stock concentration
QIAGEN Multiplex PCR Master Mix 7.8ul 2X
RNasefree water 1.3l

cDNA 5ul

Forward primer 0.78ul 10uM
Reverse primer 0.78ul 10uM

Total volume 15ul

Amplification was carried out for 15min at 95°C, followed by 35 cycles of denaturation
for 30s at 94°C, annealing for 60g@mperatures ranging from 55°C to 60°C (see Tablerl

each primer pair), elongation for 90s at 72°C, and final elongation for 10 min at 72°C.
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3.7.6.3 Panlyssavirus RT-PCR

Panlyssavirus semmested PCR for detection of the large polymerase (L) protein gene

A panlyssavirus semnested PCR was optimized to detect all viruses within the

Lyssaviruggenus. Primers sequences for the first PCR round were obtained from Fischer et al.

(2014)to amplify a sequence fragment of the large polymerase (L) protein, while a new forward

primer wasdesigned to produce shorter amplicons for the gexsied PCR using the Pasteur

virus (Accession M13215) nucleotide sequence as referéabée(20).

Table 20: Sequences of pailyssavirus for seminested RFPCR

Primer Sequen®) (5606 Position | Product | Reference
PanLyssa TTCTTC GCT YTR ATG TCW| 7074 Fischer et al.
7531F TGG AA 7006 | 218bP | (2014)
PanLyssa ATGRTTGTT CCACTT YTC| 7269 Fischer et al.
7749R ATARTC 7292 (2014)
Rabies semi | ATG ACW GAC AATTTG 71706 .

nested F AAC AAG G 7101 | ~120bp| This study

F: forward. R: reverse.

For each reaction, a master mix with 10 pl was obtainedBiithine MyTadf HS Mix
kit (Bioline GmbH, Luckenwalde, Germany) added to 5 pl cDNAKQ]e 21).

Table 21: Reaction reagents for parlyssavirus seminested RT-PCR

Reagent

Volume for 1 reaction

Stock concentration

Two-step PCR

BioLine MyTacf HS Mix 7.8ul 2X
RNasefree water 1.3ul

PanLyssa7531R 0.7ul 10uM
PanLyssa7749R 0.7l 10uM
cDNA 5ul

Total 15ul

Semkinested PCR

BioLine MyTacf HS Mix 10ul 2X
Rabies semnested F 0.4pl 10uM
PanLyssa7749R 0.4pl 10uM
RNasefree water 7.2l

Two-step PCR product 2ul

Total volume 20ul

Amplification conditions consisted of 15 min at 95°C, followed by 40 cycles of

denaturation for 30s at 94°C, annealing for 60s at 55°C, elongation for 90 s at 72°C, and final

elongation for 10 min at 72°C. Another round of amplification with the same tcamgliwas

carried out, this time containi

ng 2
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3.7.6.4 Pan-Borna disease virus RTPCR
Pan-Borna virus One Step Retaine RTPCR for detection of X/P proteins

For screening of orthobornaviruses, the primer set designed by Nébatérden
(2020)was used to amplify a 200 bp fragment of the-¥fien reading frame (ORF). These

primers were designed to detect viruses of seven species of the @ehobornavirus

(Mammalian

1 orthobornavirys Mammalian

2 orthobornavirys Passeriform 1

orthobornavirus Passeriform 2 orthobornaviry®sittaciform 1 orthobornaviryssittaciform
2 orthobornavirus and Waterbird 1 orthobornavirds Additionally, Bourg et al.(2016)
demonstrated that other known pathogenic virddesBoDV-1, VSBV-1, PaB\¢2, and PaBY
4 can also be detected by this asSable 22).

Table 22 Sequences of pafBorna diseasevirus primer s for Reaktime RT-PCR

Primer Sequemr3cde 50 Product | Reference
OrthoBorna CGC GAC CMT CGA GYC TRG T

Forward

OrthoBorna GAC ARC TGY TCC CTT CCK GT| 200bp | Nobaché& Herden
Reverse (2020)

Probe Borndld7% | AAG AAC CCH TCC ATG ATC

FAM TCM GAC CMA GA

Reactions were carried out with the OneStepHATR kit (Qiagen GmbH, Hilden,

Germany). Each reaction had a total volume of 25 pl includipgd® RNA template Table

23). Amplification was obtained using the QIAGEN Rotor G&eycler and analyses were

carried out with the RoteGene Q Series software. Cycling conditions consisted of 30 min at
50°C, 15 min at 95°C, followed by 45 cycles of 15s at 95°C, 30s single€@td&aw, 30s at

72°C. Samples were considered positive when the threshold cycle (Ct) values produced were

comparable to the positive controls.

Table 23: Reaction reagents for parBorna diseasevirus Reaktime RT-PCR

Reagent Volume for 1 reaction Stock concentration
5x One Step Buffer 5ul 5x
dNTP Mix 1l 10mM
BSA 1l 1 mg/ml
Bornal319F 0,8ul 10uM
Bornal529R 0,8ul 10uM
Bornal4d71FAM 0,1pl 50uM
DEPC water 10,3pl

Enzyme Mix 1ul

Template RNA 5ul

Total volume 25l
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PanBorna disease virus twstep RTPCR for detection of the X/P proteins gene

The twostep RFPCR was carried out to amplify a 60 bp fragment of the genus
Orthobunyavirus X/P ORF. It was used for samples that showed late amplification
curves/reaction (Ct above 27) with the fgorna disease virus gRFCR, described above. In
this case, primers set was provided by Daniel Nobach, Institute of VeteRa#rglogy, JLU
Giessa (data not publishedYable 24).

Table 24: Sequences of paiBorna diseasevirus primers for pan-Borna virus two-step
PCR

Primer Sequenrcde 506 Product | Reference
Bornal424F GAA GAA CCC HTC CAT GAT CTC 60b Nobach (not
Bornal4d84R | ATT CGATAG TTG RTC CCT TCC P published)

F: forward. R: reverse.

After reverse transcription, the twatep PCR was carried out with BioLine MyFaq
HS Mix. Each reaction had a total volume of 20 pl includind 6f cDNA (Table 25).

Table 25: Reaction reagents for parBornavirus two-stepRT-PCR

Reagent Volume for 1 reaction Stock concentration
BioLine MyTacf HS Mix 10.5ul 2X
RNasefree water 3.4ul

Bornal424F 1.1ul 10uM
Bornal484R 1.1ul 10uM

cDNA 5ul

Total 20ul

Cycling consisted of a single step of 15 min at 95°C, followed by 35 cycles of
denaturation for 30s at 94°C, annealing for 60s at 50°C, elongation for 90s at 72°C, and final

elongation for 10 min at 72°C.

3.7.6.5 Equine herpesvirusl PCR
Equine herpesvirud PCR for detection of the viral glycoprotein B (ORF33) and DNA
polymerase (ORF33)

To detect EHV1 DNA, primers and cycling conditions were adapted from Leutenegger
et al.(2008) The assay was designed to amplify a 90 bp fragment of the viral glycoprotein B
(ORF33) and/or a 53 bp fragment of the DNA polymerase (ORHA3M)€ 26). Infection with
a neuropathogenic variant was considered when there was amplification of the ORF30, and
further demonstration of the single nucleotide polymorphism (snp) from A(2254) to43(225

associated with clinical EHM.
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Table 26: Sequences of Equine herpesvirds primers

Target gene Sequend@®) (50| Primer Product | Reference
TAT ACT CGC TGA EHV1-

Glycoprotein B | GGATGGAGACTTT | 387F 90pp | LEUtenegger et

(ORF33) TTG GGG CAA GTT CTA| EHV1- P lal (2008)
GGTGGTT 476R
ATC TGG CCG GGC TTQ EHV1-

DNA polymerase AAC 29F 53b Leutenegger et

(ORF30) GGT CAC CCA CCT EHV1- P 1al (2008)
CGAACGT 82R

F: forward. ORF: Open reading frame. R: reverse.

The extracted gDNA was diluted in sterile water to achieve the final concentration of
30 ng. For the PCR, the BiolLine MyTaqgqE HS

Germany) was used in 1B reactions Table 27).

Table 27: Reaction reagents for Equine herpesvirud PCR

Reagent Volume for 1 reaction Stock concentration
BioLine MyTacf HS Mix 7.8ul 2X
RNasefree water 1.3ul

Forwardprimer 0.7l 10uM
Reverse primer 0.7ul 10uM

gDNA 5 ul

Total 15ul

Amplification conditions consisted of 15 min at 95°C, denaturation for 30s at 94°C,
annealing for 60s at 55°C, elongation for 90s at 72°C repeated through 40 cycles, and final

elongation for 10 min at 72°C.

3.7.6.6 Panralphavirus RT-PCR
PantAlphavirus One Stepested RIPCR for detection of the nesiructural protein 4 (nsP4)
gene

Due to its high conservation, the nsimuctural protein 4 (nsP4) coding region of the
alphavirus genus RNA was chosen as described by Grywna @04D) The assay was
designed to recognize the virus sped@smah Forest virus (BFV), CHIKV, Mayaro virus
( MAYYV) , -©Oyongyiwg) Ross River virus (RRV), Semliki Forest virus (SFV), Sindbis
virus, Eastern, Western, and Venezuelan equine encephalitis viruses (EEEV, WEEV, and
VEEV, respectively). Based on theaflable alphavirus sequences, it was necessary to use two

antisense primers differing in one nucleotide for the nested&bpe(28, Grywna et al., 2010)
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Table 28 Sequences of primers for paralphavirus nested RFPCR

Primer Sequenrcoe 506 Product | Reference
panAlphal | TTT AAG TTT GGT GCG ATG ATG

F AAG TC ~400bp

panAlphal | GTT GCT TCA ATG GTT CAR GGN

R GAY AA

panAlpha 2 | GGT GCG ATG ATG AAG TCT GGG Grywna et al.
F ATGT 210bp (2010)
panAlpha CTATGATAT TGACTT CCATGT

2R1 TCATCCA

panAlpha CTATGATAT TGACTT CCATGT

2R2 TCAGCCA

F: forward. R: reverse.

For the first step of the nested LR, Qiagen OneStdpT-PCR kit (Qiagen GmbH,
Hilden, Germany) was carried out in a total volume of 13 ul for each reaction and 12 ul template
RNA, or RNasegree water for the NTCTable 29). The cycling conditions consisted of 15 min
at 45°C followed by 3 min at 95°. A touchdown step was included consisting of 10 cycles of
20s at 95°C, 20s starting at 65°C decreasing 1°C each cycle, and 20s at 72°C. To finalize,
another 30 cycles of 20$ 85°C, 20s at 55°, and 20s at 72°C were done.

Table 29: Reaction reagents for paralphavirus nested RFPCR

Reagent Volume for 1 reaction Stock concentration
One Step RT PCR

5x One Step Buffer 5ul 5x
dNTP Mix 1l 10mM
BSA 1l 1 mg/ml
panAlpha 1 for 1.25pl 10uM
panAlpha 1 rev 1.25pl 10uM
DEPC water 2.5l

Enzyme Mix 1l

Template RNA 12pl

Total 25ul

Nested PCR

2x Multiplex Master Mix 10ul 2X
panAlpha 2 for 0.4ul 10uM
panAlpha 2revl 0.2ul 10uM
panAlpha2rev2 0.2ul 10uM
DEPC water 7.2l

One Step RT PCR produ 2ul

Total 20ul

In the nested phase, QIAGEMultiplex PCR Kit (Qiagen GmbH, Hilden, Germany)

was prepared in a total volume reaction of 18 pl, added to 2 pl from the product of the first step,
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using the primers described for the nested phase. The cycling conditions were 10 min at 95°
followed by 40cycles of 20s at 95°C, 20s at 55°C and, 20s at 72°C.

Pantalphavirus semnested RIPCR for detection of the nestructural protein 4 (nsP4) gene

To improve the PCR conditions applicable for FFPE material, a primer sequence

complimentary to the inner primer pair of Grywna et al. (2010) was selected for-assted

reaction to amplify a 90 bp fragment from the nsPdb{e 30). Strains of Chikungunya virus

were the reference gene for this new primer (Sidonia 2F).

Table 30: Primers used for the paralphavirus seminested PCR

Primer Sequemrcde 50 Product | Reference

panAlpha 2 | GGT GCG ATG ATG AAG TCT GGG

F ATGT

panAlpha CTATGATAT TGACTT CCATGT TCA| 210bp | Grywna et al.

2R1 TCCA (2010)

panAlpha CTATGA TAT TGACTT CCATGT TCA

2R2 GCCA

Sidonia 2F | TGC GCA GCM TTC ATC GGC GAC 90bp | This study
GAC

F: forward. R: reverse.

For the first step of the semested PCR, each reaction consisted gfilli®aster mix

added to Jul RNA template. The master mix reagents and the cycling conditions were the same

as the onepreviously described on the paiphavirus One Step nested fCR {Table 31).

While in the semnested step, the cycling was carried out initially for 15 min at 95°C, followed
by 40 cycles of 30s at 94°C, 60s at 58°C, 90s at 72°C, and final elongation of 10 min at 72°C.

Table 31 Reaction reagents for paralphavirus seminested RFPCR Continued
Reagent Volume for 1 reaction Stock concentration
One Step RT PCR
5x One Step Buffer 5ul 5x
dNTP Mix 1l 10mM
BSA lul 1 mg/ml
panAlpha 2 for 1.25ul 10uM
panAlpha 2revl 0.63pl 10puM
panAlpha 2rev2 0.63pl 10uM
DEPC water 2.5l
Enzyme Mix 1l
Template RNA 5ul (adjusted to 1000ng)

Total 18pl
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Reagent Volume for 1 reaction Stock concentration
Seminested PCR

2x BioLine My Taq HS Mix 10ul 2X

Sidonia 2F 0.8ul 10uM
panAlpha 2revl 0.8pl 10uM
panAlpha 2rev2 0.8pl 10uM

DEPC water 1.3ul

One Step RT PCR product 2ul

Total 15pl

3.7.6.7 Panlavivirus RT -PCR

A broadrangeflavivirus Reattime RT-PCR was used according to Ku(i®98)and
optimized by Scaramozzino et €2001) The assay was designed to amplify the-swactural
protein 5 (NS5) genes from the main flavivirus complexes Dengue virus (DENV), Japanese
encephalitis virus (JEV), WNVYellow fever virus YFV), Tick-borne encephalitis virus
(TBEV), and Rio Bravo virusin this study, flaviviral screening was carried out in two
approaches; R§PCR assay obtaining a final product of 250 bp, and a-sestéd RTPCR,
using the same primers as outer primers added to a new, complimentary inner primer, designed
to amplify aproduct lengthening 130 b 4ble 32). To design this new primer (Louis R),
sequence of the Saint Louis encephalitis virus (SLEV) strain-MBB5 gene was added
(Accession EU074012.1).

Table 32 Sequences of primers foReakltime RT-PCR and seminested PCR for
flaviviruses

Primer Sequemrcde 50 Position | Product | Reference
TAC AAC ATG ATG GGA 8993
FUL(F) | AAG AGA GAG AA 9018 Kuno (1998)
GTG TCC CAG CCG GCG 9232
cFD2 (R) GTG TCA TCA GG 9258 250bp | Kuno (1998)
Probe 788 | AAR GGH AGY MCD GCH 9044 Scaramozzino et al
(6FAM) ATHTGG T 9065 (2001)
. CCAGTG GTC TTC ATT 9151 .
Louis R SAG GAA 9172 133bp® | This study

F: forward. R: reverse.
aReference gene: Yellow fever virus complete genome, 17D vaccine strain (Accession XO3W&) primer
combined with primer FU1 (F).

Panflavivirus One Step Rediime RTPCR for detection of the nestructural protein 5 (NS5)
gene

Reactions were carried out with the OneStepHTR kit (Qiagen GmbH, Hilden,
Germany) consisting of 20 pl of the master mix, addeditbd® RNA template Table 33).
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Table 33: Reaction reagents for the parflavivirus Reattime RT-PCR

Reagent Volume for 1 reaction Stock concentration
One Stepbuffer 5ul 5x
dNTP mix 1ul 10mM
BSA 1l 1mg/mL
DEPC water 11.3pul

Enzyme mix 1l

FU1 (F) 0.3ul 100uM
cFD2 (R) 0.3pl 100uM
Probe 788 (6FAM) 0.1l

Template RNA 5ul

Total volume 25pl

The reaction time and temperature in the Rotor &giegcler set were 30 min at 50°C,
15 min at 95°C, followed by 45 cycles of 15s at 95°C, 30s single at 52°C and, 30s at 72°C.
Later, samples weranalysedvith the RotorGene Q Series software and consedepositive

when the threshold cycle (Ct) values produced were comparable to the positive controls.

Pantflavivirus seminested RIPCR for detection afon-structural protein 5 (NS5) gene

To increase the sensitivity of the primer pair used for theflpaivirus One Step Real
time RT-PCR described on the section above, the reverse inner puauesr Rwas applied to
a second round of PCR reactions. The first round of the-sestéd PCR wasarried out with
the OneStep R'PCR kit (Qiagen GmbH, Hilden, Germany), each reaction consisting of a 20
pL master mix, added to 5 pL of RNA templaleable 34). Cyding conditions consisted of 30
min at 50°C and 15 min at 95°C for the RT phase, followed by 40 cycles of 15s at 95°C, 30s at
52°C, and 30s at 72°C. The sengisted phase was carried out with the BioLine M{Tai$
Mix, each reaction occurring in a totallume of 18 L, including 2 pl of the twetep PCR
product. The cycling conditions consisted of amplification for 15 min at 95°C, followed by 35
cycles of denaturation for 30s at 94°C, annealing for 60s at 55°C, elongation for 90s at 72°C,

and final elongabn for 10 min at 72°C.
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Table 34: Reaction reagents used for the pafiiavivirus semi-nested PCR

Reagent Volume for 1 reaction Stock concentration
One Step PCR

One Step buffer 5ul 5x
dNTP mix 1ul 10mM
BSA 1l 1mg/mL
DEPC water 11.4pl

Enzyme mix 1pl

FU1 (F) 0.3ul 10pM
cFD2 (R) 0.3pl 10uM
Template RNA 5ul

Total volume 25l

Seminested PCR

2x BioLine MyTad HS Mix 10pL 2X
FUL (F) 0.4pL 10QuM
Louis R 0.4uL 100uM
RNasefree water 5.3uL

OneStep PCR product 2uL

Total volume 18ul

3.7.6.8 Pan-bunyavirus RT-PCR
Panbunyavirus semmested RIPCR for detection of the small viral RNA segmergg@mnent)

For the screening of viruses in tethobunyavirusggenus, a primer set designed by

Kuno et al(1996)was used to amplify a 210 bp fragment of the small RNA segment. This was

demonstreed to amplify sequences of at least 44 viruses, including Main Drain virus, California

encephalitis virus, and LACV. Moreover, for the sarasted phase, new primers were designed

to amplify a 115 bp fragment, including sequences of Maguari virus, Shiws, \and

Oropouche virusTable 35).

Table 35. Sequences of pabunyavirus primers for semi-nested RFPCR

Primer

Sequenr3cde 506 Position

Product | Reference

New-BCS82 F

TTY HAT GAT GTC GCATC 97-114

New-BCS82 F2

TTY HAT GAT GTC GCT GC 97-114

TGT TCC KGT TKC CAG GAA

Modified

210bp | from Kuno et

New-BCS308 R| ;51 308328 al. (1996)
SN-BCS197 R | 117 AGG AAG AAGATC CTA | 197516 | 115bp | This study
SN-BCS197 R2| 111 ATG TAG AAG ATT CGW | 197516 This study

F: forward. R: reverse.
a Additional reference genes: Maguari virus strain BeAr7272 (Accession KX100103.1), Shuni virus strain
SAE1809 (AccessioKC510272.1), Oropouche virus strain TRVL9375 (Accession KP026181.1).
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The first step oftheseme st ed PCR was <carried out witdh
kit (Bioline GmbH, Luckenwalde, Germany), each reaction consisting of a volume of 16 pl,
including 5 plcDNA, or RNasdree water for the NTCTable 36). Amplification was carried
out for 15 min at 95°C, followed by 35 cycles of denaturation for 30s at 94°C, annealing for
60s at 51°C, elongation for 90s at 72°C, and final elongation for 10 min at 72°C. The semi
nested RTPCR was also carried out with tigioLine MyTadf HS Mix, each reaction
occurring in a total volume of 20 pl, including 2 pl of the tatep PCR product. The cycling

conditions were the same as the first cycle, except amplification which was carried out at 53°C.

Table 36: Reaction reagents used for the pabunyavirus seminested RTPCR

Reagent Volume for 1 reaction Stock concentration
Two-step PCR

2x BioLine MyTad HS Mix 7.1yl 2X
New-BCS82 F 0.8l 10uM
NewBCS82 F2 0.8ul 10uM
New-BCS332 R 0.8pl 10uM
RNasefree water 1.5ul

cDNA 5ul

Total volume 16ul

Semtinested PCR

2x BioLine MyTad HS Mix 10ul 2X
New-BCS82 F 0.4pl 10uM
New-BCS82 F2 0.4pl 10uM
SN-BCS197 R1 0.4ul 10pM
SN-BCS197 R2 0.4pl 10uM
RNasefree water 6.4ul

Two-step PCRoroduct 2ul

Total volume 20pl

3.7.6.9 Pan-paramyxovirinae RT-PCR
Panparamyxovirinae sermested RIPCR for detection of the large protein (L)

For the screening of viruses in tRaramyxovirinaesubfamily, primers sets designed
by Tong et al(2008)were modified to amplify a 149 bp sequence fragment of the large protein
(L). For the semnested phasejew primers were designed to amplify a 74 bp sequence
fragment, including sequences of NiV, Hendra virus (HeV), and canine distemper disease
(CDV) (Table 37).
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Table 37: Sequences of paiparamyxovirinae primers for seminested RT-PCR

Primer Sequence (53") Position? | Product | Reference
Paramyxo F GTC WGT TAT HTA 13806 Modified from
Nipahbased TGT HGC AGA 13826 Tong et al(2008)
Paramyxo F CDV | GTC GAT CCT ATA 13806 This study
based CGT AAG TGA 13826 149b

Paramyxo RL | AT WGT TGC KAT 13936 P This stud
Nipah-based MGT CCATGT 13955 y
Paramyxo R1 AT GGT TGC AAT 13936 This stud
CDV-based AGT CCATAA 1395% y
SN-Paramyxo R2 | K AAT GRA TRA 13880 This study
Nipah-based ATATAT CAT CTT 1390F 74bp

SN-Paramyxo R2 | T AAT TGA TGA 13880 This stud
CDV-based ATATTT GAG AGT 1390P y

F: forward. R: reverse.

2Reference genes Nipah virus (Accession NC 002728.1) and Hendra virus (Accession NC 00Re@@nce
gene Canine distemper virus (Accession KJ147057.1).

The first amplification roundw a s

carri

ed

out wi t h

Bi oLi

(Bioline GmbH, Luclenwalde, Germany), each reaction of 16 pl, including 5 pl cDNA, or

RNasefree water for the NTCTable 38). Cycling conditions consisted of 15 min at 95°C,
followed by 35 cycles of 30s at 94°C, 60s at 51°C and 90s at 72°C, and final elongation for 10

min at 72°C.The seminested phase was carried ouR0 ul reactionincluding 2pl of the first

PCR product. Cycling conditions were the same as for the first radtidannealing at 55°C.

Table 38 Reaction reagents used for the paparamyxovirinae seminested RT-PCR

Reagent

Volume for 1 reaction

Stock concentration

Two-step PCR

2x BioLine MyTad HS Mix 7.8ul 2X
Paramyxd- Nipahbased 0.4pl 10uM
Paramyxo F CDVbased 0.4ul 10uM
Paramyxo RNipah-based 0.4ul 10uM
Paramyxo R1 CD\based 0.4pl 10uM
RNasefree water 1.6pl

cDNA 5ul

Total volume 16ul

Semtinested PCR

2x BioLine MyTad HS Mix 10ul 2X
Paramyxd- Nipahbased 0.4pl 10uM
Paramyxo F CDVbased 0.4pl 10uM
SN-Paramyxo R2 Nipalvased 0.4ul 10uM
SN-Paramyxo R2 CDWased 0.4ul 10uM
RNasefree water 6.4ul

Two-step PCR product 2ul

Total volume 20ul
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3.7.6.10Pan-coccidia PCR
Pan-Coccidia nested PCR

Two universal Coccidia PCRs, a sengisted 18S and nested internal transcribed spacer
1 (ITS1), were carried out with the gDNA from 6/35 samples (Horses 1, 9, 18, 19, 20, 22)
comprising the animals that presented lesions suggestimgtozoan infection. The PCR was
conducted at the Institute of Parasitology, JLU Giessen by Dr. Joerg Hirzmann. While the semi
nested 18S PCR screened the presenge g@dndii S. neuronaand/orN. caninum the nested
ITS1 PCR differentiated each cadia by the amplicon producedble 39).

Table 39: Sequences of paitoccidia primers

Target | Primer SequenX@®) (56 Product | Reference
Coccl8SF | GCA AGG AAG TTT GAG GCA AT
18S Coccl8SR | TGC AGG TTCACC TAC GGA AA 382bp Miller et al.
CocclssR | TCC TTC CTC TAA GTG TTA (2009)
AGG TTC A

ApilITS1-F | TTACGT CCCTGCCCTTTG TA
ApilTS1-R | TGC GTT CTT CAT CGT TGC GC

TS1 | APIITSINF | GTG AAC CTT AAC ACT TAG 5000 | Gibson et al.
(internal) AGG 1000kB | (2011)
(Air'?t'gr%;m GAG CCA AGA CAT CCA TTG CT

F: forward. ITS1: internal transcribed spaceKh: kilo base. R: reverse.
& 500kbi Neospora caninupil000kbi Sarcocystis neurona

Pan-Coccidia semnested PCR for detection of 18S small subunit rRM8& ss rRNA)

For the screening of coccidia in a semaisted assay, primers sequences optimized by
Fehlberget al. (2017) were modified and complemented by sequenceSartocystidae
Eimeridae andCryptosporidadamilies. The fist round of PCR was designed to amplify a 341
bp product of the 18S small subunit rRNA, while the seested phase, was to amplify a 146
bp (Table 40).

Table 40: Sequences of paitoccidia primers used for semnested PCR investigations

Primer Sequence (53) Product | Reference
PanCoccidia F GTT GTTGCA GTT AAA Modified from Fehlberg
AAG CTC GT 341bp - al. (2017)
1 ACT GTC AGA GGT GAA
PanCoccidia R ATT CTT AGA T Fehlberg et al. (2017)
SN-Pan TAG AGT GTT TCA AGC _
Coccidia F AGG CTTGT 146bp | This study

F: forward. R: reverse. Underline indicates nucleotide substitution.
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Each reaction consisted of a 20 pl mix carried out BithLine MyTacfE HS Mix kit
(Bioline GmbH, Hessisch Oldendorf, Germany) including 5 ul gDNAl{le 41). Cycling
conditions for the first PCR consisted of 15 min at 95°C, followed by 35 cycles of 30%Cat 94
60s at 50°C and 90s at 72°C, and final elongation for 10 min at 72°C. Theastid phase

was carried out as a 20 pl master mix includind & the first PCR product. Cycling conditions

were the same as for the first round, except the annealing temperature, carried out at 53°C.

Table 41: Reagents used for the paitoccidia seminested PCR

Reagent Volume for 1 reaction Stock concentration
1S PCR

2x BioLine MyTad HS Mix 7.8ul 2X
PanCoccidia F 0.4ul 10uM
PanCoccidia R 0.4pl 10uM
RNasefree water 6.4ul

gDNA 5ul (adjusted at 30ng)

Total volume 20ul

Seminested PCR

2x BioLine MyTad HS Mix 10ul 2X
SN-PanCoccidia F 0.4pl 10uM
PanCoccidia R 0.4ul 10uM
RNasefree water 7.2ul

1I"PCR6s produc 2ul

Total volume 20ul

3.7.6.11Pan-mamastrovirus RT-PCR
Pan-mamastrovirus Real Time FACR

To screen the samples fdamastrovirusgenera, Dr. Bernd Hoffmann, Friedrich

Loeffler-Institut, Greifswaldi Island Riems, Germany kindly performed a-BFCR. The

assay was designed to amplify a 160 bp product.

3.7.6.1Electrophoresis gel preparation and separation of amplified products

To separatehe DNA fragments amplified during the PCR protocols, horizontal gel

systems were carried out in different gel concentrations, which varied with chambers size with

pattern voltage of 7V/cml@ble 42).
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Table 42. Electrophoresis gel preparation

Reagents Chamber size
9 Mini (10 wells) Middle (20 wells)
Gel . 204 4% 2% 4%
concentration
Ul traPi Biozym Phor Ul traPi Biozym Phor
Agarose, Agarose,
Agarose type Agarose, Bi Agarose, Bi
Invitrogen 1ozym Invitrogen 1ozym
Scientific Scientific
Agarose weight 06 12 29 4.4
(9) ' ' ' '
0.5x TBE buffer 30 30 110 110
(ml)
Ethidium
bromide 1:10 1 1 3.6 3.6
(W)
Separation >300 <300 >300 <300
product (bp)

Alongside the samples tested, DNA ladders pUC DNA/Mspl (Hpall) (Thermo Fisher
Scientifi¢, Carlsbad, USA) and GeneRuler 100 bp Plus DNA Ladder (Thermo Fisher
Scientifi¢ , Carlsbad, USA) were used. For eachpd®CR product, 3ul of Orange DNA
loading dye (Thermo Fisher Scientffic Carlsbad, USA) was added.

3.7.7 Specificity of sequences obtained with the PCRs

Assay specificity was verified by examining the sipecific PCR products from
positive controls and afterwards, from positive samples.-§pegfic amplification products,
assessed through electrophoresis were then processed with EKISRER Product Cleanup
Reagent (ThermoFisher Scientific, Carlsbad, USA) for the cleanup of amplified PCR products.
This method applies two hydrolytic enzymédmdtaneously used to purify the DNA. For each
positive PCR reaction, 20 pl P@Roduct was treated with ExoSAP-mix, consisting of 4 ul
of fast alkaline phosphatase, and 2 pl of exonuclease. Afterwards, the solution was incubated
in the Multicycler PTC200 (Biozym Diagnostik GmbH, Oldendorf, Germany) for 15 min at
37°C to degrade remaining primers and nucleotides by dephosphorylation, and 15 min at 80°C
to inactivate ExXoSART reagent. 2.5 pl of a 10 uM forward primer or reverse primer was added
to 7.5 l of PCR product EXoSAJT treated, respectively. Samples were sent to GATC Biotech

AG (Kdln, Germany), where the sequencing was performed.
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3.7.7.1 Interpretation of sequences results
Sequencing results weadalysedand interpreted with the alignment editor tool BioEdit
v7.2.5 (Tom Hall, Ibis Biosciences, Carlsbad, USA) and sequences identities were verified with

Blast® nucleotide (National Center for Biotechnology Information, Bethesda, USA).

3.8 Metagenomics

The RNAextracted from 10/35 samples (Horses 4, 6, 7, 11, 16, 18, 22, 31, 32 and 35)
was sent to next generation sequencing (NGS), to broaden the identification of agents possibly
involved in the lesions observed in the CNS of horses from Brazil. The nucleievasid
extracted with protocol 3 according to Boos et(a019) and shipped in dried ice to Arnt
Ebinger, Institute of Diagnostic Virology and Dr. Dirk Hoper, Laboratory of NGS and
Microarray Diagnostics, Friedrichoeffler-Institut, Greifswaldi Island Riems, Germany.
Process of the material, development of protocols, and confection of result reports were carried
out by them. In summary, library preparation of the designated brain sangdgxecessed
according to the protocol of Wylezich et @018)with the modification for lowquality RNA
samples, described byilNdr et al. (2020) A 200 bp sequencing run using a 540 chip was
performed on an lon Torrent S5XL instrument (Thermo Fischer Scientific, Carlsbad, USA).
The Metagenomic analysis was done using the Reliable Information Extraction of
Metagenomic Sequence datasets pipelin&€R8 4.0)(Scheuch et al., 2015Additionally,
reads assigned to the super kingdom virus as well as not assignedvezacassembled with
the 454 software suite (v3.0; Roche), followed by blastx search versus the virus RefSeq
database (download November 2008p 6 L e ar y @asing LHAMOND (Rubhfing &t al.,

2015) Contigs wee used as a criterion for pathogen detection.
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4. Results
4.1 Samples

The study was carried out with a variety of CNS areas from the 35 horse brains sent
from Brazil Appendix 4). Forebrain fragments were present in 25/35 (71%) samples, followed
by parts of the midbrain of 14/35 cases (40%), cerebellum of 12/35 (34%) animals, and parts
of the spinakord of 22/35 (63%) horses. Exceptionally from a fragment of the cerebral cortex
from horse 4, in all samples, meninges were also present. Additionally, trigeminal ganglia were
sent with 3/35 (9%) samples and an unspecified ganglion with 1/35 horse 3¥ginThe
archived samples consisted of tissues fixed in formalin and embedded in paraffin between the
years 2005 and 2014.

4.2 Epidemiology and clinical records

Samples available for the study were retrieved from a-mvedeéd population of male
andfemale animals, most of them older than fgaars (ranging from 6 months to 16 years
old), and predominantly from mixed breed#sgy; 21). Clear utility for riding waseported for
horses 913, 18, and 21, while horse 20 was used for pulling cart and information in this regard

was missing for the other 27 animals.

Fig. 21: Distribution of cases regarding sex, age, and breed of 35 horses
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Most of the clinical signs pointed to a multifocal distribution of lesions in the CNS
(21/35 60%) especially without cerebral signs (13i1262%) Fig. 23, Appendix 4). In the
remaining horses, signs were suspicious for brainstem lesions in 2/35 (6%), for cerebellum and
caudal to thoracic vertebra T2 in 3/35 (9%) each, and clinical repusdgg in 6/35 (17%).
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Fig. 23: Presumptive neuroanatomic location of lesions according to the clinical signs

reported (N=35)
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The animad were referred to th@stmortemexamination after euthanasia (7/35, 20%)

or found dead in the fields (5/35, 14%), and information concerning death condition was

missing for the other 23/35 (66%) animals. The season of death was reported as summer for
6/35 animals (I%), as fall for /35 (G7%), as spring for 3/35 (8%), and as early winter for
1/35 (3%), while for 6/35 (17%) this information was unavailable. Macroscopic lesions were
reported in 18/35 (51%) casdad. 22, Appendix 4), while unremarkable alterations in 7/35
(20%), and missing information in 10/35 (29%).

Fig. 22 Gross lesions reported in the necropsy dif8/35horses

Encephalon : horse 18 had oedema; horses 19 and
22 had colour alterations; horse 22 had also softening
of white matter

Cerebellum: horse 22 had a mass with spongy
consistency on 4" ventricle

Spinal cord: horses 1, 2, and 15 had colour
alterations; horse 8 had luxation between C5-C7; horse
21 had a fracture between C5-C6; horses 9, 21, 241 27
had haemorrhage

Eyes: horses 11-13 had palpebral oedema

Lungs: horse 15 had multiple white dots measuring
a4 0.2cm

Mesenteric artery: horses 8 and 18 had parasites
(Strongylus vulgaris); horse 13 had severe petechial
haemorrhage

Intestines: horses 8 (A. perfoliata, P. equorum) and
18 (A. perfoliata) had parasites; horses 11-13 had
liquefied content, horse 16 had colour alteration and
mucous content

Kidneys: horse 16 colour alteration

Bladder: horse 16 full and multifocal haemorrhage

Skin: horse 14 had a superficial lesion in hind limb

Body condition: horse 8 was cachectic

Gross lesions were reported i8/35 (51%) horses from the cohort. In 13/18 (72%) there were lesions i
CNS (1, 2, 3), and in 3/13 (23%) there wedkitionally noRCNS lesions (5, 7, 11). The other 5/18 (28
animals were reported only with n@NS lesions (4, 6, 7, 8, 9, 10). lllustration prepared on Inkscape ve
1.0, available at inkscape.org), r@GCDM1.6@eatvescdammar
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4.3 Histology
Histological evaluation was carried out from all CNS areas available of each animal. In
general, inflammation was observed in the CNS and ganglia from 28/35 (80%) hotkes,

other 7/35 (20%) cases presented reactive and/or degenerative |Egjo24,(Appendix 5).

Fig. 24: Type of histological lesion observed in the CNS of the 35 horses
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* Horses 16 and 21 presented only laaflammatory infiltration in ganglia

4.3.1 Histological evaluation of samples with inflammation

Histological evaluation of the 28/35 cases that displayed inflation revealed that
13/28 (46%) of them had multifocal inflammation in the CNS, while the other 15/28 (54%)
displayed localized inflammation in the spinal cord of 4/15 (27%), midbrain of 2/15 (13%),
forebrain of 7/15 (47%), and ganglia of 2/15 (13%).

4.3.1.1 Degree of inflammatory cell infiltration

The score system carried out with the 28 samples with inflammation in the CNS
(Appendix 6). In the forebrain, 20/28 horses displayed inflammatory infiltration, which was
characterized as mild in 9/20 (45%), moderate in 7/20 (35%), and severe in 4/20 (20%).
Inflammation was noted in the midbrain of 10/28 horses; 2/10 (20%) samples showed mild
infiltration, 6/10 (60%) moderate, and 2/10 (20%) severe infiltration. Inflammation was present
in the cerebellum of 8/28 horses; 6/8 (75%) samples displayed mild, 2/8 (25%) moderate, and
none severe infiltration. In the spinal cord of 16/28 horses inflammmaas noted, 11/16 (69%)
samples showed mild infiltration, 3/16 (19%) moderate, and 2/16 (12%) samples severe
infiltration (Fig. 25).
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Fig. 25: Degree on inflammation in different areas of the CNS of horse
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In general, mild inflammatory infiltration consisted of around 0 to 19 inflammatory
cells in perivascular cuffs, with a mean of 1.5 layers of inflammatory cells in these cuffs, and
between 19 to 130 inflammatory cells infiltrating the parenchyfig. (26B). Moderate
infiltration appeared as between 10 to 68 inflammatory cells in perivascular cuffs with a mean
of 2 cell layers, and between 61 to 288ammatory cells in the parenchymkid. 26C). In
severe lesions, there were around 37 to 141 cells in perivascular cuffs, at least 3 layers of cells,
and from 104 te&194 inflammatory cells in the parenchyniag( 26D). These results were not

statistically verified due to the high variance among inflammatory infiltration charaicterist

96



Results

Fig. 26: Severity of inflammation in the brain of 28 horses, hematoxylireosin
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(A) Non-lesioned horse control brain, midbra{B) Horse 5, forebrain, mild inflammatory infiltration. (C
Horse 27, forebrain, moderate encephalitis. (D) Horse 9, spinal cord, severe myelitis. Sc2@OIpam.

4.3.1.2 Inflammatory cells morphology

In general, 25/28 (89%Appendix 5) CNS samples had +++ of lymphocytes within
inflammation in perivascular cuffs and in the parenchyma. In some of these cases, plasma cells
(19/2871 68%), macrophages (12/2843%), and eosinojills (9/287 32%) were concurrently
present as +Hig. 27A). In 3/28 (11%) samples, inflammation was composed of ++ of
lymphocytes and macrophages, and + of plasma (teltse 9Fig. 27B ), ++ of lymphocytes
and <+ plasma cells (horse 26), or like the trigeminal ganglion of horse 21, with ++ lymphocytes
amidst + of macrophages and ef plasma cells. Periodiacid Schiff (PAS) stainingilso
highlightedMott cells within perivascular cuffs of horse Bid. 27B-inser).
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Fig. 27. Cellular composition of inflammatory lesions in the CNS of horse
hematoxylin-eosin

wf%ee . i ' :

(A) Horse 29 midbrain,predominant lymphocytic inflammatory infiltrasccompanied by macrophage
(arrow heads) in the center of the vessel (v). Scale bar: 50(BmHorse 9,spinal cord,mixed
inflammatory infiltrate composed of lymphocytes, plasma cells (arrow), macrophages (arrowhea

eosinophilglarge arrow)lInsert shows a PABositive Mott cell.(v): blood vessel. Scale ba5um.
4.3.1.3 Meningeal inflammatory infiltrate

Meningitis was observed in 12/35 (34%) cases. It appeared as scattered cellular
infiltration in 1/12 samples (8%), as mild infiltration in 4/12 (33%kig. 28A), moderag¢ in
5/12 (42%)(Fig. 28B), and severe infiltration in 2/12 (17%) casEwy(28C).

Correlation analysis with WilcoxeMannWhitneyTest indicated that the severity of
inflammation in the spinal cord was higher for cases with meningitis than for cases without
meningitis U= 50.5,p < 0.05) Fig. 29). For the other CNS regions, there was no correlation
(Appendix 7-10).
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Fig. 28 Severity of meningeal inflammation in the CNS of horses, heatoxylin-eosin

9, spinal cord, severe meningitis. Scalesb#0 pum.

Fig. 29: Wilcoxon-Mann-Whitney-test for spinal cord inflammation and correlation to

meningitis
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Higher degrees of spinal cord inflammation are statistically correlated to the occurrence of meningitis
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p O0.05.
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Additionally, Spearmands rank correl at.
association between the severity of spinal cord inflammation amdehmgitis degreer{14)
= 0.53,p < 0.05) Fig. 30, andAppendix 11 for other CNS regions). There was no correlation

between the inflammation severity at@ tmeningitis degree in other regions of the CNS.

Fig.300. Spearmanés rank correlation betwe
fragments
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meningitis degree inhorses. Spear manés correlation coef fici

4.3.1.4 Presumptive parasitic infection

In 7/35 (20%) horses, histologic lesions and clinical history were suggestive of a
parasitic infection. In the spinal cord of horse 1 (here only spinal axaitable), moderate
mixed inflammation composed of lymphocytes, macrophages and plasma cells accompanied
by few eosinophils was present. In the grey matter, necrotic neurons were multifocally seen and
some of them showed neuronophagia. Extensive areamlatia were seen throughout the
spinal cord containing occasional round to oval PAS negative structures measuring 18 x 18um
(Fig. 31A) with amorphous lighpurple granules, welllefined borders, but irregular surface.
A single round structure presented a thin wall and was filled with globular to amorphous light
eosinophilicand basophilic contenFig. 31B). In the white matter, there was a focal area of
haemorrhagemargining the posterior horrLesions in the spinal cord from horse 2 wer
characterized as moderate lymphocytic myelitis, displaying similar oval structures that were

scattered throughout the tissue.
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Fig. 31 Suggestive parasitic infection in the spinal cord of horse 1, hematoxygosin
T e s T R L = =

Roundoval structure found within a malacic area between necrotic debris (nd) and the spinal co
Scale bar25um.

Horse 9 presented predominantly severe mixed inflammation composed of
lymphocytes, macrophages, and plasma cells, followededsmophilsin the meninges,
parenchyma and perivascular cuffs in the lumbar spinal €agdZ7B, Fig. 28C). There was
moderatehaemorrhagen the grey matter and axonal spheroids in the white matter. Moderate
lymphocytic ganglioneuritis and necrotic neurons in the trigeminal ganglion were additionally
observed. Similar, but modeeatlesions were observed in the iliac spinal cord and
mesencephalon of horse 18. Lesions observed in horse 19 consisted of mild multifocal
lymphohistiocytic meningoencephalitis accompanied by necrotic neurons. Horse 20 presented
mild lymphocytic meningoengdalitis, occasional axonapheroidsand mild vacuolization of
the white matter. In the cerebral cortex there was rhagmorrhageand the vascular
endothelium was sometimes thickened. Horse 22 presented a severe multifocal
lymphohistiocytic meningoencplomyelitis, with moderate number of eosinophils in the
spinal cord meninges and atherosclerotic meningeal vessels. In the spinal cord and in the obex,
there was multifocal severe vacuolization of the white matter accompanied by spheigids (
32A). In the choroid plexus of the fourth ventricle, there was a choroid plexus papifogna (
32B).
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Fig. 32 Suggestive parasitic infection and neoplasiin the CNS of horse 22,
hematoxylin-eosin

Erai b Pa's b

(A) Spinal cord, severe meningitis (sm), spheroids in the white matter (arrow heads). Sca0® pan:
(B) Third ventricle, choroid plexus papilloma (arrows). Scale Bapm.

e

4.3.2 Histological evaluation of samples with reactive and degenerative lesions

The spinal cord of horses 8 and 15 was suggestive of demyelination. When compared
to a nonaltered tissueHig. 33A), Luxol-stained sections from horsen&ll preserveaervical
intumescence displayed extensive loss of stainkig. 33B). In the HE staining, there was
extensive severe leucomyelomalacia with severe vacuolization of the dorsal cervical horn up to
the rightlateral horn, accompanied by myelophages and gittés ¢f€ig. 33C), and with
spheroids at the margin of the lesion. Lesions in the thoracic spinal cord (T5) of horse 15
consisted of extensive areas @morrhage especlglin the white matteand a focal area
infiltrated by macrophages Hg. 33D). Necrotic debris, diffuse moderate parenchymal
vacuolization with faint_uxol-fast blue stainKig. 33E, F), occasional necrotic neurons and

axonal spheroids were alsbserved.
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Fig. 33: Reactive and degenerative lesions in the spinal cord of horses

A B
wm wm
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(A) Spinal cord of a control horse, unaffected myelin, Lefask blue staining. Scale baf@dum. (B) Horse
8, spinal cord]oss of staining suggestive démyelination. Luxofast blue. Scale bar0@ um. (C) Horse 8,
spinal cordmyelophages and gitter cells amidst parenchymal vacuolization. HE. Scde par.:(D) Horse
15, spinal cord, haemorrhage and macrophages/microglia cells amidst vacuolizgati&cale bari00um.

(E) Spinal cord of a control horse, unaffected myelin, Lfast blue. Scale bas00um. (F) Horse 15pinal
cord, faint-Luxol staining suggestive of demyelination. Luxfast blue. Scale bas00um.

Horses 12 and 13 both from the same herd, presented cerebral cortical laminar necrosis,
while horses 14 and 17 presented leucomyelomalacia. In horse 28, degehesmmnsewere
more present in the hippocampus and cerebral cortex, consisting of disseminated parenchymal

vacuolization and reactive endothelium. This might be consistent with hypoxic encephalopathy.

In horse 16, a X§earold animal, there were vasculdtesations, especially in the striatum,
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