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RESUMO

A maioria das doencas infecciosas emergentes (DIE) s3o causadas por patégenos zoondticos. E sugerido
gue o aumento na ocorréncia das DIE se dé por uma falta de vigilancia para prevenir e controlar a
disseminacdo de novos patdgenos, o que gera um impacto significativo para a salde publica, e de um modo
geral, para as economias locais e globais. O Vaccinia virus (VACV) é o agente causador da Vaccinia Bovina
(VB), uma zoonose ocupacional que afeta a economia leiteira do Brasil desde o final da década de 90.
Entretanto, aspectos sobre a circulacdo do VACV para diferentes ambientes, populacdes de mamiferos
susceptiveis e com potencial de distribuicdo e disseminacdo para outros hospedeiros, além dos riscos para
a saude publica, permanecem pouco explorados. Dessa forma, o objetivo deste trabalho foi avaliar a
distribuicdo do VACV em diferentes ambientes, fatores de risco/exposi¢cdo associados, bem como o
potencial de disseminacdo para populacdes susceptiveis e os riscos para a saude publica. Foram avaliadas
diferentes cole¢cdes de mamiferos amostrados em ambientes diversos, dentre os quais: 1) roedores
silvestres e marsupiais capturados numa regido extremamente preservada da Floresta Amazonica; 2)
felinos domésticos de grandes centros urbanos no Brasil; e 3) canideos domésticos de uma area urbana em
Belo Horizonte e quatis (Nasua nasua) provenientes do Parque Municipal das Mangabeiras, uma
importante drea natural fronteirica ao ambiente urbano localizada na zona sul da mesma cidade. Para a
detecgdo de anticorpos neutralizantes anti-Orthopoxvirus (OPV), foi realizado o ensaio de neutralizagdo por
reducdo de placa em amostras de soro. Alternativamente, um ensaio de ELISA (Enzime-linked
immunosorbent assay) foi realizado para a deteccdo de anticorpos IgG em amostras de soro de roedores
silvestres e marsupiais. Além disso, o DNA viral foi detectado através de técnicas de PCR em tempo real e
PCR convencional em amostras de soro e swab retal, tendo como alvos os genes C11R, A56R e A26L, sendo
os resultados confirmados por sequenciamento. Apds as analises soroldgicas e moleculares, ndo foram
observadas amostras de roedores, marsupiais ou morcegos positivas para VACV ou OPV, destacando a
auséncia de circulacdo deste importante virus emergente numa regido altamente preservada da Floresta
Amazonica entre 2005-2015. Entretanto, os resultados demonstraram a detec¢dao do VACV em quatis de

area ambiente silvestre limitrofe ao ambiente urbano, destacando uma soroprevaléncia de 14.4% de

anticorpos neutralizantes anti-OPV. Além disso, também foi observada uma soroprevaléncia de 19.1% em
cdes domésticos e 5.8% em felinos domésticos. Adicionalmente, foi confirmada a presenca de DNA viral em
4 amostras de quatis, 5 amostras de cdes e 6 amostras de felinos domésticos, demonstrando a circulacdo
de duas populagGes distintas de VACV (amostras do grupo virulento e ndo virulento). Os resultados que
apontam a auséncia da circulagdo do VACV na regido Amazonica refletem a possibilidade de efeito diluidor,
fruto de um ambiente natural altamente preservado, além da grande diversidade de espécies amostradas.

Outro fato curioso a ser destacado é a auséncia ou nimero reduzido de rebanhos bovinos no ambiente

estudado quando comparado ao Brasil e outros paises da América do Sul. Certamente, a maioria dos
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estudos sobre VACV no Brasil é focada em surtos envolvendo bovinos e humanos, e especula-se que esses
animais atuem como excelentes hospedeiros amplificadores, visto que os bovinos sdao os principais
hospedeiros impactados pela VB devido a natureza da infeccdo. Por outro lado, os resultados aqui
apresentados sugerem a circulacdo do VACV em ambientes silvestres e urbanos do Brasil, correlacionados
aos riscos para a saude humana e consequentemente um impacto na salde publica. Nossos dados sugerem
que estratégias preventivas devem ser incluidas para melhoria da vigildancia em regides de alta
probabilidade para o surgimento de DIE, melhoria na deteccdo de patdgenos para um melhor
entendimento dos seus reservatoérios, bem como a avaliagdo de alguns fatores de exposi¢cdo que favorecem
o surgimento de patégenos emergentes. Uma melhor compreensdo da dinamica entre patdgenos,

ambiente e hospedeiros é de grande validade e auxilia na diminui¢gdo do impacto para a saude publica.

Palavras-chave: Doencas infecciosas emergentes, Orthopoxvirus, Vaccinia virus, ambiente urbano,

ambiente silvestre, ecologia, epidemiologia, saude publica.



ABSTRACT

The majority of emerging infectious diseases (EID) are caused by zoonotic pathogens. It is suggested that
the increasing occurrence of EIDs is due to the lack of surveillance to prevent and control the spread of new
pathogens, which has a significant impact on public health and, overall, on local and global economies.
Vaccinia virus (VACV) is the causative agent of Bovine Vaccinia (BV), an occupational zoonosis that affects
the dairy economy in Brazil since the late of 90s. However, aspects regarding VACV circulation in different
environments, susceptibility of mammalian populations, and potentially distribution and dissemination to
other hosts, in addition to the risks for public health, remain poorly explored. Thus, the goal of this study
was to evaluate the distribution of VACV in different environments, associated risk/exposure factors, as
well as the potential for dissemination to susceptible populations and the risks for public health. We
evaluated different collections of mammals sampled in several environments, among them: 1) wild rodents
and marsupials captured in an extremely preserved region of Amazon Forest; 2) domestic cats of large
urban centers in Brazil; and 3) domestic dogs from an urban area in Belo Horizonte City and coatis (Nasua
nasua) from Mangabeiras Municipal Park, an important natural area bordering the urban environment
located in the South of Belo Horizonte City. To detect anti-Orthopoxvirus (OPV) neutralizing antibodies, a
plague reduction neutralization assay was performed on serum samples. Alternatively, an enzyme-linked
immunosorbent assay (ELISA) was performed to detect IgG antibodies in serum samples from wild rodents
and marsupial. In addition, VACV DNA was detected by real-time and conventional PCR in serum and annal
swab samples, targeting C11R, A56R and A26L genes. Molecular results were confirmed by sequencing.
After serological and molecular analyzes, no rodent, marsupial or bats samples tested positive for VACV or
OPV, highlighting the absence of VACV circulation in a highly preserved region of Amazon Forest between
2005-2015. However, our results demonstrated the detection of VACV in coatis from wild environments
bordering an urban area, with a seroprevalence of 14.4% of anti-OPV neutralizing antibodies. In addition, a
seroprevalence of 19.1% was also observed in domestic dogs and 5.8% in domestic cats. Viral DNA was
detected in 4 coatis, 5 domestic dogs and 6 domestic cats, demonstrating the circulation of two distinct
VACV populations (virulent and non-virulent strains). The results indicate the absence of VACV circulation in
the Amazon region, highlighting the possibility of a dilution effect, probably due to the highly preserved
natural environment studied, although a great diversity of species were sampled. Another curious fact to
be highlighted is the absence or reduced number of cattle herds in the studied environment when
compared to Brazil and other South American countries. Certainly, most studies regarding VACV in Brazil
were focused on outbreaks involving bovines and humans, and it is speculated that these animals could act
as an excellent amplifying hosts, since the cattle are the main impacted hosts during BV due to the nature
of infection. On the other hand, the results presented here suggest the circulation of VACV in wild and

urban environments in Brazil, correlating with the risks for human health and consequently impact on



public health. Our data also suggests that preventive strategies should be included to improve the
surveillance in regions of high probability for the occurrence of EID such as VACV. Furthermore, the
improvement of pathogens detection to the better understanding of their reservoirs, as well as the
evaluation of some exposure factors that could favor emerging pathogens should be also considered. A
further investigation of the dynamics between pathogens, environment, and hosts will be of great validity

and could help reduce the impact on public health.

Key-words: Emerging infectious diseases, Orthopoxvirus, Vaccinia virus, urban environment, wild

environment, ecology, epidemiology, public health.



I. INTRODUCAO

1.1. Viroses emergentes

As doencas infecciosas emergentes sdo geralmente caracterizadas como doengas que recentemente
apareceram numa determinada populacdo, ou como doencas ja existentes, mas que estdo aumentando
gratativamente em incidéncia e/ou distribuicdo geografica (Figura 1). Por outro lado, as doencas infecciosas
re-emergentes sdo aquelas que reaparecem em novas localidades ou popula¢des apds terem sua incidéncia
diminuida drasticamente ou mesmo apds aparente controle ou eliminagdo, tornando-se um novo desafio
para saude publica. De forma geral, essas doencas ocorrem quando, por diferentes razdes, o equilibrio
natural é alterado . (DOMINGO, 2010; JANES et al., 2012; MORENS & FAUCI, 2013). A presenca das doencas
emergentes e re-emergentes impde uma série de desafios para a saude publica em geral e para a ciéncia

epidemiologia em particular.

FIGURA 1: DISTRIBUICAO GLOBAL DE RISCO RELATIVO SOBRE EVENTOS DE DOENCAS INFECCIOSAS EMERGENTES
(DIE). (A) DIE causadas por patdgenos zoonéticos de animais silvestres; (B) DIE causadas por patégenos zoondticos de
animais nao silvestres; (C) DIE causadas por patogenos resistentes a medicamentos; (D) DIE causadas por patogenos
transmitidos por vetores (JONES et al., 2008).

No Brasil, ha uma variedade consideravel de ecossistemas, com gigantesca diversidade, que se encontram
cada vez mais sujeitos a acdo antropica devido a exploragao rapida e facil de recursos naturais. O avango da
agricultura e da pecudria nas areas naturais vem proporcionando contato entre as popula¢des humanas e
seus animais domésticos com as popula¢des de animais silvestres no seu habitat natural. Esse contato
facilita a disseminacdo de agentes infecciosos que antes viviam em equilibrio para novos hospedeiros e

ambientes. Como consequéncia direta dessas interagOes, esses agentes infecciosos passam a explorar
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novos nichos (tanto em nivel de ambiente quanto de hospedeiros), podendo causar um grande impacto na

saude publica (Figura 2) (KILPATRICK, 2011; KARESH et al., 2012).

A maioria das infeccGes emergentes parece ser causada por patdgenos ja presentes no ambiente. A
introducdao de um determinado agente em uma nova populacdo hospedeira, seguida pelo seu
estabelecimento e disseminacdo, além de uma vantagem seletiva em niveis genéticos associada a
patogenicidade e transmissdo, favorece a infeccdo de novas populacdes e o aparecimento de novas
doengas. Em muitos casos, os agentes sdo zoondticos e transpdem as barreiras de seus hospedeiros

naturais para a populagdo humana (JONES et al., 2008; KARESH et al., 2012).

Human land use Ecological context
Urbanization, Agriculture Pathogen establiish t, spread, and transmission

Habitat change

Increasas in human
commensal vectors

and hosts
Globalization of trade & travel

Introductions

Travel

Trade in animals
Animal migration

Altered CO,,
temperatures,
and precipitation

Climate change

FIGURA 2: INTRODUGAO E ESTABELECIMENTO DE NOVOS PATOGENOS. Processos antropogénicos que facilitam a
introducdo e estabelecimento de novos patdgenos e aumentam a sua transmissdo: comércio, viagens e circula¢do de
animais contribuem para a introdugdo de novos patdégenos. O clima e a abundancia e ecologia alimentar de vetores
determinam o estabelecimento e intensidade de transmissdo. O uso da terra modifica comunidades animais que
servem como hospedeiros e vetores de patdgenos, e a mudanca climatica altera o aumento da circulagdo de
patdgenos e vetores (KILPATRICK, 2011).
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Diversos fatores podem estar envolvidos na determinacdo da emergéncia e reemergéncia de doencas
infecciosas, dentre os quais podemos destacar fatores demograficos, ambientais, politicos, relacionados a
saude publica e a plasticidade genética dos préprios micro-organismos, em relacdo a sua adaptacdo a novos

hospedeiros (DOMINGO, 2010; KARESH et al., 2012).

Ainda, a rapidez dos meios de transporte tem proporcionado o deslocamento de pessoas e vetores de um
continente para outro, bem como o contato direto do homem com areas remotas, nas quais existe a
possibilidade de haver agentes infecciosos até entdo desconhecidos (Figura 2). Igualmente, a importagao
de animais pode proporcionar o contato de novos agentes causadores de doenca até entdo desconhecidos
para o convivio humano (PAVLIN et al., 2009; KILPATRICK & RANDOLPH et al., 2012). Entre as viroses
emergentes, as que guardam especial preocupacdo sdo aquelas de facil transmissdo, devido a possibilidade

de rapida disseminacdo.

Dentre exemplos de viroses emergentes podemos citar as febres hemorragicas virais causadas por filovirus
(Ebola e Marburg) e a febre de Lassa, causada por um virus de RNA pertencente a familia Arenavirus, que
sdo circulam na Africa e nas Américas, (FTIKA & MALTEZOU, 2013). Alguns virus da familia Paramyxoviridae
também merecem destaque, como o Hendra, identificado na Austrdlia em 1994 afetando equideos e
humanos; e o Nipah, identificado na Maldsia em 1999 como agente causador de encefalite em humanos,
com altas taxas de letalidade (ALJOFAN, 2013). Podemos ainda citar os hantavirus, que possuem ampla
distribuicdo geografica e sdo mantidos na natureza pela infeccdo cronica de roedores. As manifestacoes
clinicas variam, a depender da espécie do virus, em Febre Hemorragica com Sindrome Renal (HFRS), que
ocorre principalmente na Europa, ou Sindrome Cardiopulmonar por Hantavirus (HPCS), cujos casos sdo
descritos com mais frequéncia nas Américas, em especial no Brasil (Bl et al., 2008; JONSSON et al., 2010;

MACNEIL et al., 2011).

Outros agentes importantes sdo os arbovirus, que sdo mantidos na natureza em ciclos complexos
envolvendo vetores artrépodes (principalmente mosquitos e carrapatos). Nesse grupo estdo inclusos virus
da familia Flaviviridae: Yellow Fever virus (YFV), Dengue virus (DENV), Saint Louis Encephalitis virus (SLEV), e
0s mais recentes introduzidos no Brasil, West Nile virus (WNV) e Zika virus (ZIKV), dentre outros; virus da
familia Togaviridae, género Alphavirus: Mayaro virus (MAYV) e Chikungunya virus (CHIKV), responsaveis por
doenca febril aguda em paises da América do Sul, Africa e Europa respectivamente; e da familia
Bunyaviridae: Oropouche virus (OROV), que causa surtos semelhantes a dengue (COFFEY et al., 2013;

LONDONO-RENTERIA et al., 2016; TABACHNICK, 2016).
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A emergéncia dos poxvirus anos apds a erradicacdo da variola também vem ganhando importancia na
medicina humana e veterinaria. Os virus do género Orthopoxvirus (OPV) possuem atualmente uma
distribuicdo global devido principalmente a grande expansao demografica, que coloca humanos e animais
domésticos em contato com o ambiente silvestre. Dentre eles podemos destacar o Cowpox virus,
amplamente distribuido pela Europa (ESSBAUER et al., 2010), o Monkeypox virus, que ocorre naturalmente
na Africa (REYNOLDS et al., 2012), o Buffalopox virus, que circula na india (SINGH et al., 2012) e o Vaccinia
virus, encontrado na América do Sul, principalmente no Brasil (KROON et al., 2011; OLIVEIRA et al., 2017).

1.2. A Ecologia das Viroses Emergentes

O surgimento das viroses emergentes, tanto recentes quanto histdricas, pode ser considerado como uma
consequéncia logica da ecologia do agente viral de explorar novos nichos e adaptar-se a novos hospedeiros
(Figura 3). O acesso a novos nichos parece ser mediado por acdes antropogénicas que incluem, na maioria
dos casos, a exploracdo do solo, desmatamento, extracdo de recursos naturais e sistemas intensos de
producdo pecuaria (KARESH et al., 2012). Esses fatores levam a altera¢des na dindmica de animais silvestres
com significativa perda de habitats, o que sugere o aumento da interag¢do entre esses animais e os seres
humanos, juntamente com animais domésticos e animais de produgdo. Esses fatores justapostos
contribuem significativamente para o aparecimento de novas viroses emergentes (Figura 2) (DASZAK et al.,
2004; PATZ et al., 2004). A emergéncia das doencas infecciosas atua, portanto, através de marcadores de
processos ecolégicos nos quais participam ao menos duas populagbes, a do hospedeiro e a do agente
infeccioso e, frequentemente, varias outras, entre vetores e reservatodrios (Figuras 2 e 3). O fato de um
hospedeiro em potencial adquirir uma infeccdo também depende do seu estado geral de saude, assim

como da sua predisposicdo genética (KARESH et al., 2012).

Praticamente todos os patégenos vistos como novos existiram previamente na natureza e o surgimento de
novas doencas tem sido auxiliado pela degradacdao ambiental. Entretanto, a importagdo para novos locais
ndo garante a sobrevivéncia do agente infeccioso no novo nicho a ser explorado. Para garantir o sucesso e
estabelecimento da infeccdo em novas populagdes, o agente deve encontrar um ambiente adequado e
uma populagdo hospedeira susceptivel e permissiva. Geralmente, habitats que foram alterados pela
atividade antrdpica ou por desastres naturais sdao mais vulneraveis, pois espera-se que predadores e
competidores sejam eliminados e, assim, criadas oportunidades para novas espécies serem introduzidas
(CASCIO et al., 2011; KILPATRICK et al., 2012). Além disso, é importante destacar que a propria interagdo
entre espécies (através da competicdo por territério ou alimentos, por exemplo) pode contribuir para a

introducdo e estabelecimento de novos patégenos em novas populacoes.
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FIGURA 3: DINAMICA DE EMERGENCIA DAS DOENGCAS INFECCIOSAS EMERGENTES. A figura destaca a transmissdo e
dissemina¢do de um agente infeccioso para a populagdo humana. Apds a introducdo do agente, proveniente de
animais silvestres (rosa), o mesmo se move entre populagdes de animais domésticos (verde claro), o que amplia a

capacidade de transmissdo de patégenos para a populagdo humana (vermelho) (KARESH et al., 2012 modificado).

Além disso, a disseminagdao de um agente infeccioso requer a vulnerabilidade da populagdo alvo, o que
dependerd ndo somente de sua viruléncia e velocidade de transmissdo, mas, também, da imunidade da
populagdo. Cada um desses passos é complexo e combina fatores biolégicos e sociais que nao sdo
constantes. Estes fatores vao desde as condi¢Ges de habitacdo até a disponibilidade de alimentos e grau de

exposicdo a outros eventos que ndo agentes infecciosos (MORSE et al., 2012; WARGO & KURATH, 2012).

E importante ressaltar que o processo de adaptacdo faz parte da evolugdo das espécies. Andlises recentes
demonstram que os patdgenos virais emergentes se destacam entre a segunda maior causa de DIE no
planeta e dentre estes, os virus com genomas RNAs sdo os mais frequentes (JONES et al., 2008). Os virus de
RNA se destacam pelo fato de apresentarem grande plasticidade genética que culmina em sua maior
capacidade de se adaptar a novos hospedeiros, incluindo os seres humanos (JONES et al., 2008). Esta
elevada plasticidade genética se deve ao fato das enzimas virais RNA polimerase e transcriptase reversa
ndo serem capazes de corrigir erros que ocorrem durante a replicacdo do RNA. Além disso, alguns virus

RNA possuem genomas segmentados, o que proporciona a estes agentes a possibilidade de sofrerem
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rearranjos genéticos; portanto, estes virus apresentam maior capacidade de se adaptar a novos
hospedeiros, incluindo os seres humanos (JONES et al., 2008). Dentre as viroses zoondticas emergentes,
JONES e colaboradores (2008) também destacam que 71,8% dos eventos DIE zoondticos foram causados
por patdgenos relacionados originalmente com a vida silvestre, como, por exemplo, o virus Ebola, que
reemergiu na regido Oeste da Africa em 2013 com grande potencial de dissemina¢do mundial, podendo

consequentemente gerar um vasto impacto na saude publica (ALEXANDER et al., 2015).

1.3. Zoonoses

A maioria das doengas emergentes que acometem a populacdo humana tem como fonte de infec¢do os
animais. Acredita-se que mais de 60% das doengas emergentes que tém afetado a populagdo humana nas
Ultimas décadas sdo provenientes de patdgenos animais, classificados como zoondticos (KARESH et al.,
2012; MCCLOSKEY et al., 2014). As zoonoses podem ser classificadas em quatro categorias: 1) Zoonose
direta, as quais sdo transmitidas de um hospedeiro vertebrado infectado a um hospedeiro susceptivel, por
contato direto, fomites ou por um vetor mecéanico, como, por exemplo, a Raiva e a Hantavirose; 2)
Ciclozoonoses, que requerem mais de uma espécie de hospedeiro vertebrado para conclusdo do ciclo de
vida do agente infeccioso, como a Toxoplasmose e a Hidatidose, parasitose intestinal que completa seu
ciclo em cdes e ovinos, podendo ser transmitida ao homem; 3) Metazoonoses, que sdo transmitidas por
vetores invertebrados, nas quais o agente infeccioso se multiplica e apresenta um periodo de incubacdo
antes que ocorra a transmissdo para outros hospedeiros vertebrados, como os arbovirus, por exemplo; 4)
Saprozoonoses, as quais requerem um hospedeiro vertebrado e um ambiente fora do hospedeiro, como

esquistossomose (causada pelo Schistossoma mansoni) (HUBALEK, 2003).

As entidades internacionais relacionadas a saude animal e a humana, como a Organizacdo Mundial de
Saude Animal (OIE), a Organizacdo das NagGes Unidas para Agricultura e a Alimentagdo (FAQO) e a
Organizacdo Mundial de Saude (OMS), tém monitorado o perfil de saude das populagdes animais e
humanas e detectado novas doengas, assim como mudangas nas taxas de incidéncia das doencas ja
conhecidas, através da melhoria das técnicas diagndsticas e epidemioldgicas que tém resultado na
deteccdo de agentes etioldgicos novos ou reemergentes (Figura 4) (KARESH et al., 2012; KILPATRICK et al.,
2012; MORSE et al., 2012). O cruzamento de dados epidemiolégicos em relagdo as doencas humanas, bem
como os dados que avaliam o comportamento da vida silvestre e de animais domésticos e a compreensao
da dindmica populacional, podem ser Uteis para modelar o risco de novas doencas para seres humanos

(Figura 4).
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FIGURA 4: IMPACTO DA VIGILANCIA SOBRE A RESPOSTA RAPIDA AS DIE. Os esforcos para detec¢do e controle
precoce das doencas infecciosas emergentes e/ou reemergentes diminuem a incidéncia da doenca na populacdo
humana (azul claro) e na populagdo animal (verde escuro). As setas mostram a transmissdo inter-espécies (KARESH et

al., 2012 modificado).

A Organizagdo Pan-Americana da Saude (OPAS) considera as condi¢des demograficas e socioecondmicas
como um grande desafio relacionado a interface de saude humana e animal. Além disso, a grande
biodiversidade presente nas Américas, como a regidao amazobnica, por exemplo, interage de forma sinérgica
com a populagdo humana, o que pode representar uma ameaga potencial através da formagdo de um
ambiente no qual os patdgenos podem emergir e se disseminar através da interface do humano/animal,

afetando o turismo, o comércio e outros setores econémicos importantes para a regido (OPAS, 2014).

1.4. Familia Poxviridae

1.4.1. Taxonomia

Os poxvirus, membros da familia Poxviridae, constituem um grupo de patdgenos virais conhecidos por
infectarem uma variedade de organismos, incluindo insetos, reptéis, aves e mamiferos, sendo divididos em

duas subfamilias: Entomopoxvirinae, que infectam invertebrados, e Chordopoxvirinae, que infectam



vertebrados (FENNER et al., 1988; MCFADDEN, 2005; DAMON, 2013; OLIVEIRA et al., 2017A). Nesta ultima,
encontram-se o Variola virus (VARV) e o Molluscum contagiosum virus, que sdo patdgenos humanos
estritos, e outros agentes virais que podem ser transmitidos de animais para os seres humanos,
caracterizando-se como agentes virais zoonéticos, como o Monkeypox virus (MPXV), Cowpox virus (CPXV) e

o Vaccinia virus (VACV).

A subfamilia Chordopoxvirinae é dividida em doze géneros (Tabela 1), dos quais quatro possuem espécies
capazes de infectar o homem, que sdao Orthopoxvirus, Parapoxvirus, Yatapoxvirus e Moluscipoxvirus (ICTV,
2017). E importante destacar o género Orthopoxvirus (OPV) pois este abriga patégenos de importancia em
medicina humana e veterindria, dentre os quais merecem destaque: 1) o VARV, que encontra-se erradicado
desde 1980, mas que causou grande impacto na populagdio humana causando a morte de
aproximadamente 500 milhdes de pessoas no século passado; 2) o VACV, um dos virus mais estudados e
que foi usado como vacina para erradicacdo da variola; 3) o MPXV, de origem africana, com caracteristicas
clinicas e modo de transmissdo semelhante a variola e que causou um surto acidental nos Estados Unidos
em 2003 pela importagdo de animais de estimacdo; e 4) o CPXV, que circula em roedores na Europa e
Oriente Médio, vindo a infectar felinos e outros mamiferos e, eventualmente, o homem (FENNER et al.,

1989; SHCHELKUNOQV, et al., 2005; ICTV, 2017).

Tabela 1 — Classificagdo dos Poxvirus.

Familia Subfamilia Género N° de espécies Protétipo
Avipoxvirus 10 Fowlpox virus
Capripoxvirus 3 Sheeppox virus
Centapoxvirus 1 Yokapox virus
Cervidpoxvirus 1 Mule deerpox virus
Crocodylidpoxvirus 1 Nile crocodilepox virus
Poxviridae  Chordopoxvirinae Leporipoxvirus 4 Myxoma virus
Molluscipoxvirus 1 Molluscum contagiosum virus
Orthopoxvirus 10 Vaccinia virus
Parapoxvirus Orf virus
Suipoxvirus Swinepox virus

Nao classificado Squirrelpox virus

NN R D

Yatapoxvirus Yaba monkey tumor virus

Fonte: International Commitee on Taxonomy of Viruses (ICTV), 2018; disponivel em: www.ictvonline.org/.
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Recentemente, novas espécies de OPV implicadas em surtos zoondticos vém sendo descritas. Em 2015, o
virus Akhmeta foi isolado e caracterizado durante um surto que acometeu criadores de gado com suspeita
de infeccdo por CPXV, na Gedrgia (VORA et al., 2015). No entanto, a nova espécie ainda ndo consta na
classificacdo estabelecida pelo Comité Internacional de Taxonomia de Virus (ICTV). Também em 2015, foi
relatado um caso de um individuo com infec¢do por OPV na regido do Alaska (SPRINGER et al., 2015).
Algumas hipdteses para explicar o caso seriam: 1) infec¢do através do contato direto com algum individuo
previamente infectado ou através de fomites; ou 2) exposicdo a um animal silvestre. Ainda no mesmo ano,
um surto causado por uma espécie de OPV (identificada como virus Abatino) foi descrito na Italia, levando a

Obito 12 primatas da espécie Macaca tonkeana (familia Cercopithecidae) (CARDETI et al., 2017).

1.4.2. Morfologia, genoma e ciclo de multiplicagao

As particulas virais dos poxvirus sdao grandes e complexas em comparagdo com a maioria de outros virus
animais (Figura 5), com um tamanho que pode chegar a aproximadamente 450nm (MOSS, 2013). Séo
pleomérficas, apresentando-se na forma oval ou semelhante a um tijolo, com uma membrana externa de
natureza lipidica tendo aproximadamente 5-6 nm de espessura (Figura 5) (MOSS, 2013). A particula contém
em seu cerne elementos importantes para a replicagdo do seu genoma, como a poli A polimerase, a RNA
polimerase dependente de DNA, enzima de metilagdo e fatores transcricionais (FENNER, 1988; MOSS,
2013). O interior da particula é complexo, constituido pelo genoma de DNA dupla fita localizado na parte
interna do nucleocapsideo, um cerne em forma de haltere e corpusculos laterais ancorados entre as duas

concavidades e a membrana externa (Figura 5) (DAMON, 2013).
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250nn
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FIGURA 5: MORFOLOGIA E ESTRUTURA DOS POXVIRUS. A: Representacdo esquematica da particula de poxvirus. B:
Microscopia eletrdnica do virus envelopado extracelular (EV). C: Microscopia eletronica do virus maduro intracelular
(IMV). D: Microscopia eletronica mostra particulas em forma de tijolo. Fonte: MOSS, 2001 — modificado por

Laboratério do Virus/ UFMG; MOSS, 2013 — com modificagGes; VORA et al., 2015.

O genoma dos poxvirus (uma molécula de DNA linear de fita dupla — dsDNA) possui um tamanho de 130-
375kb, que pode variar de uma amostra viral para outra. O genoma apresenta uma regido central
altamente conservada e regides terminais invertidas (ITRs), que consistem em sequéncias repetidas
idénticas, com um conteuldo rico em ligacdes A-T e orientadas em direcdes opostas no genoma. As ITRs
tém importante funcdo na formacdo de concatdmeros durante a replicacdo do genoma (GUBSER et al.,

2004; MOSS, 2013).

Diferentemente da maioria dos virus de DNA, a multiplicacdo dos virus da familia Poxviridae ocorre
inteiramente no citoplasma da célula hospedeira (assim como observado para Mimivirus e Iridovirus)
(Figura 6), sendo esta uma das caracteristicas marcantes dessa familia (compartilhada apenas com a familia
Asfaviridae) (DAMON, 2013). A particula viral possui quase todos os elementos necessarios para a sua
multiplicacdo, incluindo RNA polimerase dependente de DNA, enzima de metilacdo, poli A polimerase e

fatores de transcricdo de genes precoces (MOSS, 2006; 2013).

Apds a penetragao na célula e liberagdo do nucleocapsideo no citoplasma, a expressdao génica ocorre de
forma temporal, de modo que a maquinaria transcricional do virus é ativada pelos fatores de transcrigdo de
genes precoces presentes no nucleocapsideo (BROYLES, 2003; GUBSER et al., 2004; DOWER et al., 2011,
YANG et al., 2011). Proteinas moduladoras da resposta imune e fatores de crescimento celular sdo entdo
traduzidos e, em seguida, ocorre o desnudamento secundario, no qual o DNA comeca a ser replicado,
formando concatameros. Logo apds, os genes intermedidrios sdo transcritos e traduzidos em proteinas que
atuam na replicacdo do DNA viral e outras proteinas que funcionardo como fatores de transcricdo para os
genes tardios, que por sua vez codificam fatores de transcricdo precoces que sdo empacotados com a RNA
polimerase nas novas particulas, além de outros elementos (BROYLES, 2003; MCFADDEN, 2005; MOSS,
2006; MCLENNAN, 2007). Este tipo de programacado genética é conhecido como um mecanismo de cascata

porque os produtos de cada fase regulam a fase seguinte.

A morfogénese ocorre nas fabricas virais, que consiste em regides citoplasmaticas desprovidas de organelas
celulares (YODER et al., 2004; MCFADDEN, 2005). As primeiras estruturas morfologicamente distintas sdo

as crescentes virais constituidas pela membrana do reticulo endoplasmatico que é rompida por proteinas
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virais, originando uma membrana aberta sendo estabilizada pelas proteinas de arcabouco (scaffolds) D13
(MOSS, 2013; LIU et al., 2014). Estas estruturas ddo origem a particulas esféricas, chamadas de virus
imaturos (IVs). Apds clivagens proteoliticas de elementos do capsideo e condensacdo do cerne viral, os Vs

ddo origem aos virus maduros intracelulares (IMVs) (SMITH et al., 2002; ROBERTS & SMITH, 2008; MOSS,
2013).
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FIGURA 6: ESQUEMA DO CICLO DE MULTIPLICACAO DOS POXVIRUS: As duas formas infecciosas dos poxvirus, o virus
envelopado extracelular/virus envelopado associado a célula (EEV/CEV) e o virus maduro intracelular (IMV), iniciam
seu ciclo com a adsorgdo e penetragao na célula hospedeira. Em seguida liberam o cerne no citoplasma, processo
denominado desnudamento primario. Ainda no cerne, ocorre a transcricdo de genes precoces e apos a sintese das
proteinas precoces ocorre a liberagdo do genoma viral no citoplasma, desnudamento secundario. Enzimas sintetizadas
na etapa inicial da infecgdo atuam na replicagdo do DNA viral. Apés o inicio da replicagdo deste DNA, ocorre a
transcricdo dos genes intermediarios e tardios. Finalmente, ocorre a montagem dos IMV, que se acumulam no
citoplasma e sdo liberados através da lise celular. Uma parte dos IMV adquire duas camadas de membrana adicionais,
nas cisternas trans-Golgi e, posteriormente, sdo propelidos por meio de processos dependentes das caudas de actina

para as células vizinhas (CEV) ou liberadas no meio extracelular (EEV) (Fonte: Adaptado de MCFADDEN, 2005).

1.4.3. Patogénese e manifestagoes clinicas associadas aos Poxvirus

A infeccdo por poxvirus varia desde lesGes pustulares localizadas e auto limitantes a doenga sistémica
generalizada (Figura 7). Uma Unica espécie da familia pode estar associada a diferentes niveis de
patogenicidade, dependendo da viruléncia da amostra, da via de infeccdo e do tipo de hospedeiro
(MCFADDEN, 2005; MOSS, 2007; DAMON, 2013). As infec¢des causadas por VACV e CPXV ocorrem através
de microabrasdes na pele, associadas a lesdes ulcerativas. Outros virus como VARV, MPXV e Camelpox virus
utilizam como via de entrada o trato respiratério ocasionando infecgdes sistémicas (MCFADDEN, 2005;

MOSS, 2013; DAMON, 2011; 2013).

Outra via natural de infec¢do para os OPV é a mucosa oral. Bezerros que se alimentam das vacas infectadas
por VACV desenvolvem lesdes na cavidade oral e também no focinho. Além disso, a transmissdao de MPXV
entre populagbes de esquilos pode ocorrer quando sementes de palmeiras sdo contaminadas através de
um animal infectado e esse alimento é consumido por outros (FENNER et al., 1988). Outro fato semelhante
é observado para CPXV, em que felinos domésticos e selvagens sdo infectados através da via oral ao

predarem roedores que sdo reservatoérios do virus (CORAS et al., 2005).

Os sintomas e a patogénese resultantes da infec¢do por OPV sdo influenciados pelo tropismo viral e pelas
respostas imune e inflamatéria do hospedeiro. As manifestacGes dependem de alguns fatores, como
espécie de OPV envolvida na infecgdo, rota de entrada do patdgeno, género/espécie do hospedeiro e
estado imunolégico do mesmo (MCFADDEN, 2005; DAMON, 2013). A doenga desenvolvida pode ser
classificada em sistémica, decorrente da infeccdo por VARV, MPXV e Ectromelia virus (ECTV), ou localizada,
como ocorre com Molluscum contagiosum virus. O CPXV manifesta-se de forma localizada em humanos e

bovinos, enquanto que em felinos resulta em infec¢ao sistémica (FENNER, 1988; ESTEBAN & BULLER, 2005).
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Recentemente,

experimentalmente infectados poderia ocorrer de forma sistémica (com curso cronico) devido a detecgdo
de DNA de VACV nas fezes por um longo periodo (67 dias apds a infec¢do), e devido a deteccdo de DNA nos
orgdos linfaticos (RIVETTI JR et al., 2013). Os resultados deste estudo experimental também sugerem que
infeccao por VACV em bovinos ndo estd apenas limita a resolucdo das lesdes porque a presenca do virus foi
observada em fezes por um periodo mais longo apds a cicatrizacdo das lesdes, o que ocorreu em 18 ppp em
média. Segundo os autores, apds a penetracdo e replicagdo no local de entrada, as particulas virais
poderiam se espalhar através dos vasos linfaticos, atingindo os linfonodos regionais, permitindo que o virus
se dissemine pelo érgdo do hospedeiro. Posteriormente, o virus chegaria ao intestino onde seria eliminado

através das fezes, corroborando a detec¢do de DNA viral nas fezes dos animais infectados (RIVETTI JR et al.,

RIVETTI
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Figura 7: REPRESENTACAO ESQUEMATICA DO DIAGRAMA DE FENNER: A figura evidencia a propagacdo do virus ao
redor do corpo e a evolugdo e cura de lesdes de pele em um sistema modelo murino para o Ectromelia virus, Vaccinia
virus e Variola virus. A coluna da direita representa lesdes no local da inoculagdo e a coluna da esquerda representa

lesGes generalizadas (FENNER, 1988 com modificagbes).

1.4.4. Vaccinia virus

O VACV foi o virus utilizado como vacina contra a variola, substituindo o CPXV. Vale destacar que a
similaridade antigénica entre os OPVs permitiu o sucesso da campanha de vacinacdo contra a variola na
qual o VACV foi utilizado como vacina (FENNER, 1988; JACOBS et al., 2009), induzindo uma forte resposta
de anticorpos neutralizantes que parecem ser o principal mecanismo efetor responsavel pela protecao
contra a infeccdo secundaria (AMANNA et al., 2006; KENNEDY et al., 2009; MOSS, 2011; GILCHUK et al.,
2016).

Até o presente momento, ndo se sabe ainda qual é a origem e o reservatdrio do VACV, e no passado varias
hipdéteses eram levantadas para explicar essa lacuna da ciéncia (TRINDADE et al., 2007B; DRUMOND et al.,
2008). Especula-se que o VACV poderia ser um CPXV atenuado ou até mesmo um hibrido entre o CPXV e
VARV (FENNER, 1988). No entanto, com a evolucdo da biologia molecular e obtencdo de sequéncias
genOdmicas completas de vdrias amostras de VACV, tornou-se claro se tratar de uma espécie viral distinta
dos outros OPV, como o VARV e o CPXV (GUBSER et al., 2004). Recentemente, muitos resultados tém sido
apresentados em torno da origem do VACV. MEDAGLIA e colaboradores propuseram uma nova relagdo
evolutiva entre os isolados brasileiros e amostras vacinais com base na analise molecular do virus Serro 2
(52V) e do virus Cantagalo (CTGV), isolados durante os surtos de VB (DAMASO et al., 2000; TRINDADE et al.,
2009; MEDAGLIA et al., 2015). Nesse estudo, o S2V e o CTGV estariam geneticamente relacionados com a
amostra vacinal VACV-IOC (Instituto Oswaldo Cruz) (MEDAGLIA et al., 2015), ao lado do virus Horsepox, que
se acredita ser o ancestral das amostras de VACV (DAMASO, 2017; ESPARZA et al., 2017). No entanto, a
auséncia de um numero consistente de sequéncias de genoma completo de isolados de VACV brasileiros
poderia nos contar apenas a metade de toda a histdria sobre a origem e percursos evolutivos das amostras

silvestres que circulam na América do Sul.

Por outro lado, outros estudos tém mostrado que algumas amostras de VACV circulantes no Brasil podem
apresentar uma histéria evolutiva distinta daquelas possivelmente derivadas de amostras vacinais, como
Ankara, Dryvax e Lister, por exemplo (TRINDADE et al., 2016; OLIVEIRA et al., 2017B). Esses dados sdo

corroborados com analises fenotipicas e genGmicas, que apresentam perfis diferentes tanto do protétipo
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VACV-Western Reserve (VACV-WR), quanto de amostras vacinais utilizadas em todo o mundo (TRINDADE et
al., 2016; OLIVEIRA et al., 2017A; 2017B). Entretanto, é importante salientar novamente que a obtencdo de
sequéncias genodmicas de outros isolados e até mesmo de outros clones vacinais é fundamental para a

compreensado das origens do VACV circulante no Brasil e em outros paises da América do Sul.

Além disso, é importante mencionar a existéncia de outra amostra de VACV, conhecida como Buffalopox
virus (BPXV) (SINGH et al.,, 2012). O BPXV tem sido apontado como responsavel por surtos de doenga
exantematica que acometem bovinos e humanos, mas principalmente bubalinos (bufalos) (SINGH et al.,
2012). O primeiro caso de infeccdo por BPXV em bufalos foi registrado em 1934 (BAXBY & HILL, 1971;
CHANDRA et al., 1986; NEDUNCHELLYIAN et al., 1992; KOLHAPURE et al., 1997). Desde entdo, varios surtos
foram descritos na India, mas também em outros paises como Paquistdo, Russia, Bangladesh, Indonésia,
Italia e Egito (VENKATESAN et al., 2010; YADAV et al., 2010; DAMLE et al., 2011; GURAV et al., 2011; SINGH
et al., 2012). Assim como a VB no Brasil, a zoonose é transmitida ao ser humano apds contato com bufalos

infectados (SINGH et al., 2012).

1.4.5. Vaccinia Bovina

No Brasil, o VACV é responsavel pela Vaccinia Bovina (VB), doenga exantematica de carater zoonético cujas
lesBes apresentam-se nas formas proliferativas, ulceradas ou em crostas. Quando as particulas virais
atingem a derme, observa-se o desenvolvimento de eritema cutaneo caracteristico, que se inicia com o
aparecimento de pdpulas, as quais evoluem para vesiculas, pustulas, uUlceras e crostas, que no final
cicatrizam (TRINDADE et al., 2003; LEITE et al., 2005; SCHATZMAYR et al., 2005; SIMONETTI et al., 2007,
TRINDADE et al., 2007A; MEGID et al., 2008; SILVA-FERNANDES et al., 2009; FONSECA et al., 2011; KROON
et al., 2011).

O processo infeccioso se inicia pela formagao de vesiculas no Ubere e teto de vacas lactantes, que evoluem
para a forma de pustulas com conteludo purulento e, posteriormente, para crostas (Figura 8). O quadro
clinico do animal infectado evolui por cerca de trés semanas, favorecendo ainda o surgimento de mastites
gue podem evoluir para a perda definitiva de parte das glandulas mamarias. Devido a dor ocasionada pelo
processo infeccioso, ha uma grande dificuldade em praticar a ordenha nas vacas doentes, ocasionando
assim uma queda na producdo de leite e consequentemente um impacto econémico significativo
(TRINDADE et al., 2003; LEITE et al., 2005; SCHATZMAVYR et al., 2005; SIMONETTI et al., 2007; TRINDADE et
al., 2007A; MEGID et al., 2008; SILVA-FERNANDES et al., 2009; FONSECA et al., 2011; KROON et al., 2011). A

manipulacdo continuada da ordenha dos animais em producdo pode causar a liberacdo das crostas,
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formando extensGes hemorragicas com certa facilidade (TRINDADE et al., 2003; LEITE et al., 2005; LOBATO
et al., 2005; SCHATZMAVYR et al., 2005; SIMONETTI et al., 2007; FONSECA et al., 2011; KROON et al., 2011).

Figura 8: LESOES ULCERATIVAS NOS TETOS DE VACAS E FOCINHO DE BEZERROS INFECTADOS PELO VACV. Fonte:
LEITE et al., 2005; MEGID et al., 2008; SILVA et al., 2008.

Em seres humanos a evolugdo clinica ocorre igualmente em trés semanas, com a formacgao e evolucdo de
vesiculas a crostas, sendo as lesGes distribuidas nas maos principalmente, nos bragos e na face (forma mais
rara) (Figuras 9 e 10). Além das lesGes caracteristicas, o quadro clinico pode variar, apresentando febre (as
vezes elevada), linfadenopatia, dor nas regides lesionadas, prostracdo, sudorese, calafrios e quadros de
incapacidade tempordaria (TRINDADE et al., 2003; LEITE et al., 2005; LOBATO et al., 2005; TRINDADE et al.,
2007; SILVA-FERNANDES et al., 2009; TRINDADE et al., 2009; ABRAHAO et al., 2010A; MEDEIROS-SILVA et
al., 2010). Os individuos, geralmente ordenhadores, apresentam histérico de contato direto com lesGes de

animais infectados.
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1.4.6. Epidemiologia do VACV

A circulacdo natural do VACV vem sendo descrita desde a década de 60 (Material suplementar, sessdo 9.8
artigo nimero 6) com os isolamentos do virus SPAn232 (SAV) de camundongos sentinelas na estacdo de
Cotia em S3o Paulo; e com o isolamento do BeAn58058 (BAV) a partir de um roedor silvestre do género
Oryzomys, capturado na floresta de Utinga, na cidade de Belém (LOPES et al., 1965; FONSECA et al., 1998;
MARQUES et al., 2001; FONSECA et al., 2002). Entretanto, poucas sdo as informacgdes sobre os hospedeiros
naturais do VACV no Brasil e no mundo. A partir de 1999, os relatos da ocorréncia natural de VACV se
tornaram ainda mais frequentes, relacionados principalmente aos surtos de VB. Os surtos inicialmente
foram detectados na regido Sudeste do Brasil, mais especificamente nos estados de Rio de Janeiro e Sdo
Paulo, e logo foram detectados por todas as regides do pais (Figura 11) (KROON et al., 2011; FONSECA et
al., 2011).

FIGURA 9: LESOES PRESENTES NAS MAOS DE ORDENHADORES INFECTADOS PELO VACV: (A) e (B) Lesdes ulcerativas;
(C) e (D) parte inferior: lesdes em forma de crostas (TRINDADE et al., 2007a; MEGID et al., 2008).
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FIGURA 10: LESOES PRESENTES NA REGIAO FACIAL DE ORDENHADORES INFECTADOS PELO VACV: Lesdes ulcerativas
faciais causadas pelo VACV em ordenhadores (da SILVA et al., 2008).

Ao longo dos ultimos 17 anos muito se tem avancado na pesquisa sobre a circulagdo e dinamica do VACV
no pais. A emergéncia do VACV tem possibilitado a caracterizacdo de popula¢des virais geneticamente
distintas e evidenciado a co-circulagdo de gendtipos distintos num mesmo hospedeiro ou nicho,
possibilitando uma expansdao no entendimento da histéria natural do virus. Além de bovinos e humanos, a
descricdo do virus em ambientes naturais, infectando outros animais domésticos e silvestres, tem sido
amplamente estudada. Apds a descricdo do primeiro surto de VACV afetando equideos (BRUM et al., 2010;
CAMPOS et al., 2011), acredita-se que esse animal doméstico de grande importancia para meio rural possa
estar envolvido na dinamica de dispersao do virus nesse ambiente, mesmo em regides onde nao ha relatos

ou ha poucos casos de VB (ABRAHAO et al., 2016; BORGES, I.A., em revisdo).
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FIGURA 11: MAPA DO BRASIL EVIDENCIANDO A DETECCAO DO VACV AO LONGO DO TEMPO. O mapa mostra a
disseminagdo do VACV por todo o territdrio Brasileiro, desde os primeiros isolados na década de 60, passando pelos
primeiros surtos de vaccinia bovina a partir de 1999, até o ano atual. Também fica claro o amplo espectro de

hospedeiros do VACV (OLIVEIRA, 2016).

O entendimento da circulacdo natural em ambiente silvestre também tem sido amplamente estudado apds
a deteccdo do VACV em roedores peridomésticos, como é o caso do Mariana virus (MARV), isolado a partir
de espécimes clinicos de bovinos, humanos e Mus musculus (ABRAHAO et al., 2009). Dessa forma, foi
proposto um modelo hipotético de transmissdo no qual o roedor é capaz de se infectar tanto com o virus
proveniente do ambiente silvestre como com aquele proveniente de surtos em ambientes rurais, atuando
como uma ponte para a transmissdo do virus entre esses dois ambientes (ABRAHAO et al., 2009).
Corroborando esses achados, MIRANDA e colaboradores demonstraram que, de fato, pequenos mamiferos
(roedores e marsupiais) desempenham um importante papel na cadeia epidemiolégica do VACV (MIRANDA
et al.,, 2017). Nesse estudo, foi demonstrada uma prevaléncia de anticorpos neutralizantes anti-OPV de
10.5% na populagdo de pequenos mamiferos, e uma prevaléncia de anticorpos 1gG de 10%. Ainda, as

andlises moleculares demonstraram 6.4% dos animais positivos para VACV (MIRANDA et al., 2017).

A partir de entdo, outros estudos relacionados a circulagdo do VACV na vida silvestre vém sendo
desenvolvidos. ABRAHAO e colaboradores (2010) detectaram anticorpos anti-OPV no soro de 81 macacos
das espécies Cebus lapela e Alouatta caraya, capturados durante um programa de resgate de fauna na
Floresta Amazobnica, no estado do Tocantins, além de DNAemia em 18 destes animais. Outros estudos
também tém demonstrado a circulagdo de VACV na regidao amazonica, sugerindo uma ampla disseminagdo
viral e riscos para a populagdo humana (MEDAGLIA et al., 2009; MOTA et al., 2010; QUIXABEIRA-SANTOS et
al., 2011; SANT'ANA et al., 2013). Além disso, evidéncias soroldgicas de circulagdo do VACV tém sido
detectadas em animais domésticos e silvestres, dentre eles roedores, porcos, gambas, cdes e gatos (PERES
et al., 2013; 2016; 2018A; 2018B). Nosso grupo tem detectado circulagdo do virus em capivaras, gatos, cdes

e quatis em Minas Gerais (DUTRA et al., 2016; COSTA et al., 2017; COSTA et al., em revisdo).

Nos ultimos anos tem-se observado a distribuicdo de VACV em vdrias regides brasileiras, sendo detectados
surtos de VB na regido Centro-Oeste, mais especificamente no estado de Goids (SANT’'ANA et al., 2013a); e
ainda na regido Norte e Nordeste, nos estados do Para (ASSIS et al., 2013), Maranhdo (OLIVEIRA et al.,
2013) e Bahia (ASSIS et al., 2015; ABRAHAO et al., 2016).
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Outro ponto importante a ser destacado é a escassez de estudos que avaliem a disseminacdo do VACV para
outros ambientes, como, por exemplo, para o ambiente urbano. Alguns inquéritos soroldgicos tém sido
conduzidos em populacdes rurais para avaliacdo da susceptibilidade dos individuos, bem como
identificacdo de fatores de exposicdo associados (MOTA et al., 2010; FIGUEIREDO et al., 2015; COSTA et al.,
2016). Entretanto, pouco se sabe sobre a disseminacdo do virus para ambientes urbanos, assim como o
grau de protecdo e/ou exposicdo da populagdo humana. Alguns estudos demonstraram uma alta taxa de
soropositividade de OPV em cdes de areas rurais (PERES et al., 2013), bem como DNAemia para VACV em
cdes durante surtos de VB (PERES et al., 2016). Com esses achados, reforca-se a necessidade de
investigacdo do papel de animais domésticos mais proximos ao homem, como cdes e gatos, na cadeia

epidemioldgica do VACV.

A circulagdo do VACV tem sido descrita para além do territdrio brasileiro. O virus ja foi detectado em outros
paises da América do Sul, sendo estes: Argentina (FRANCO-LUIZ et al., 2014), Uruguai (FRANCO-LUIZ et al.,
2016) e Colémbia (USME-CIRO et al., 2017). Especialmente na Coldmbia, na regido de Caquetd, um surto de
doenca exantematica afetando 11 trabalhadores rurais foi detectado durante dezembro de 2012 a abril de
2013. Apds investigacdo soroldgica e molecular, VACV foi implicada como agente etioldgico, sendo esta

uma amostra semelhante a amostras de VACV isoladas no Brasil (USME-CIRO et al., 2017).

1.6.7. Ecologia do VACV

Poucas sdo as informagdes a respeito dos hospedeiros naturais do VACV, bem como sobre sua ecologia.
Mas sabe-se que muitos OPV sdo capazes de infectar uma ampla gama de espécies de animais (MCFADDEN,
2005; REYNOLDS et al., 2018). De fato, estudos relacionados aos hospedeiros naturais de outras espécies
de OPV fundamentam, de maneira comparativa, especula¢des sobre a manutencdo do VACV na natureza

(REYNOLDS et al., 2018).

Em relagdao ao CPXV, sua circulagdo natural é frequentemente associada a infec¢do de roedores silvestres,
na qual varias espécies podem atuar como seu reservatério (ESSBAUER et al., 2010; FRANKE et al., 2017).
Alguns estudos ja demonstram que o CPXV pode estabelecer infec¢des persistentes ou agudas em espécies
como Apodemus sylvaticus, Clethrionomys glareolus e Microtus agrestis, assim como em roedores urbanos,
como Mus musculus, Rattus novergicus e Rattus rattus (CHANTREY et al., 1999; LAAKONENN et al., 2006).
Estudos soroldgicos realizados com roedores silvestres revelam que a presenca de anticorpos anti-CPXV
aumenta no final do verdo e comego do outono, periodo em que populagdes de roedores crescem na

Europa (CHANTREY, 1999). A frequente infec¢do de felinos no continente (CORAS et al., 2005) também
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indica a participagdo efetiva dos roedores no ciclo de transmissao e manutengdo natural do CPXV, sendo de
grande importancia para a cadeia de transmissdo do virus, principalmente em ambientes urbanos, que
envolvem também humanos que entram em contato com os felinos, que por sua vez se alimentam de
roedores infectados (ZIJLSTRA et al., 2009). Uma vez que a maioria dos casos humanos é notificada em
ambientes urbanos, é notdvel que o virus, apesar de possuir reservatdrio silvestre, se adaptou a estes locais

(DUCOURNAU et al., 2013; GLATZ et al., 2010).

De maneira semelhante, especula-se que roedores endémicos na Africa Central e Ocidental sejam
considerados hospedeiros naturais do MPXV, que tem primatas humanos e ndo humanos como seus
hospedeiros zoondticos (MCFADDEN, 2005; ESSBAUER et al., 2010; REYNOLDS et al., 2012; 2018). Apesar
de grandes mamiferos terem sido identificados como potenciais fontes de infeccdo para humanos na Africa
Central, a associacdo entre roedores e o virus através de andlises filogenéticas sugere fortemente que
roedores silvestres seriam mais apropriados como reservatorios para MPXV (REYNOLDS et al., 2012B).
Estudos filogenéticos indicam a existéncia de dois clados distintos de MPXV, classificados como Africa

Ocidental/EUA e Congo Basin (NAKAZAWA et al., 2015).

Em relagdo ao VACV, o virus BeAn 58058 (BAV) foi isolado a partir de um roedor silvestre, caracterizado
como uma espécie do género Oryzomys (FONSECA et al., 1998). Este género agrupa pouco mais de 40
espécies cujos habitas sdo os mais variados, desde ecossistemas dominados por savanas (Cerrado,
Caatinga) até areas de floresta ombrdfila densa (Floresta Amazonica, Mata Atlantica) ou mista (Mata de
Araucaria), incluindo as regiGes de interface entre diferentes padrdes fito-ecoldgicos (SOUZA, 2006;
PEREIRA, 2007). Outras amostras de VACV também ja foram isoladas de roedores, como os virus SPAn232
(SAV) e Cotia, isolados de camundongos sentinelas; o virus Belo Horizonte (VBH), isolado de camundongos
suicos; e o virus Mariana (MARYV), isolado de um Mus musculus, cuja distribuicdo é ampla no Brasil,
incluindo os estados de Minas Gerais, Rio de Janeiro e Sdo Paulo (PEREIRA, 2007; DE OLIVEIRA et al., 2013;
2014). PERES e colaboradores (2013) demonstraram que roedores silvestres capturados em uma 4drea
agricola no estado de Sdo Paulo apresentavam baixa soropositividade para OPV, sugerindo que esses
animais ndo representariam os reservatorios para os VACV nessa regido (PERES et al., 2013). De fato, um
recente estudo de PERES demonstrou através de analises moleculares a circulagdo do VACV em animais
domésticos e silvestres provenientes de regiGes sem histérico de surto de VB; contudo, ndo foram

detectadas amostras de sangue ou soro de roedores silvestres positivas para o VACV (PERES et al., 2018A).

Por outro lado, como descrito anteriormente, outras espécies de roedores também merecem destaque

como potenciais candidatas a reservatdrios naturais do VACV. Além do género Oryzomys e da espécie Mus
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musculus, as espécies Rattus rattus e Rattus novergicus devem ser consideradas, sobretudo porque sao
reservatorios de CPXV (BENNETTet al., 1996; CHANTREY et al., 1999; LAAKONENN et al., 2006; FRANKE et
al., 2017). Esses roedores apresentam distribuicdo cosmopolita, habitos peridomiciliares e representam

uma fonte constante para a disseminagdo de outras zoonoses virais (SOUZA, 2006).

Levando em consideracao o potencial dos roedores como fortes candidatos a reservatério natural do VACV,
foi proposto um modelo hipotético de transmissdo (Figura 12) no qual o roedor é capaz de se infectar tanto
com o virus proveniente do ambiente silvestre quanto com aquele proveniente de surtos em ambientes
rurais, atuando como uma ponte para a transmissdo entre os dois ambientes (ABRAHAO, 2009A). Dessa
forma, os roedores peridomésticos seriam capazes de se infectar através do contato com possiveis
reservatorios silvestres e transportar o virus para fazendas, nas quais poderiam infectar humanos e
bovinos. Por outro lado, um roedor peridoméstico ndo infectado, poderia adquirir o virus nas fazendas
durante surtos de BV e levar o virus para o ambiente silvestre, podendo assim infectar outros animais e

gerar um ciclo silvestre da doenca (ABRAHAO et al., 2009A).
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FIGURA 12: MODELO HIPOTETICO DO CICLO DE TRANSMISSAO DO VACV ENTRE AREAS RURAIS E SILVESTRES. Os
roedores peridomésticos (Mus musculus, por exemplo) poderiam promover a transmissdo do VACV entre animais
selvagens e bovinos ou humanos, uma vez que esses roedores peridomésticos podem circular tanto em areas
agricolas quanto nas areas de floresta que circundam as propriedades rurais. Este diagrama foi proposto com base em
dados epidemioldgicos e laboratoriais publicados sobre VACV e as caracteristicas comportamentais de roedores e
animais silvestres brasileiros. Linhas sdlidas indicam dados determinados experimentalmente, e linhas tracejadas

representam proposicdes hipotéticas ainda sob investigacdo. (ABRAHAO et al., 2009).

Corroborando o modelo proposto por ABRAHAO, MIRANDA e colaboradores demonstraram através de um

amplo estudo ecoepidemiolégico que pequenos mamiferos poderiam sim atuar como reservatdrios do
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VACV (MIRANDA et al.,, 2017). O estudo demonstrou que espécies de roedores tais como Necromys
lasiurus, Trinomys setosus, Calomys tener e Akodon sp., e o marsupial Caluromys philander desempenham
um importante papel na cadeia epidemiolégica do VACV, mantendo a circulacdo do virus pelos ambientes
rurais e silvestre (MIRANDA et al., 2017). PERES e colaboradores demostraram a presenca de DNA viral em
amostras de fezes e urina de pequenos roedores silvestres capturados em S3o Paulo, sendo estes
Oligoryzomys flavescens, Oligoryzomys nigripes e Sooretamys angouya, fortalecendo a hipdtese de que
esses animais contribuem de maneira significativa para o ciclo silvestre do VACV em areas com ou sem

relatos de surtos de VB (PERES et al., 2018).

Recentemente, QUINER e NAKAZAWA identificaram condi¢gdes ambientais e locais suscetiveis a transmissdo
e ocorréncia dos surtos de VACV (Figura 13) (QUINER e NAKAZAWA, 2017). Através de modelagem de nicho
ecolégico, foi demonstrado que a circulagdo do VACV em determinadas areas depende de varios fatores
ambientais, dentre os quais se destacam precipitacdo do trimestre mais Umido, a precipitacdo anual, a
temperatura média do quarto mais frio e o intervalo médio diurno. Além disso, os autores também
mapearam a densidade do rebanho bovino no Brasil (Figura 14) e observaram que muitos surtos de VB sdo
descritos em regides que possuem alta densidade de bovinos, como, por exemplo Goias, Rio de Janeiro,
Sdo Paulo e Minas Gerais (principalmente). Baseado nessa informagdo, é possivel inferir outras areas

susceptiveis aos surtos de VB, como Mato Grosso do Sul e Parana (QUINER e NAKAZAWA, 2017).
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FIGURA 13: MAPA DO BRASIL EVIDENCIANDO OS SURTOS DE VACV DESCRITOS ATE O ANO DE 2017. Os pontos
vermelhos no mapa indicam os municipios com surtos de VACV confirmados, sendo o epicentro das infecgdes
localizado na regido Sudeste, especialmente no estado de Minas Gerais. Os circulos em cinza destacam um raio de 300

km dos surtos, o que indica uma extensao geografica do virus a partir daquele ponto (QUINER & NAKAZAWA, 2017).
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FIGURA 14: MAPA EVIDENCIANDO A DISTRIBUICAO DO REBANHO BOVINO NO BRASIL. Os niumeros representam a
densidade do rebanho bovino (cabecas de gado) por Km?. As regides Centro-Oeste e Sudeste aparecem com maior

numero de rebanho bovino, seguidas da regido Sudeste. (QUINER & NAKAZAWA, 2017).

1.6.8. Diagnostico das Ortopoxviroses

O diagnéstico conclusivo da Vaccinia Bovina é sempre laboratorial, uma vez que o tipo de lesdo e os sinais
clinicos presentes em animais e humanos podem ser confundidos com outras doencas vesiculares de
bovinos como febre aftosa, estomatite vesicular, pseudovariola, mamilite herpética, bem como a presenga
de infec¢do bacteriana secundéaria pode confundir o diagnéstico da VB (ABRAHAO et al., 2010A; SANT’ANA
et al., 2013B; OLIVEIRA et al., 2017B).



O diagndstico laboratorial pode ser sorolégico, através da pesquisa de anticorpos IgG, IgM ou
neutralizantes; molecular, através das técnicas de reacdo em cadeia da polimerase (PCR) e PCR em tempo
real; ou por deteccdo direta do virus, através do isolamento em cultivo celular ou em fibroblastos de
embrido de galinha (ovos embrionados); ou ainda por microscopia eletronica, podendo ser visualizadas as

particulas virais (KROON et al., 2016).

Através da pesquisa de anticorpos neutralizantes é possivel estimar infec¢Ges passadas, entretanto nao se
pode distinguir o tipo de OPV, pois existe uma prote¢do cruzada contra os virus deste género devido a
conservagao das proteinas estruturais, fruto da conservacdo do genoma. Assim, os anticorpos capazes de
neutralizar a infecgdo pelo VACV, também podem neutralizar a infec¢do por VARV, MPXV e CPXV (JACOBS
et al., 2009; MOSS; MILLER et al., 2011; KROON et al., 2016).

A deteccdo molecular é de importante valia para o diagndstico da VB, pois, além de detectar uma infeccao
aguda pelo VACV, permite ainda que seja realizada a caracterizacdo do virus através da identificacdo de
mutacdes, delecbes ou inser¢cdes nos principais genes pesquisados, que sdo o C11R (fator de crescimento
viral), o A56R (gene da hemaglutinina) e o A26L (proteina do corpusculo de inclusdo) (ROPP et al., 1995;
MEYER et al., 1997; LEITE et al., 2007; DRUMOND et al., 2008; TRINDADE et al., 2008; ABRAHAO et al.,
2010C; KROON et al., 2016). Além disso, outros genes também podem ser utilizados para aumentar o
potencial de deteccdo e caracterizagdo, como K2L e C23L (DRUMOND et al., 2008; ASSIS et al., 2013). O
material genético viral pode ser detectado diretamente de amostras de lesdes (ricas em particulas virais),
amostras de sangue ou até mesmo do soro dos pacientes e animais infectados, sem a necessidade de
extragdo de DNA (ABRAHAO et al., 2010C). Além disso, alguns estudos indicam que o DNA viral pode ser
detectado em fezes e leite de animais infectados (ABRAHAO et al., 2009C; 2009D; OLIVEIRA et al., 2010;
D’ANUNCIACAO et al., 2012; RIVETTI JR et al., 2013; KROON et al., 2016).

O isolamento viral também se constitui como uma importante ferramenta de diagndstico, em que é
possivel a recuperacdo da particula viral envolvida na infeccdo (LOBATO et al., 2005; MEGID et al., 2008;
ABRAHAO et al., 2009A; KROON et al., 2016). Entretanto, esse tipo de diagndstico é restrito a laboratérios
de pesquisa, pois sdo necessdrios insumos e equipamentos de alto custo, além de profissionais
especializados. Posteriormente ao isolamento é possivel realizar outros estudos para melhor compreensao
do virus com seus hospedeiros (FERREIRA et al., 2008; ABRAHAO et al., 2009C; CAMPOS et al., 2011;
KROON et al., 2016). Do mesmo modo, o diagndstico por microscopia eletronica é de dificil execugdo, além

de ser uma tecnologia de alto custo (FONSECA et al., 1998; DAMASO et al., 2000; SANT’ANA et al., 2013B).
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Il. JUSTIFICATIVA

As viroses emergentes tém preocupado as autoridades sanitarias em todo o mundo. Fruto de alteragdes no
ecossistema e dos comportamentos econdémicos, sociais e culturais do homem, essas viroses surgem como
importante problema de saude publica tanto nas zonas rurais como nas zonas urbanas. Em termos
econbmicos, estima-se que as DIE tém causado um dano na ordem de centenas de bilhGes de délares nos
ultimos 20 anos, devido ao fato de que as ac¢Oes ainda estdo focadas na deteccdo e resposta, ndo na
prevengdo. Assim, as estimativas sdo de que os custos para o controle de surtos de DIE continuardo a
aumentar. No entanto, os maiores ganhos estdo relacionados as acGes de prevencdo em vez do tratamento
dos riscos ja estabelecidos. Dessa forma, tornam-se necessarias estratégias de prevencdo e controle das

DIE.

Varios sdo os fatores que favorecem a emergéncia e re-emergéncia de virus com potencial emergente, que
vao desde alteracdes ecoldgicas envolvendo clima e ecossistema, até o comportamento migratdrio
humano, facilitado pelos transportes rapidos e processo de globalizacdo, o que permite a rapida
disseminacdo de vetores anteriormente contidos em dareas restritas e de mais fdacil controle. Outros
mecanismos estdo diretamente ligados aos agentes etioldgicos em questdo, como recombinagdes
genéticas, alterando a viruléncia e consequentemente as manifestagdes clinicas e da letalidade da

patologia relacionada.

No Brasil, o Vaccinia virus (VACV) destaca-se como um virus zoondtico re-emergente, afetando
principalmente o gado leiteiro e ordenhadores que tém contato direto com os animais infectados. Os
surtos de VACV causam danos a economia leiteira nacional e também a saude publica, uma vez que,
estabelecido um quadro de infecgdo numa determinada localidade rural, hd uma queda na producdo de
leite pelos animais doentes e possivel perda dos mesmos. Além disso, por ser também caracterizada como
uma zoonose ocupacional hd uma variagdo no quadro de funciondrios, acarretando em prejuizos para o
dono da propriedade e para o prdprio trabalhador que pode perder o seu emprego, caracterizando

também um estigma social devido a natureza da infecgao.

A circulagdo do VACV no ambiente rural é bem descrita na literatura, e sabe-se que o virus também circula
no ambiente silvestre em espécies de pequenos mamiferos que podem atuar como disseminadores ou
ainda servir como seu reservatdrio. Entretanto, sdo escassas as evidéncias de circulagao do virus em dreas
urbanas e os fatores associados a sua emergéncia nestes locais. Além disso, aspectos relacionados a sua
distribuicdo espacial e diversidade de hospedeiros que podem atuar como disseminadores permanecem

pouco explorados.

36



Considerando-se a re-emergéncia do VACV no Brasil, aliada a caréncia de estudos que abordem a
ecoepidemiologia e a caracterizacdo de populacdes de mamiferos susceptiveis que podem atuar como
possiveis reservatorios e/ou hospedeiros naturais, além da escassez de dados sobre fatores de
risco/exposicdo diretamente associados ao VACV, este trabalho buscou avaliar a distribuicdo do VACV em

diferentes ambientes, sua relacdo com possiveis hospedeiros e os riscos para a salde publica.

37



lll. OBJETIVOS

3.1. Geral

Avaliar a dindmica da circulagdo do Vaccinia virus (VACV) em ambientes silvestres, rurais e urbanos, em

diferentes populagGes de animais domésticos e silvestres, e os riscos para saude publica.

3.2. Especificos

1) Avaliar a soroprevaléncia de anticorpos neutralizantes anti-Orthopoxvirus em populacdes de animais

domeésticos e silvestres;

2) Avaliar a possivel circulagdo silenciosa do VACV através da avaliagdo de animais domésticos com

auséncia de doenca clinica;

3) Identificar fatores de risco/exposi¢do associados a circulagdo do VACV;

4) Avaliar a dindmica da circulagdo do VACV entre ambientes silvestres e urbanos;

5) Avaliar os riscos de disseminacdo do VACV para populacGes suscetiveis;

6) Desenvolver um modelo ecoldgico hipotético para auxiliar na compreensao da circulagdo do VACV entre

ambientes silvestres e urbanos.
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IV. PUBLICAGOES

4.1. ARTIGO 1: Abscence of vaccinia virus detection in a remote region of the Northern Amazon forests,
2005-2015

Este artigo foi publicado em Abril de 2017 no periddico Archives of Virology.

DESCRICAO DO ESTUDO: O hospedeiro natural, a manutenc3o e a circulagdo do VACV no ambiente silvestre
permanecem ainda pouco conhecidos devido a escassez de dados. Apesar de infectar uma vasta gama de
hospedeiros, ainda ndo se sabe qual o reservatdrio do VACV, e especula-se que os roedores silvestres
possam exercer essa fungdo. O objetivo deste trabalho foi avaliar a circulagdo do VACV em amostras de
pequenos mamiferos de uma regido extremamente preservada no norte da Floresta Amazénica. Nossos
resultados apontaram para a auséncia de circulacdo do VACV num periodo de 10 anos (2005-2015). No
Brasil, a circulacdo do VACV é bem documentada, através da descricdo de surtos acometendo humanos e
bovinos, além da deteccdo em animais silvestres. Ha alguns fatores que podem contribuir com a auséncia
de circulacdo do VACV na regido Amazonica entre 20052015, dentre os quais: 1) barreiras geograficas
naturais, por ser uma regido Amazonica altamente preservada; 2) auséncia de bovinos, que atuam como
excelentes hospedeiros amplificadores eliminando no ambiente grandes quantidades de particulas
infecciosas quando infectados; 3) grande diversidade de espécies de pequenos mamiferos e pouca
amostragem de espécies ja conhecidas nas quais o VACV foi detectado; 4) possibilidade de haver um efeito
diluidor, visto que o ambiente é altamente preservado mantendo uma grande diversidade de espécies.
Contudo, nossos achados nao excluem a possibilidade de pequenos mamiferos atuarem como reservatdrio

para o VACV, sendo mais estudos necessarios para elucidar essa situagdo ecoldgica.
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Abstract Vaccinia virus (VACV) circulates in Brazil and
other South America countries and is responsible for a
zoonotic disease that usually affects dairy cattle and
humans, causing economic losses and impacting animal
and human health. Furthermore, it has been detected in
wild areas in the Brazilian Amazon. To better understand
the natural history of VACV, we investigated its circulation
in wildlife from French Guiana, a remote region in the
Northern Amazon forest. ELISA and plaque reduction
neutralization tests were performed to detect anti-ortho-
poxvirus antibodies. Real-time and standard PCR targeting
C11R, A56R and A26L were applied to detect VACV
DNA in serum, saliva and tissue samples. No evidence of
VACYV infection was found in any of the samples tested.
These findings provide additional information on the
VACYV epidemiological puzzle. The virus could neverthe-
less be circulating at low levels that were not detected in
areas where no humans or cattle are present.

Vaccinia virus (VACV) is the prototype of the genus
Orthopoxvirus, family Poxviridae, and was used as a live
vaccine around the world to eradicate smallpox. VACV
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circulates in zoonotic cycles involving bovine herds and
dairy workers in rural areas of Brazil, causing a disease
called bovine vaccinia (BV), which results in economic
losses and has increasingly caused public health concerns [1].
In the last seventeen years, VACV has spread through-
out all Brazilian territory [1], though its occurrence varies
among the different regions. Furthermore, VACYV has been
detected in countries bordering Brazil, such as Argentina
[2], Uruguay [3], and Colombia [4]. Although, several BV
outbreaks affecting mainly dairy cattle and humans have
been reported since 1999 [1], natural VACV circulation
had already been described in a rodent of the genus Ory-
zomys captured in the 1960s in the Amazon region [5].
During recent years in which reports of BV outbreaks
have been observed, VACYV circulation has been described
in the Amazon region in mammal species such as bovines,
primates, and coatis, and also in humans [6—12]. Never-
theless, there is little information on a possible VACV
sylvatic cycle and on its natural reservoirs, since the origin
of VACYV is still unknown and its natural reservoir is still
unidentified [13-16]. Given that VACV has a broad host
range and that wild animals might be implicated in its
transmission chain, we decided to search for VACV cir-
culation in wildlife animals (rodents, marsupials, and bats)
captured in pristine forest areas where the anthropogenic
impact on the Northern Amazon forest is absent or limited.
We analyzed a total of 2,365 wild mammals from
French Guiana, captured between 2005 and 2015 in tropi-
cal upland rain forest in the Amazon region [17, 18].
Capture sites were located in remote forests, slightly dis-
turbed forests (facing selective logging, hunting pressure,
and low fragmentation level), secondary forests, and the
edge between forest and open habitats (Fig. 1). Wild
mammals included rodents (n = 420), marsupials
(n = 606) and chiropterans (n = 1339) (Table 1). All
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Fig. 1 Map of French Guiana showing the regions where several
trapping sites were located. The background of the map highlights the
human footprint index, which summarizes expected anthropic threats
to biodiversity. This index summarizes threats including accessibility,
land use, and human density, with light shading representing lower
pressure strength and dark shading representing higher pressures. For
each studied region, the dominant habitat is given

samples underwent molecular testing for VACV. To detect
VACV DNA, we used real-time PCR targeting the C11R
and A56R genes and semi-nested PCR targeting the C11R
and A26L genes [19]. Molecular testing was performed on
serum and tissue samples from rodents and marsupials and
on DNA extracted from saliva and blood clots of bats. The
positive controls used for molecular assays were DNA
extracted from serum and liver of BALB/c mice experi-
mentally infected with the vaccinia virus Western Reserve
(VACV-WR) strain and Brazilian vaccinia (Br-VACYV)
group 1 and 2 viruses [20]. In cases where we were not able
to have an experimental infected animal (marsupials and
bats), we used experimentally contaminated serum and
liver samples as described previously by Dutra and co-
authors [21]. Briefly, different concentrations of VACV-
WR and Br-VACV strains were added with a range from
10* pfu/uL to 1 pfu/uL. The experimentally contaminated
samples were tested by PCR, compared to the BALB/c
controls, and then used as positive controls for marsupials
and bats.

In addition, serum samples from rodents and marsupials
were screened for anti-OPV IgG by ELISA and neutraliz-
ing antibodies by >50% plaque reduction neutralization
test (PRNT5o) [19]. Sera were grouped into pools of 2-5
serum samples from animals belonging to the same species
that were from the same collection area. No serum samples
from bats were available for serological tests. For sero-
logical assays, sera from mice experimentally infected with
VACV-WR and Br-VACYV strains were used as positive
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controls [20]. For the ELISA assay particularly, we used a
purified recombinant A/G protein peroxidase conjugate as
secondary antibody. Rodent and marsupial samples were
included together in the same plate (for ELISA and PRNT),
and the results were compared with those obtained using
known positive and negative rodent serum samples.

Most of the rodents captured belonged to the species
Proechimys guyannensis (46.4%), followed by Proechimys
cuvieri (11.2%) and Zygodontomys brevicauda (9.5%). The
main marsupials studied were Didelphis marsupialis
(34.1%) and Marmosa murina (26.2%). For bat species,
most of them were Desmodus rotundus (32.3%), Carollia
perspicillata (17.2%) and Pteronotus spp. (14.0%). All
animals tested by both serological and molecular tech-
niques were negative for VACV.

In this study, we examined numerous forest mammal
species and found no serological or molecular evidence for
VACV circulation among them. Increasing efforts have
been made regarding VACV ecology in South America,
and some studies have highlighted the importance of wild
animals and peridomestic rodents as VACV carriers
([7, 22, 23], Miranda JB, personal communication). Our
negative results contrast with the above-mentioned ones,
and some hypotheses can be considered in explaining the
lack of evidence for VACV circulation in wild animals in
French Guiana during the 2005-2015 period. One hypoth-
esis is that wildlife was investigated in a highly preserved
Northern Amazon region where natural geographic barriers
of unfavorable forest habitats exist, preventing VACV
dissemination from Brazil to French Guiana. This could
also be emphasized by the “dilution effect” hypothesis,
taking into account that in a highly preserved environment,
the maintenance of a highly diverse mammal community
may prevent infection of putatively more sensitive species.
A great variety of mammal species were studied, but with
only a small sampling of species from which VACV has
been detected in Brazil, such as Mus musculus [20], Ory-
zomys sp. [5], and Caluromys philander [Miranda JB,
personal communication]. Furthermore, the species Didel-
phis albiventris, in which VACV was recently detected in
Sao Paulo State, in the Southeast region of Brazil [24], is
not present in French Guiana. Nevertheless, two closely
related species Didelphis imperfecta (n = 2) and D. mar-
supialis (n = 207) were tested.

Another explanation for the absence of VACV detection
in this study could be the extremely small number of
bovines in French Guiana. One hypothesis for the broad
circulation of VACYV in Brazil is that bovines act as VACV
amplifiers, excreting large numbers of viable particles that
can serve as a source of infection for themselves and other
animals [25]. VACV can be detected in animals without
clinical disease, since it has been detected in blood samples
and feces from animals without lesions that nevertheless
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Table 1 Complete list of small mammals (Rodentia. Marsupialia. Table 1 continued
and Chiroptera) analyzed for the presence of vaccinia virus in 3
Northern Amazon forests in 2005-2015 Order Species quber of %
animals tested
Order Species Number of %
animals tested Carollia brevicaudata 1 0.07
Rodenti Coend onsili ) 024 Carollia perspicillata 232 17.2
t SILLS .
odentia Doen ou pre enw.lv | 0.24 Chiroderma villosum 1 0.07
Ha;yp;(.)lcta aig.)oun 5 1’19 Desmodus roduntus 431 323
Mokocl ! usdfdcu;r}elufd 18 4.28 Diaemus youngi 8 0.60
Ma alata th 6.5 oaes " 2‘62 Eptesicus furinalis 3 0.22
Mesomys ZISP raus " 5'71 Glossophaga soricina 3 0.22
Us muscutus | 0'24 Lophostoma silvicolum 3 0.22
xeacom‘y § paracou 5 1'19 Mimon crenumatum 2 0.14
1 R 1tus .
ectomis rarus ) s 357 Molossus barnesi 9 0.67
Zewmys ZL.tyalntepul 3 3’10 Molossus molossus 67 5.01
Oecomys reotor | 0’24 Molossus rufus 2 0.14
Oecomys rex.l | 0’24 Molossus sp 24 1.79
1 .
Ole.comys rutt usl 3 0.70 Monophylus plethodon 1 0.07
o igoryzomys fu ve;erlzs : 1.67 Myotis sp | 0.07
Oryzomy § megacephaius ; 1‘67 Phylloderma stenops 2 0.14
Oryzomys yunganus i 3 0'70 Phyllostomus discolor 4 0.30
Pryzo;jys macconne l. 194 46 5 Phyllostomus elongatus 4 0.30
Proechl.mys cayeizm?emm - “'2 Phyllostomus hastatus 2 0.14
Pmechl.mys cuvert 6 . 42 Phyllostomus latifolius 5 0.37
Rmec s sp 0 2‘38 Platyrrhinus helleri 1 0.07
RZ{MZ ratus ol ; 1.67 Pteronotus rubiginosus 14 1.04
lpzdomys nltz “ cand 10 '50 Pteronotus paranellii 187 14.0
iygol "'f”;’{m(y; revicaudata 0 2‘000 Sturnira lilium 18 1.34
t. ti K
M " Cola ot Ro he'? IZ g L3 Sturnira sp 6 0.44
arsupralia Ca uromys prranaer ) 0’33 Sturnira tildae 17 1.27
D’Zp EOme%u P i 0’33 Tadarida brasiliensis 2 0.14
Dl'delp hl.s p erfeftj 207 34 | Tonatia saurophila 4 0.30
Gl e_’;_ " marsuj?lz.a zs . 0 1.6 Tonatia sp 1 0.07
ract manlus Zml 1ae | 0.16 Trachops cirrhosus 5 0.37
garmosa Pt .a 150 2'6 5 Uroderma bilobatum 13 0.97
Marmosa murina 4 0 6.6 Uroderma sp 1 0.07
Marmosa P ) 0'33 Vampiroides carriacolli 1 0.07
Marmmop‘\ P y 5 0'33 Xophostoma sylvicola 1 0.07
armosops parviaens ' Total of Chiroptera 1339 100.0
Metachirus nudicaudatus 6 0.99
Micoureus demerarae 62 10.2 o ) ) .
Philander opossum 148 244 had neutrahzm.g ant1bo§1es [25]. Due to the potjcntlal role
Total of Marsupialia 606 1000 ©Of ga}ttle as a viral amphﬁer, the presence gf b.ovmf:s could
Chiroptera  Anoura geoffroyi 17 375 fac1'11tate VACV persistence and dissemination into the
Ardops nichollsi 2 0.14 environment. . .
. VACYV has recently been identified at the borders of
Artibeus concolor 1 0.07 . . .
) Brazil, in countries such as Argentina [2], Uruguay [3], and
Artibeus gnomos 1 0.07 . .
. o . Colombia [4]. Even though the circumstances of VACV
Artibeus jamaicensis 5 0.37 . . . . . .
. . detection in South American countries are still uncertain,
Artibeus lituratus 3 0.22 . .
Artib , s Lo the cattle trade and translocation have to be considered, as
rtibeus obscurus . C . . . ~ -
highlighted in Amazon region (Mato Grosso and Ronddnia
Artibeus planirostris 31 232 .
states) [9]. Furthermore, some authors have hypothesized
Artibeus sp 3 0.22

that the seroprevalence of OPV antibodies in human
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populations from the Amazon basin (Acre state) could be
linked to agriculture and livestock practices, reinforcing
the role of cattle in VACV maintenance [8].

Compared to other South American countries where
VACYV has been detected, a different situation is observed
in French Guiana, where a lower deforestation rate is
observed and where only a few cattle or horses are present
[26] (http://www.globalforestwatch.org/) (Fig. 1). Never-
theless, our findings do not definitively establish that
VACV is not circulating, and they also do not exclude the
possibility that small mammals can act as its reservoir in
nature. However, the data presented here strongly suggest
the absence of circulation of VACV, or presence at low
levels that were not detected, in remote Amazonian areas
with no human impact over a long period of time. The
monitoring and surveillance of VACV circulation is
important to ensure early warning of zoonotic outbreaks for
vulnerable human populations.
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4.2. ARTIGO 2: Detection of Vaccinia Virus in Urban Domestic Cats, Brazil

Este artigo foi publicado em Fevereiro de 2017 no periddico Emerging Infectious Diseases.

DESCRICAO DO ESTUDO: Apds a erradica¢do da variola ha 36 anos, a campanha de vacinacgdo global foi
interrompida. Devido a esse fato, surtos envolvendo outros ortopoxvirus tém sido registrados em todo o
mundo, como o Vaccinia virus que é prevalente no Brasil, afetando o gado leiteiro e ordenhadores, e o
Cowpox virus na Europa, afetando especialmente gatos e roedores, além de humanos. Entretanto,
diferentemente do Cowpox virus, que ja foi relatado circular e causar surtos em dareas urbanas de varios
paises Europeus, ndo ha relatos sobre a circulacdo do VACV em dreas urbanas do Brasil. Portanto, o
objetivo deste estudo foi investigar a circulagdo do VACV entre felinos de diferentes centros urbanos no
Brasil, suas implicacGes para a cadeia epidemioldgica do VACV e os riscos para a saude publica. Nossos
resultados apontaram uma soroprevaléncia de 5.8%, com titulos de anticorpos variando de 100 a 1600
unidades neutralizantes/ml. O sequenciamento de um pequenos fragmento do gene A56R confirmou a
infecgao pelo VACV. Embora no Brasil a ocorréncia do VACV esteja até o momento relacionada ao ambiente
rural e silvestre, investigacdes conduzidas em areas urbanas sdo de grande importancia para a
compreensao da cadeia epidemioldgica desse virus emergente. Com a erradicacdo da variola, a vacinacao
foi interrompida em todo o mundo, aumentando o nimero de pessoas imunologicamente desprotegidas;
portanto, esses achados reforgam o impacto da disseminagdo viral para ambientes urbanos, podendo

afetar populag¢des vulnerdveis e causar um grande desafio para a saude publica.
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We investigated possible vaccinia virus (VACV) in urban
house cats in Brazil. Serum samples from 6 cats were
positive for VACV by PCR, indicating likely VACV circula-
tion among house cats in urban areas of Brazil. This finding
highlights the importance of epidemiologic surveillance to
avoid outbreaks among urban human populations.

accinia virus (VACV) outbreaks, first reported in

Brazil in 1999, affect dairy cattle and humans in ru-
ral areas (/). Although studies have shown evidence of
VACYV circulation among several mammal species (/-3),
no consensus exists regarding the role of these animals
in the VACV transmission chain or which animal is
the natural reservoir. In fact, domestic or wild mam-
mals could be asymptomatic hosts and also contribute to
VACYV transmission (3).

In contrast to VACV, cowpox virus (CPXV) circulates
in urban environments in Europe but also in surrounding
wild and rural areas (4). CPXV is transmitted to humans
mainly by cats, which play a link between the natural res-
ervoirs and humans in the urban environment (4, 5). In cats,
the clinical course of CPXV infection varies from no symp-
toms to widespread skin necrotic lesions and can ultimately
lead to death (6). Some studies have shown serologic evi-
dence of orthopoxvirus infection in cats from Europe and
have addressed the role of these animals in orthopoxvirus
transmission to humans (7,8).

Because VACV and CPXV share some epidemiologic
features and cats have a prominent role in the urban CPXV
transmission chain, we decided to investigate whether ur-
ban domestic cats have evidence of exposure to VACV in
Brazil. This study was approved by the Animal Experi-
ments Committee of the Universidade Federal de Minas
Gerais (registration protocol 315/2014).

We performed a retrospective study of serum samples
from 277 house cats, collected during September 2012—De-
cember 2014 in 5 states in Brazil (online Technical Appen-
dix Figure 1, https://wwwnc.cdc.gov/EID/article/23/2/16-
1341-Techappl.pdf). The states in this study were those
whose veterinary clinics agreed to submit samples. We
screened serum samples for neutralizing antibodies by
using a >70% plaque-reduction neutralization test (9). To
detect VACV DNA in serum samples, we performed real-
time PCR targeting the C11R and A5S6R genes (9). We
directly sequenced AS6R fragments in both orientations
and in triplicate by using the Mega-BACE sequencer (GE
Healthcare, Buckinghamshire, UK). We used ClustalW
(http://www.genome.jp/tools/clustalw) and MEGA7 soft-
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ware (http://www.megasoftware.net) to align nucleotide
sequences and construct a phylogenetic tree (neighbor-
joining method with 1,000 bootstraps).

The cats’ ages ranged from 3 months to 15 years; 150
(54.2%) of the cats were female. Thirteen cats (4.7%) had
outdoor access, and 37 (13.4%) were admitted to the vet-
erinary clinic for >1 night. Some cats had clinical illness in-
consistent with orthopoxvirus infection, which can overlap
with other common dermatologic diseases affecting cats
(online Technical Appendix Table). Most (8/53 [15.1%])
seropositive cats were from the Pampulha region of the
city of Belo Horizonte (Minas Gerais State) (online Tech-
nical Appendix Figure 1), followed by the eastern region of
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the city. We detected neutralizing antibodies in 16 animals
(5.8%), with titers ranging from 100 to 1,600 neutralizing
units/mL; of these, 13 (4.7%) were positive for C11R gene
and 6 for AS6R gene (online Technical Appendix Table).
Alignment of the AS6R fragments showed high similar-
ity to the homologous gene of VACV isolates from Brazil
(online Technical Appendix Figure 1). For the phylogenetic
tree, we grouped sequences with VACV group 1 and 2 iso-
lates (Figure).

We describe evidence of VACYV circulation in cats in an
urban environment in Brazil. Many studies have attempted
to elucidate VACV outbreaks and risk factors in rural and
wild areas (/-3). Our findings reveal a seropositivity rate of
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5.8%, which is lower than the rate observed in a previous
study from Norway (8) and higher than the rate observed
in a study of cats in Austria (7). Notably, the Pampulha
region, where most seropositive animals were detected,
corresponded to areas of relatively low elevation that fea-
ture houses with green areas, cottage houses, and ecologic
parks, with forested areas making up the remaining portion
of the land (online Technical Appendix Figure 1).

Recent data from our research group revealed that capy-
baras (Hydrochoerus hydrochaeris) from the Pampulha re-
gion tested positive for VACV (10). These data, corroborated
by molecular detection of VACV groups 1 and 2 in house
cats from Belo Horizonte, further indicate the presence of
VACYV in an urban environment (online Technical Appendix
Figure 2). In this study, PCR-positive cats showed no clinical
signs that would indicate orthopoxvirus infection at the time
of sample collection (online Technical Appendix Table), un-
like what was observed among cats infected with CPXV in
Europe (4,5). Furthermore, cats 4, 10, and 15 (online Techni-
cal Appendix Table), in which we detected ongoing VACV
DNA, had no clinical signs. Although we detected group 2
VACYV (virulent strains) in 4 samples, our findings corrobo-
rate the results of Bennett et al. (6), which showed that cats
infected with VACV had asymptomatic infection.

Limitations of our study include selection bias of
animals; it was not possible to use a convenience sample
from the 5 Brazilian states. We were also unable to obtain
detailed clinical information of all animals and unable to
collect additional clinical samples to better understand the
clinical course of VACV infection in cats. In Brazil, no
records of VACV-like detection in urban populations are
available, despite the fact that VACV was recently found in
urban areas (/0). In fact, potential sources of infection for
cat populations (e.g., small rodents) should be considered.
Cats could possibly seroconvert without the onset of classi-
cal illness. Hence, VACV could be circulating in cats from
urban environments. The potential role of cats in infecting
humans should be investigated further to determine wheth-
er VACV can emerge in urban human populations and pose
a threat to public health.
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Detection of Vaccinia Virus in Urban
Domestic Cats, Brazil

Technical Appendix.

Technical Appendix Table. Diagnostic results for 16 house cats with neutralizing antibodies for vaccinia virus, Belo Horizonte,
Brazil, September 2012—-December 2014*

gqPCR

Cat PRNT, titer (NU/mL) C11R gPCR A56Rt VACYV strain Clinical signs

1 1:320 (800) + + VACV-BR group 2 Urethral obstruction

2 1:40 (100) + - - FelLV+

3 1:40 (100) + - - Hepatic lipidosis

4 1:160 (400) + + VACV-BR group 1 None

5 1:320 (800) - - - Hepatic lipidosis

6 1:160 (400) + - - None

7 1:320 (800) + + VACV-BR group 2 Urethral obstruction

8 1:40 (100) - - - FIV+

9 1:160 (400) + - - None

10 1:640 (1,600) + + VACV-BR group 2 None

11 1:80 (200) - - - Sporotrichosis

12 1:80 (200) + + VACV-BR group 1 Mycoplasma haemofelis
13 1:40 (100) + - - None

14 1:640 (1,600) + - - Dipylidium caninum
15 1:640 (1,600) + + VACV-BR group 2 None

16 1:40 (100) + - - Uncharacterized skin lesions

*BR, Brazil; FeLV, feline leukemia virus; FIV, feline immunodeficiency virus; NU, neutralizing units; qPCR, real-time PCR; PRNT7o, >70% plaque-
reduction neutralization test; VACV, vaccinia virus; +, positive; —, negative.
tFragment sequenced.
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Technical Appendix Figure 1. Map of Brazil highlighting studied areas in black. A) The 5 states in which
house cats were sampled. N indicates the number of sampled house cats. B) Map of Belo Horizonte city
(located in Minas Gerais State), where most of the house cats were sampled. The map shows the regions
in Belo Horizonte including Pampulha and eastern regions. The numbers indicate the number of house
cats sampled. Seropositive cats indicated with parentheses. C) Characteristics of Pampulha region. D)
Characteristics of eastern regions, respectively.
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Technical Appendix Figure 2. Nucleotide sequence of the vaccinia virus (VACV)—positive domestic cats
A56R (hemagglutinin) genes (green) compared with homologous sequences of several other
orthopoxviruses, Belo Horizonte, Brazil, September 2012—-December 2014. Strains had the deletion
region (red) conserved and were grouped with other VACVs (group 1 and 2) isolated in Brazil. The

sample from Cat_1 showed 1 polymorphism (C—A) compared with other VACYV isolates.
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4.3. ARTIGO 3: Vaccinia Virus among Domestic Dogs and Wild Coatis, Brazil, 2013-2015

Este artigo foi publicado em Dezembro de 2018 no periddico Emerging Infectious Diseases.

DESCRICAO DO ESTUDO: Os virus do género Orthopoxvirus (OPV) possuem espécies zoondticas como o
Monkeypox virus, presente na Africa, e o Cowpox virus, presente na Europa. No Brasil, o Vaccinia virus
(VACV) tem sido amplamente descrito e caracterizado por causar uma doenga conhecida como Vaccinia
Bovina, afetando principalmente o gado leiteiro e ordenhadores. Sabe-se que o VACV circula
principalmente em areas rurais, mas também no ambiente silvestre. Estudos jd mostraram a circulagcdo do
VACV entre varias espécies de mamiferos como bufalos, macacos, cavalos e roedores. Evidéncias
soroldgicas apontaram a circulagdo de OPV em Procionideos no México. Entretanto, ndo se sabe ainda o
papel desses animais na cadeia de transmissdo do VACV ou qual deles poderia ser de fato o seu
reservatoério. Além disso, estudos recentes tém demonstrado a presenca do VACV em ambientes urbanos e
possiveis ameacas para a saude publica. O objetivo deste trabalho foi verificar a participacdo de caes
domésticos e quatis silvestres na cadeia epidemioldgica do VACV no Brasil, bem como o risco de
disseminacdo para areas urbanas e desafios para a saude publica. O presente estudo investigou 90
amostras de soro e swab de quatis e 182 amostras de soro e swab de cdes provenientes de drea silvestre e
urbana, respectivamente, em Belo Horizonte. Foram encontrados 13 quatis (14,4%) e 30 cdes (19,5%)
soropositivos, com titulos variando entre 100 a 800 unidades neutralizantes/ml. Embora a ocorréncia do
VACV no Brasil seja, até o momento, restrita ao ambiente rural, alguns estudos indicam que o VACV circula
em animais de ambientes silvestres e urbanos. Entender a eco-epidemiologia do VACV é fundamental para
compreensdo de mais um ponto na histéria da biologia deste OPV. Além disso, o estudo da circulagdo do
VACV entre animais domésticos e silvestres também agrega importantes informacgGes sobre a sua cadeia
epidemioldgica, possiveis reservatérios e desafios para a saude publica. Como os animais estudados
aparentemente ndo possuem sinais clinicos da doenca, esses poderiam ser hospedeiros que contribuem
para a manutencdo do VACV em diferentes ambientes. Nossos achados levantam questGes sobre a
emergéncia do VACV e o risco da disseminagdo para o ambiente urbano, refletindo a importancia desses
animais para a cadeia epidemioldgica do VACV e os riscos de surtos em dreas urbanas, que podem gerar

graves danos para a saude publica.
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Vaccinia Virus among Domestic Dogs and
Wild Coatis, Brazil, 2013-2015

Galileu Barbosa Costa, Lara Ribeiro de Almeida,
Aline Gabriele Ribeiro Cerqueira,
Wander Ulisses Mesquita, Jaqueline Silva
de Oliveira, Julia Bahia Miranda, Ana Teresa
Saraiva-Silva, Jonatas Santos Abrahao,
Betania Paiva Drumond, Erna Geessien Kroon,
Pedro Lucio Lithg Pereira, Danielle Ferreira de
Magalhaes Soares, Giliane de Souza Trindade

To determine their potential role as a source of human infec-
tion, we tested domestic dogs (urban) and wild coatis (wild)
in Brazil for vaccinia virus. Our findings of positive neutraliz-
ing antibodies and quantitative PCR results for 35/184 dogs
and 13/90 coatis highlight a potential public health risk.

ince smallpox was declared eradicated in 1980, after a

massive effort led by the World Health Organization,
other orthopoxviruses have gained notoriety as zoonotic
agents worldwide (/). Over the past 17 years in Brazil,
many zoonotic outbreaks of vaccinia virus (VACV) infec-
tion have been recorded throughout the country, becoming
a burden for the dairy industry and public health (2). The
most affected hosts during outbreaks are dairy cattle and
humans (2). Recent studies assessing the role of wildlife
in the maintenance cycle of VACV in nature have corrobo-
rated previous findings that rodents and marsupials serve
as links between natural and anthropic environments (2—4).

Indeed, the increased frequency of reported VACYV de-
tection in several species of mammals points toward new
insights into the circulation and maintenance of VACYV in
wild (forest) and rural (farm) environments (2,5-8). Stud-
ies conducted in Latin America suggest that wildlife, espe-
cially small and medium-sized mammals, plays a role in
virus transmission and maintenance of orthopoxviruses in
nature (9). Furthermore, some studies have shown the pres-
ence of VACV in urban environments, emphasizing the
risks for humans (especially those not vaccinated against
smallpox) (10,11).
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B.P. Drumond, E.G. Kroon, P.L.L. Pereira, D.F. de Magalhaes
Soares, G. de Souza Trindade); Universidade Federal de Ouro
Preto, Ouro Preto, Brazil (W.U. Mesquita)
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To determine the potential role of domestic and wild
animals as a source of VACV infection for humans, we
investigated VACV circulation among domestic dogs and
wild coatis, animals that live at the intersection of urban
and wild environments in Brazil. The capture of wild ani-
mals was authorized by the Brazilian Institute of Environ-
ment and Renewable Natural Resources, and the study was
approved by the Ethics Committee in Animal Experimenta-
tion of Universidade Federal de Minas Gerais.

The Study

We analyzed serum and anal swab samples collected dur-
ing 2013-2015 from 184 domestic dogs and 90 wild coatis
in the city of Belo Horizonte (19°55'15"'S, 43°56'16"W) in
the state of Minas Gerais, Brazil (Figure 1). Swab samples
of lesions, if present, were also collected. To determine the
presence of neutralizing antibodies in serum, we used an
orthopoxvirus plaque reduction neutralization test as previ-
ously described (/2). Serum titers were defined as the high-
est dilutions that inhibited >70% of virus plaques compared
with negative controls.

To detect VACV DNA from serum and anal swab
samples, we performed real-time PCR targeting the C11R
or A56R gene (/2). We directly sequenced AS6R fragments
in both orientations and in triplicate by using the ABI3130
platform (Applied Biosystems, Waltham, MA, USA). Se-
quences were aligned with other reference sequences from
GenBank by using MEGA 7.0 (http://www.megasoftware.
net). Statistical analyses were conducted by using Epi Info
software version 7.2.1.0 (https://www.cdc.gov/epiinfo);
x? and Fisher exact tests were applied with significance
set at 5%. We also calculated relative odds ratios (ORs)
and 95% Cls.

We detected orthopoxvirus neutralizing antibodies in
35 dogs (prevalence rate 19.0%, 95% CI 14.0%—25.5%; ti-
ters 100—400 neutralizing units/mL) and in 13 coatis (prev-
alence rate 14.4%, 95% CI 8.5%-23.3%; titers 100-800
neutralizing units/mL) (Table 1). Univariate analyses indi-
cated significant associations between presence of neutral-
izing antibodies and the following: male dogs (OR 2.6; p
=0.02), dogs 6-10 years of age (OR 5.2; p = 0.04), coatis
captured in 2013 (OR 11.2; p = 0.002), juvenile coatis (<1
y of age) (OR 35; p=10.001), and adult coatis (>2 y of age)
(OR 5.1; p=0.04).

Samples from all seropositive animals were submitted
for quantitative PCR (qPCR) to detect VACV DNA (Table
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Figure 1. Area of study of vaccinia virus among domestic
dogs and wild coatis, Brazil, 2013-2015. A) Countries in
South America where vaccinia virus has been detected
in recent years. B) Belo Horizonte (red locator), located
in Minas Gerais state, Brazil. C) Regions of Belo
Horizonte; green indicates area in wild environment
where coatis were captured. D) Google Earth map from
2017 of studied area, showing details of the wild and
urban environments. Green dots indicate where coatis
were captured; blue dots indicate where dogs were
sampled. Source: https://www.google.com/earth.

2). Overall, serum samples from 7 dogs and 6 coatis were
positive for the C11R gene; of these, anal swab samples
were positive for this gene for 3 dogs and 4 coatis. Samples
from the C11R-positive animals were submitted for an-
other qPCR targeting the AS6R gene. Serum samples were
positive for the AS6R gene for 5 dogs and 4 coatis; of these,
anal swab samples were positive for A5S6R for 1 dog and 3
coatis. No lesion swab samples were positive by qPCR for
both C11R and A56R genes.

Alignment of the amplified A56R fragments showed
high similarity to the homologous gene of VACYV isolates
from Brazil (online Technical Appendix Figure, https://
wwwnc.cdc.gov/EID/article/24/12/17-1584-Techappl.
pdf). Furthermore, 5 sequenced samples (from 4 dogs and
1 coatis) showed an 18-nt signature deletion, which is
present in sequences of mouse nonvirulent VACV strains
from Brazil (group 1 VACV). This deletion was not
present in samples from 4 animals (1 dog and 3 coatis),
grouping with mouse virulent VACV strains from Brazil
(group 2 VACV).

Conclusions

We assessed VACV exposure of 2 interacting species of
animal: domestic dogs from an urban area and coatis from
a bordering wild area. In contrast to VACV infections,
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human cowpox virus infections have mostly occurred in
urban areas of Europe. Cowpox virus is transmitted to hu-
mans mainly by domestic cats that are in contact with ro-
dents, the natural cowpox virus reservoirs (/3). However,
some authors have hypothesized that domestic dogs could
be implicated in the transmission cycle of VACV, acting as
a link between the natural reservoirs and humans in urban
environments (/4, 15). Indeed, our molecular findings sup-
port exposure and possible VACV infection of these ani-
mals, thereby indicating that they are a potential source of
VACYV exposure for humans in urban areas.

The seroprevalence of orthopoxvirus neutralizing an-
tibodies in dogs in Brazil has been described. Peres et al.
found that, along with other farm animals, 22.8% of 114
dogs tested were seropositive for orthopoxviruses (7); this
seroprevalence differs from that observed in our study,
which was 3.8% lower. In addition, most animals tested by
Peres et al. were from rural areas where no bovine vaccinia
outbreaks had been officially reported, and 96% of farm-
ers declared that their domestic animals have contact with
wild animals (9). These findings indicate that dogs could
be exposed to VACV through contact with wild animals,
corroborating our hypothesis.

We also detected orthopoxvirus neutralizing antibod-
ies in wild coatis, which is consistent with results of a
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Table 1. Associations between neutralizing antibodies against Orthopoxvirus and demographic characteristics of domestic dogs and
wild coatis, Belo Horizonte, Brazil, 2013-2015*
Variable No. (%)t No. (%) positivex  No. (%) negativef p value Odds ratio (95% CI)
Domestic dogs

Year of sampling

2014 123 (66.8) 24 (19.5) 99 (80.5)
2015 61 (33.2) 11 (18.0) 50 (82.0) 1.00
Sex
F 85 (46.4) 23 (27.1) 62 (72.9) Reference
M 96 (52.5) 12 (12.5) 84 (87.5) 0.02 2.6 (1.2-5.6)
Age,y
<1 24 (13.1) 7 (29.2) 17 (70.8) Reference
2-5 82 (44.8) 16 (19.5) 66 (80.5) 0.4
6-10 41 (22.4) 3(7.3) 38 (92.7) 0.04 5.2 (1.2-22.6)
>10 18 (9.8) 4(22.2) 14 (87.8) 0.9
Size
Small 75 (41.0) 13 (18.8) 56 (81.2) Reference
Medium 69 (37.7) 11 (20.0) 44 (80.0) 1.00
Large 30 (16.4) 4 (14.3) 24 (85.7) 0.8
Confinement status
Always inside home 41 (22.4) 8 (19.5) 33 (80.5) Reference
Always in backyard 115 (62.8) 18 (15.6) 97 (84.3) 0.7
Home and backyard 25(13.7) 9 (36.0) 16 (64.0) 0.2
Outdoors accesst
Yes 83 (45.3) 19 (22.9) 64 (77.1) 0.3
No 98 (53.6) 16 (16.3) 82 (83.7) Reference
Access to MMP
Yes 18 (9.8) 6 (33.3) 12 (66.7) 0.2
No 101 (55.2) 18 (17.8) 83 (82.2) Reference
Wild coatis
Year of capture
2013 57 (52.8) 12 (21.0) 34 (59.6) 0.002 14.8 (1.8-119.8)
2014 51 (47.2) 1(1.9) 42 (82.3) Reference
Sex
F 64 (59.3) 10 (15.6) 44 (68.7) Reference
M 44 (40.7) 3(6.8) 32 (72.7) 0.3
Age group
Juvenile, <1y 44 (40.7) 1(2.3) 35 (79.5) Reference
Subadult, 1-2'y 18 (16.7) 5(27.8) 10 (55.6) 0.01 0.05 (0.006-0.5)
Adult, >2 'y 46 (42.6) 7(15.2) 31 (67.4) 0.04 5.1 (1.2-22.6)

*Totals may not add up to 100% because of missing information. Boldface indicates significance; odds ratios are shown only for significant results. MMP,
Mangabeiras Municipal Park.

tIncludes access beyond backyard.

1By plaque reduction neutralization test.

previous study that described the seroprevalence of or- for domestic dogs and humans and serve as a link between
thopoxviruses in procyonids from Mexico (9). Our detec- wild and urban environments. However, future studies to
tion of VACV DNA in anal swab samples from coatis determine if viable virus is shed are needed to confirm
indicate that these animals could act as a source of virus  this possibility.

Table 2. Diagnostic results for 7 domestic dogs and 6 wild coatis with neutralizing antibodies for vaccinia virus, Belo Horizonte, Brazil,
2031-2015*

gPCR C11R gPCR A56R

Animal PRNT titer (NU/mL)  Serum sample Anal swab sample Serum sample Anal swab sample Strain
Dog 2 1:40 (100) + - + - Group 1
Dog 58 1:80 (200) + + + - Group 1
Dog 41 1:40 (100) + - - -

Dog 77 1:80 (200) + + + - Group 1
Dog 86 1:40 (100) + - - -

Dog 121 1:160 (400) + - + - Group 1
Dog 128 1:160 (400) + + + + Group 2
Coati 5 1:40 (100) + + + + Group 2
Coatis 17 1:40 (100) + - - -

Coatis 27 1:80 (200) + - - -

Coatis 39 1:160 (400) + + + + Group 2
Coatis 48 1:40 (100) + + + - Group 1
Coatis 50 1:80 (200) + + + + Group 2

*NU, neutralizing units; PRNT7o, 70% plaque reduction neutralization test; gPCR, quantitative PCR.
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Figure 2. A hypothetical model developed to visualize the role of domestic animals and wildlife in the natural cycle of vaccinia
virus (VACV). The model illustrates the dynamics of VACV circulation in urban and wild areas of Brazil. In urban areas, wild coatis
could promote the transmission of VACV between domestic animals or humans because they are in direct contact with domestic
dogs and circulate among urban residences. Domestic dogs could also promote the transmission of VACV to humans because

of direct contact or possibly indirect contact thought contaminated feces. In the wild environment, coatis can interact with other
mammals such as wild rodents, which are believed to be VACV reservoirs, and acquire the infection (this potential interaction is

still under investigation).

To impart information about the role of domestic ani-
mals and wildlife in the natural cycle of VACV, we de-
veloped a hypothetical model based on previous studies
(2,3,5), which could illustrate the dynamics of VACV cir-
culation in urban areas (Figure 2). Because coatis can cir-
culate in wild environments and surrounding urban areas,
they could act as a bridge promoting the transmission of
VACYV between wild animals (mainly rodents) and dogs
or humans. Domestic dogs could transmit VACV directly
to humans through close contact or indirectly thought con-
taminated feces (Figure 2). These data raise questions about
VACYV circulation in Brazil and open discussions about the
role of dogs and coatis in the VACV epidemiologic cycle.
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Technical Appendix Figure. Nucleotide sequence of the vaccinia virus A56R (hemagglutinin) gene

found in domestic dogs (green) and wild coatis (purple) compared with homologous sequences of several

other orthopoxviruses. Strains containing the conserved deletion region (red) were grouped with other

vaccinia viruses (groups 1 and 2) isolated in Brazil.

Page 1 of 1


https://doi.org/10.3201/eid2412.171584

V. DISCUSSAO GERAL

No presente trabalho foi avaliada a presenca do Vaccinia virus (VACV) através de métodos soroldgicos e
moleculares em populagdes de animais domésticos e silvestres provenientes de ambientes urbanos e
silvestres respectivamente, sem histérico de surtos de VACV. Adicionalmente, foi proposto um modelo
ecoldgico hipotético que pode ajudar na compreensao da cadeia epidemiolégica do VACV, bem como
contribuir com informacgdes pertinentes relacionadas a emergéncia do VACV para popula¢des humanas e o

impacto na saude publica.

Os resultados referentes a auséncia de circulagdo do VACV numa regido altamente preservada da Floresta
Amazonica sdo contrdrios aos registros que demonstram a circulagdo do VACV na vida silvestre no Brasil. Os
primeiros estudos da deteccdo do VACV em roedores datam da década de 60, como é o caso do virus SAV,
que foi isolado de camundongos sentinelas na esta¢do de Cotia em Sdo Paulo (LOPES et al., 1965; FONSECA
et al., 1998). O BeAn58058 (BAV) foi o Unico isolado a partir de um roedor silvestre do género Oryzomys, na
floresta de Utinga, em Belém do Para (FONSECA et al., 1998), que embora ndo faca fronteira diretamente

com a regido estudada, representa uma grande porc¢ao de floresta Amazdnica preservada.

Outros estudos tém demonstrado a circulagdao de VACV em animais silvestres na presencga de surtos de VB,
como o Mariana virus, detectado em Mus musculus durante um surto de VB em Minas Gerais (ABRAHAO et
al., 2009). Neste trabalho, os autores propuseram um modelo hipétético que estabelece uma conexao
entre amostras de VACV que poderiam circular na natureza sem necessariamente causar infecgdes agudas,
no qual os roedores infectados eliminariam particulas virais vidveis através das fezes por um longo periodo,
vindo a infectar outros animais silvestres e também animais domésticos (ABRAHAO et al., 2009). Dessa
forma, um hospedeiro assintomatico pode ser de grande importancia epidemioldgica, uma vez que circula
ativamente entre sua populagdo, eliminando particulas e auxiliando na manutencdo e circulagdo viral na
natureza. De fato, esses achados foram corroborados por PERES e colaboradores, que demonstraram a
presenca do DNA do VACV em amostras de fezes de roedores das seguintes espécies Oligoryzomys
flavescens, Oligoryzomys nigripes e Sooretamys angouya, bem como em amostra de urina de Oligoryzomys
flavescens (PERES et al.,, 2018B). Adicionalmente, foi demonstrado o importante papel de roedores
silvestres e marsupiais na cadeia epidemioldgica do VACV (MIRANDA et al., 2017). Embora ndo tenha sido
possivel o isolamento viral a partir de diferentes amostras de visceras de roedores, a detecgdo genomica
fornece soélidas evidéncias da participa¢do de roedores silvestres e marsupiais na cadeia epidemioldgica do
VACV. Embora sejam necessarios mais estudos para elucidar a dinamica da transmissdo do VACV entre

diversos hospedeiros em diferentes ambientes, os resultados propostos neste importante estudo
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ecoepidemioldgico reforcam a hipdtese de que roedores silvestres possam funcionar como uma ponte
entre ambientes naturais e antrépicos (MIRANDA et al., 2017).

Poucos anos apds a reemergencia do VACV e os surtos de VB, o virus foi detectado em primatas da regiao
Amazoénica no estado do Tocantins (ABRAHAO et al., 2010). Apesar de outras espécies de mamiferos
investigadas neste estudo, como marsupiais (Didelphis albiventris), tatus (Euphractus sexcinctus),
tamanduds (Tamandua tetradactila) e raposas (Cerdocyon thous), ndo apresentarem evidéncias de contato
com OPV, outras espécies merecem atencdo, como as espécies Cebus apella e Allouata caraya em que
foram detectados anticorpos e DNAemia, além de quatis (Nasua nasua) e cutias (Dasyprocta sp.) apenas
com evidéncias soroldgicas. A este fato, reforca-se a grande diversidade de espécies de pequenos
mamiferos avaliadas neste capitulo, além da pouca amostragem de mamiferos silvestres conhecidas nas
quais o VACV foi detectado no Brasil. Isto reflete a possibilidade de haver um efeito diluidor, fruto de um

ambiente natural altamente preservado, além da grande diversidade de espécies.

Um fato curioso a ser destacado é a auséncia de rebanhos bovinos ou pouquissimos animais presentes na
Guiana Francesa quando comparada ao Brasil. Certamente, a maioria dos estudos sobre VACV no Brasil é
focada em surtos envolvendo bovinos e humanos, e especula-se que esses animais atuem como excelentes
hospedeiros amplificadores, visto que os bovinos s3o os principais hospedeiros impactados pela VB devido
a natureza da infec¢do. DNAemia pode ser detectada desde o segundo dia apds a infecgdo até o 152 dia,
enquanto que o DNA viral pode ser encontrado nas fezes até o 672 dia apds a infecgdo. Esse fato indica que
mesmo com a resolucdo de doenca clinica, os bovinos continuam a excretar particulas virais no ambiente
(RIVETTI et al., 2013). Dessa forma, os bovinos podem agir disseminando o VACV ao longo da propriedade

rural, e outros animais domésticos, e até mesmo animais silvestres, podem se infectar.

Um estudo desenvolvido por MOTA e colaboradores avaliou a soroprevaléncia para OPV na regido
Amazonica, onde na época ndo haviam registros oficiais de BV. Embora autores tenham levantado a
hipétese de rotas alternativas para infeccdo dos individuos, a area analisada apresenta focos de
desmatamento devido a agricultura e pecudria, o que destaca mais uma vez o papel dos bovinos na
circulagdo e provavel manutencdo do VACV (MOTA et al., 2010). Também ¢é importante destacar outros
casos da circulagdo do VACV na regido Amazonica além dos descritos (FONSECA et al., 1998; ABRAHAO et
al., 2010). MEDAGLIA e colaboradores descreveram um surto envolvendo bovinos e trabalhadores rurais na
regido Norte do estado do Tocantins (MEDAGLIA et al., 2009), sugerindo uma disseminagdo interestadual
do VACV através do transito de animais por essa regido, provavelmente advindos do estado de Goids onde

sdo registrados surtos de VB (NAGASSE-SUGAHARA et al., 2004; SANT'ANA et al., 2013).
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De fato, um estudo conduzido pelo mesmo grupo confirma a disseminacdo do VACV pela regido Amazonica
através do transporte de bovinos (QUIXABEIRA-SANTOS et al.,, 2011). Outro ponto importante a ser
destacado é a deteccao do VACV em bovinos e humanos em paises fronteiricos com o Brasil, como é o caso
da Argentina (FRANCO-LUIZ et al., 2014), Uruguai (FRANCO-LUIZ et al., 2014) e Colémbia (USME-CIRO et al.,
2017). Dentro dessa perspectiva, é importante destacar os bovinos na disseminacdo do VACV, real¢ando o
seu papel como hospedeiro amplificador devido a eliminacdo de grandes quantidades de particulas
infecciosas quando infectados. A auséncia parcial desse importante hospedeiro na Guiana Francesa reforga
a falta ou a escassez de circulagdo do VACV nessa regidgo. Contudo, nossos achados ndo excluem a
possibilidade de pequenos mamiferos atuarem como reservatério para o VACV, sendo mais estudos

necessdrios para elucidar essa situagdo ecolégica.

De fato, QUINER E NAKAZAWA propuseram um modelo ecolédgico para a ocorréncia de novos locais
susceptiveis aos surtos de VB e circulacdo do VACV com base em diversos fatores ambientais, tais como
precipitacdo por trimestre, precipitacdo anual e temperatura média, além da densidade e distribuicdo do
rebanho bovino no pais. Os autores propuseram que a maioria dos locais identificados como susceptiveis
para transmissdao do VACV apresentam alta densidade de rebanho bovino. Dessa forma, o risco para a
circulagao do VACV e consequentemente ocorréncia de surtos de VB é diretamente proporcional as regides
com maior nimero de bovinos, novamente destacandoo papel desse hospedeiro (QUINER E NAKAZAWA,

2017).

Outro dado importante a ser mencionado é a auséncia de deteccdo do VACV também em quirdpteros.
Diversas espécies de morcegos em todo o mundo tém sido implicadas como reservatérios para viroses
emergentes devido as suas caracteristicas fisioldgicas, celular e natural, tornando-os particularmente
suscetiveis como hospedeiros reservatérios (CALISHER et al., 2006). Estudos de metagénomica tém sido
conduzidos para avaliar a ocorréncia de determinadas zoonoses na vida silvestre. BAKER e colaboradores
(2013) identificaram na espécie Eidolon helvum 38 sequéncias altamente relacionadas a Molluscum
contagiosum virus. Além disso, os achados de MCLLELAND e colaboradores (2013) identificaram que o
agente causador de um surto de lesdes nodulares em morcegos da espécie Miniopterus schreibersii no Sul
da Austrdlia era um Poxvirus. Da mesma forma, um novo Poxvirus denominado Eptesipoxvirus foi
identificado em morcegos da espécie Epitesucus fuscus em Lynnwood, Washingnton, Estados Unidos,
durante um surto de osteomielite necrosupurativa nesses animais. Essa nova espécie ndo pode ser
agrupada em nenhum dos géneros da subfamilia Chordopoxvirinae, e os autores propuseram a criagao de
um novo género, Chiropoxvirus (EMERSON et al.,, 2013). Embora os resultados aqui apresentados
destaquem a auséncia de circulacdo do VACV em morcegos da Guiana Francesa, ndo podemos descartar a

possibilidade de circulacdo de outro poxvirus nesses animais como ja descrito na literatura (BAKER et al.,

61



2013; EMERSON et al., 2013; MCLLELAND et al., 2013). Além disso, levando em consideracdo o papel de
quirdpteros como potenciais reservatérios de agentes virais zoonéticos, a circulagdo de poxvirus e
especificamente de VACV nesses animais deve ser melhor investigada, inclusive em outras dreas

geograficas na presenca de um hospedeiro amplificador como os bovinos.

A deteccdo do VACV em animais domésticos no Brasil, outros que nao bovinos e equideos, tem sido
relatada recentemente. PERES e colaboradores (2013) descreveram em seu estudo 26 caes soropositivos de
um total de 114. Além disso, a recente detec¢dao de DNA do VACV em cdes e gambads (Didelphis albiventris)
durante um surto de VB em S3o Paulo também foi relatada (PERES et al., 2016). Entretanto, os animais
avaliados por PERES sdo provenientes de dreas com registros de surtos de VB, diferente dos cdes incluidos
neste estudo que sdo provenientes de areas urbanas, onde a deteccdo do VACV tém sido pobremente
explorada. Em relagdo & vida silvestre, ABRAHAO e colaboradores (2010) avaliaram a circulagdo do VACV na
Amazonia Brasileira. Nesse importante trabalho, apenas 12 amostras de quatis foram analisadas, com 2

animais soropositivos.

Por outro lado, um estudo conduzido numa reserva natural do México detectou, através de ELISA e
Western Blot, uma soroprevaléncia de 28,1% em procionideos, os quais compreenderam 22 quatis
soropositivos (n=113), 16 guaxinins (n=60) e 19 bassicuros (Bassariscus sumichrasti) (n=30) (GALLARDO-
ROMERO et al., 2016). Apesar da populagdo de quatis envolvidos neste estudo ser menor do que a
populacdo estudada no México, deve-se salientar que a area total do Parque das Mangabeiras nao foi

explorada, o que pode subestimar os dados de soroprevaléncia quando comparado ao estudo Mexicano.

E importante destacar que este é o primeiro trabalho que avalia a circulagdo do VACV numa darea de
intersecdo entre ambiente silvestre e urbano, e um fato merece destaque: muitos moradores da Vila
Margola depositam lixo inadequadamente nas regiGes fronteiricas do Parque, o que serve de atrativo
alimentar aos quatis. Desta forma, invasdes desses animais as residéncias da Vila s3o relatadas,
possibilitando contato com os moradores e seus animais de estimacdo. Essa proximidade e a interagdo
entre os quatis, seres humanos e animais domésticos pode aumentar o risco de transmissdao de doengas

infecciosas e parasitdrias e a possibilidade de transmissdo de agentes etiolégicos com potencial zoonético.

Neste estudo, os gatos soropositivos ndo apresentaram sinais clinicos caracteristicos de infec¢do por OPV,
como evidenciado em gatos infectados por CPXV na Europa. A infec¢do por CPXV em felinos europeus leva
ao desenvolvimento de lesGes cutdneas generalizadas, surgindo inicialmenteuma lesdo Unica, geralmente
na cabeca, pescoco ou um membro anterior. Essa lesdo pode ser descrita como uma pequena ferida, como

uma mordida. Entretanto, devido a infec¢Ges bacterianas secundarias, a lesdo evolui para um grande
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abscesso. Devido a essa variacao clinica das lesGes, a infeccao por CPXV geralmente ndo é suspeitada. Apds
10 dias do aparecimento da primeira lesdao, outras lesdes secunddrias generalizadas comecam a surgir
sobre a pele, como pequenas mdculas eritematosas que aumentam gradualmente de tamanho, podendo
ser encontradas na mucosa oral, focinho ou orelhas. Posteriormente, evoluem para ulceras até tornarem-
se crostas e por fim cicatrizarem (BENNETT et al., 1989; 1990). E importante destacar que as lesdes
geralmente sdo pruriginosas, o que pode causar seu agravamento e disseminacdo da infeccdo para novos
locais; inclusive nessa etapa é clara a transmissdo para proprietarios dos animais, bem como para

veterindrios (CORAS et al., 2005; SCHULZE et al., 2007; CARLETTI et al., 2009).

Aproximadamente 20% dos gatos apresentam infec¢do do trato respiratdrio superior, coriza serosa e
mucopurulenta, conjuntivite e diarreia transitéria. Alguns gatos na fase de viremia, podem apresentar um
quadro febril, de inapeténcia e prostracdo. A maioria dos animais se recupera com poucos sinais de doenga
sistémica; entretanto, sinais mais graves da infeccdo incluem pneumonia, cicatrizacdo retardada e morte,
frequentemente associados com infec¢do bacteriana secunddria, ou casos de imunossupressao que podem
ser causados pelo Virus da Imunodeficiéncia Felina (FIV) ou Virus da Leucemia Felina (FeLV) (BENNETT et

al., 1989; 1990).

Embora tenham sido detectadas amostras de VACV pertencentes ao grupo virulento, os nossos resultados
corroboram os dados da literatura (BENNET et al., 1989), em que os gatos experimentalmente infectados
com VACV desenvolvem infecgdo assintomatica, ao contrario daqueles infectados com CPXV. Além disso,
ndao podemos assumir que a admissdo na clinica veterindria esta diretamente relacionada a infec¢do por
OPV, uma vez que os sinais clinicos apresentados pelos animais ndo sdo especificos, podendo ser
confundidos com outras doengas comuns que afetam gatos. Algumas doencas dermatoldgicas sdo muito
comuns em gatos e os profissionais veterinarios ndo sdo adequadamente preparados para o diagndstico

clinico/laboratorial de OPV em sua rotina.

Diferentemente da cadeia epidemioldgica do CPXV que envolve a sua circulagdo no ambiente urbano,
tendo principalmente os gatos domésticos como conexdao entre os reservatérios do virus (roedores
silvestres e periurbanos) e a populagdo humana e outros animais domésticos (ESSBAUER et al., 2010), ndo
ha registros oficiais da deteccdo de VACV em gatos domésticos de zonas urbanas. Logo, é importante
considerar potenciais fontes de infecgdo para as populagdes de felinos (roedores), assim como acontece
para CPXV na Europa, e o potencial de disseminagao principalmente para os proprietdrios dos animais, bem
como para veterindrios. Esse fato pode gerar um grande impacto em relacdo a dindmica de circulagdo do

VACV, uma vez que o virus pode se estabelecer no ambiente urbano em outros hospedeiros, causar graves

infeccGes em humanos (PELKONEM et al., 2003), especialmente em individuos imunocomprometidos,

63



como ja descrito na literatura (FASSBENDER et al., 2016), além da possibilidade de dissemina¢do para

ambientes hospitalares, sejam veterindrios ou humanos, representando uma ameaga para a saude publica.

De forma geral, a identificacdo prévia de areas onde uma determinada doenca ou patdgeno é susceptivel a
aparecer poderia ser usada em saude publica como um método precoce de intervencao, evitando futuros
surtos e reduzindo o impacto ndo somente na saude publica, mas também na economia leiteira (como é o
caso do VACV e da VB). A VB se consolidou como zoonose emergente brasileira nos ultimos anos e a
elucidacdo de aspectos bioldgicos dos VACV circulantes no pais, bem como de seus hospedeiros naturais e

mecanismos de circulagdo, alicerca a busca por métodos mais robustos de controle e prevengao da doencga.

64



VI. CONCLUSOES

O VACV circula amplamente no Brasil e possui um amplo espectro de hospedeiros. Foram observadas
evidéncias soroldgica e molecular do contato de felinos, caninos e quatis com o VACV, corrocobrando o
amplo espectro ja proposto para o patégeno. Entretanto, nao foi observado o contato entre roedores e
outros pequenos mamiferos com o VACV na regido Amazonica. Apesar disso, os resultados deste trabalho
ndo excluem a possibilidade de que pequenos mamiferos possam agir como reservatorio para o VACV na

natureza.

Outro aspecto importante é que no Brasil ndo ha registros de deteccdo do VACV em populagdes urbanas.
Entretanto, O monitoramento e a vigilancia da circulagdo do VACV sdo importantes para garantir o alerta
precoce de surtos zoondticos para populagdes humanas vulneraveis. Como mostrado Fontes potenciais de
infeccdo para populagdes de gatos (por exemplo, pequenos roedores) devem ser consideradas. Os gatos
poderiam seroconverter sem o aparecimento da doenca cldssica. Assim, o VACV poderia estar circulando
em gatos de ambientes urbanos. O potencial papel dos gatos em infectar seres humanos deve ser
investigado para determinar se o VACV pode emergir em populagdes humanas urbanas e representar uma

ameaga a saude publica.

Os quatis podem circular em dreas silvestres e urbanas, atuando como uma ponte para promover a
transmissdo do VACV entre animais silvestres (principalmente roedores) e animais domésticos como caes.
Os cdes domésticos por sua vez podem transmitir o VACV diretamente aos seres humanos através de
contato intimo ou indiretamente contaminados por fezes. Esses dados levantam questGes sobre a
circulacdo do VACV no Brasil e abrem discussdes sobre o papel dos cdes e coatis no ciclo epidemioldgico do

VACV.
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VII. PERIODO SANDUICHE E AS CONTRIBUIGCOES DA EXPERIENCIA NO EXTERIOR

O doutorado sanduiche é o periodo no qual o estudante de pds-graduacado possui a chance de desenvolver
parte do seu curso de doutorado em outra instituicdo brasileira ou internacional. O periodo do doutorado
sanduiche geralmente varia de trés meses a um ano, podendo em alguns casos ser realizada a co-tutela, na
qual o estudante desenvolve metade das suas atividades em outra instituicdo (dois anos). A bolsa
concedida pelas principais agéncias de fomento brasileiras (CAPES ou CNPq) possibilita a oportunidade de
um intercambio de estudos para aprofundar o conhecimento em relagdo a sua drea de pesquisa e
conseguir novos recursos e informagoes para a sua tese, que deverd ser defendida no Brasil. O doutorado
sanduiche configura-se como uma oportunidade impar para o estudante de expandir os seus horizontes

tedricos e praticos em outro pais a fim de enriquecer a sua pesquisa académica.

Durante a minha formacdo académica em nivel de mestrado e doutorado, pude atuar em expedicdes de
campo no estado de Minas Gerais, onde participei de projetos com o objetivo de elucidar a soroprevaléncia
e fatores de risco/exposicdo relacionados ao VACV em populacbes humanas de regifes rurais e urbanas
desse estado. Além disso, pude colaborar em projetos relacionados ao estudo da cadeia epidemioldgica do
VACV, cujo objetivo foi identificar fatores de risco através da investigacao do manejo de propriedades
leiteiras, seus aspectos ecoldgicos e geograficos, e as possiveis influéncias desses fatores sobre o status
sorolégico anti-OPV em rebanhos bovinos e de equideos. Colaborei ainda na busca por hospedeiros e
possiveis reservatérios naturais do VACV. Dessa forma, a candidatura a bolsa de doutorado sanduiche
visava ndo somente a continuidade dos meus estudos acerca da eco-epidemiologia do VACV, mas também
de uma extensa e consolidada linha de pesquisa associada a familia Poxviridae iniciada hd mais de duas

décadas pelo Laboratério de Virus, ICB/UFMG.

Tendo em vista a escassez de recursos e o atual cenario politico e econémico no Brasil, é evidente o
descaso com ciéncia, tecnologia e educagdo no pais. PublicagGes recentes na Nature e Science, dois dos
mais importantes periddicos cientificos mundiais, explicam o cendrio sombrio no Brasil, no qual os
investimentos para ciéncia, tecnologia e educa¢dao vem diminuindo a cada ano (Gibney, 2015; Escobar,
2017). Dessa forma, optamos por concorrer a uma bolsa cientifica concedida pelo governo americano,
através da Oak Ridge Institute for Science and Education (ORISE). A aprovagao ocorreu em outubro de 2016,
com inicio das atividades em dezembro do mesmo ano no Centro de Controle e Preven¢dao de Doencas

(CDC) localizado em Atlanta, Gedrgia, EUA.

O CDC é a maior agéncia de saude publica no mundo, com uma forte tradicdo nos estudos em

epidemiologia e saude publica. A instituicdo possui profissionais com experiéncia comprovada para geragao
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dos modelos matematicos e eco-epidemiolégicos e dos softwares adequados para tanto. Além disso, o CDC
mantém uma colaboracdo com o nosso grupo de pesquisa em Vaccinia Bovina desde 2006, sendo de
fundamental importancia a minha passagem por esse centro de pesquisa/ensino para a aquisicdo de
conhecimento de ponta, importacao das metodologias e treinamentos epidemioldgicos mais avancados e
para o desenvolvimento de projetos relacionados a essa drea de pesquisa, dos quais os pesquisadores do

CDC ja sao colaboradores oficiais.

Ainda, é importante mencionar as diversas publica¢des cientificas do grupo do CDC as quais apresentam
modelos de nicho ecolégico para Monkeypox virus na Africa, mostrando diferencas significativas na
ocorréncia e distribuicdo dos casos naquela regido. A combinagdo de modelos e obtencdo de mapas com a
distribuicdo potencial de casos possibilita a identificacdo da presenca do Monkeypox virus em cada darea
estudada. Os pesquisadores utilizam técnicas avancadas e abordagens automatizadas que fornecem

evidéncias adicionais e fortalecem a capacidade de vigilancia em saude publica.

Dentro dessa proposta de intercambio, sob orientacdo do Doutor Yoshinori Nakazawa, lider do grupo de
Ecologia e Evolugdo de Poxvirus, o foco foi direcionado para a deteccdo sorolégica e molecular do VACV em
amostras oriundas de animais domésticos e, posteriormente, andlises de predi¢ao do risco de circulagdo do
VACV no territério brasileiro. Adicionalmente, como o recurso obtido para intercambio é proveniente do
governo americano, a proposta estendeu-se a minha participacao em projetos especificos do préprio grupo
do CDC (que serdo descritos neste capitulo), cujo objetivo era aprofundar o conhecimento em
epidemiologia. Dentre os projetos dos quais participei encontram-se: 1) Conhecimento, Atitudes e Praticas
entre Pessoas Expostas a Lesdes de Mordida Animal em Areas Rurais de Camardes, Africa Central; e 2)
Vacinacdo em Massa de Cdes e posterior Avaliacdo no Haiti, 2017; ambos orientados pelo Doutor Ryan

Wallace, lider do grupo de Epidemiologia da Raiva e Operagdes em Campo.
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7.1. ARTIGO 4: The Influence of Poverty and Rabies Knowledge on Healthcare Seeking Behaviors and Dog
Ownership, Cameroon

Este artigo foi publicado em Junho de 2018 no periddico PLoS One.

DESCRICAO DO ESTUDO: A raiva é uma doenca fatal que acomete animais e pessoas. Os cdes s30 0
principal reservatério do virus e a principal fonte de transmissdo para seres humanos, contribuindo para
quase 99% dos casos de raiva em todo o mundo. A raiva causa dezenas de milhares de mortes por ano,
principalmente na Asia e na Africa. Neste estudo foram compilados os resultados de uma pesquisa
comunitaria sobre conhecimento, atitudes e praticas relacionadas as caracteristicas dos individuos que
possuem cdes, taxas de mordidas de cdes e comportamentos de individuos na busca de cuidados médicos
poés-mordida na regido Norte dos Camardes, Africa Central. Os resultados apresentaram baixa cobertura
vacinal entre a populacdo de cdes domésticos avaliada. Ainda, foi encontrada uma associacdo significativa
entre os individuos que possuiam caes em seu domicilio e o status econémico nas comunidades estudadas.
Embora ndo tenham sido relatadas mortes humanas, apenas uma pessoa recebeu profilaxia pds-exposicao
contra a raiva dentre aqueles que relataram terem sido mordidos. As vitimas de mordida tiveram menor
probabilidade de lavar a ferida, chamar um médico e procurar cuidados médicos em comparacao aqueles
individuos que relataram que fariam as acbes preventivas mencionadas. Essas descobertas indicam a
necessidade de aumentar a conscientizacdo publica sobre o risco potencial de raiva e os meios para evitar a

doenca.

68



@° PLOS | ONE

Check for
updates

G OPEN ACCESS

Citation: Barbosa Costa G, Gilbert A, Monroe B,
Blanton J, Ngam Ngam S, Recuenco S, et al.
(2018) The influence of poverty and rabies
knowledge on healthcare seeking behaviors and
dog ownership, Cameroon. PLoS ONE 13(6):
€0197330. https://doi.org/10.1371/journal.
pone.0197330

Editor: Charles E. Rupprecht, Wistar Institute,
UNITED STATES

Received: November 7, 2017
Accepted: April 30, 2018
Published: June 21,2018

Copyright: This is an open access article, free of all
copyright, and may be freely reproduced,
distributed, transmitted, modified, built upon, or
otherwise used by anyone for any lawful purpose.
The work is made available under the Creative
Commons CCO public domain dedication.

Data Availability Statement: This data was
collected on behalf a U.S. federal agency, the
Centers for Disease Control, and as such the
authors are not permitted to make the data set
publicly available. Requests for data may be sent to
Rabies@cdc.gov.

Funding: Funding for fieldwork was provided by
USAID Emerging Pandemic Threats program, as
part of an award to the CDC Center for Global
Health. The funder had no role in study design,

69

RESEARCH ARTICLE

The influence of poverty and rabies
knowledge on healthcare seeking behaviors
and dog ownership, Cameroon

Galileu Barbosa Costa'23*, Amy Gilbert'*, Benjamin Monroe', Jesse Blanton', Sali Ngam
Ngam®*, Sergio Recuenco®, Ryan Wallace'

1 Poxvirus and Rabies Branch, Division of High-Consequence Pathogens and Pathology, Centers for
Disease Control and Prevention, Atlanta, Georgia, United States of America, 2 ORISE Fellow, Poxvirus and
Rabies Branch, Division of High-Consequence Pathogens and Pathology, Centers for Disease Control and
Prevention, Atlanta, Georgia, United States of America, 3 Laboratério de Virus, Departamento de
Microbiologia, Instituto de Ciéncias Bioldgicas, Universidade Federal de Minas Gerais, Belo Horizonte, Minas
Gerais, Brazil, 4 National Wildlife Research Center, US Department of Agriculture, Animal and Plant Health
Inspection Service, Wildlife Services, Fort Collins, Colorado, United States of America, 5 Laboratoire National
Vétérinaire (LANAVET), Garoua, Cameroon, 6 National Centre for Public Health, Instituto Nacional de Salud,
Lima, Peru

¥ In memoriam.
* nfe8 @cdc.gov, galileuk1 @gmail.com

Abstract

Background

Rabies is a fatal encephalitis caused by lyssaviruses, with most human cases worldwide
resulting from rabid dog bites. Although effective animal and human vaccines have been
available for over 100 years, control efforts have not been adequately implemented on the
global scale and rabies remains one of the greatest global zoonotic threats to human health.
We conducted a knowledge, attitudes and practices survey in Northern Cameroon to
describe dog ownership characteristics, rates of dog bites, and post-bite healthcare seeking
behaviors.

Methods

The survey was performed in four rural Cameroonian communities. A structured commu-
nity-based questionnaire was conducted over a 20-day period in April 2010, and focused on
socio-economic factors correlated with gaps in rabies knowledge. Information pertaining to
socio-demographics, as well as attitudes and practices with regard to animal bites and bite
treatment practices were recorded. Characteristics of dog ownership such as dog confine-
ment, resources provided to dogs, and dog vaccination status were examined. Human to
dog ratios were compared on a linear scale to poverty scores by community. When applica-
ble, 2-tailed Chi-square tests or Fisher's exact tests were calculated to determine relation-
ships between variables. We also used One-way Analysis of Variance (ANOVA) to identify
associations between rabies knowledge and wealth with dog ownership, dog vaccination,
and human healthcare seeking behaviors. Independent variables were evaluated using mul-
tivariate logistic regression analysis.
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Results

A total of 208 households were enrolled. Respondents were predominantly male (68.3%),
with a median age of 43.6 years. Eighty-four households (39.9%) reported owning a total of
141 dogs (human dog ratio 10.4:1). The majority of dogs (61%) were allowed to roam freely.
A history of rabies vaccination was reported for 30.8% of owned dogs. Respondents reported
11 bites during the two years preceding the survey (annual bite incidence was 2.6% [95% CI
1.4%— 4.6%)]). Only one person (9.1%) received rabies post-exposure prophylaxis (PEP),
and none described symptoms of clinical illness consistent with rabies. Respondents who
indicated that they would seek medical care and PEP after a dog bite had higher average
wealth and rabies knowledge index scores (p = 0.01 and 0.04, respectively). Respondents
who indicated that they would seek care from a traditional healer had significantly lower
wealth scores, but not significantly different knowledge scores (p <0.01 and p = 0.49,
respectively).

Conclusions

In the communities evaluated, the majority of dogs were allowed to roam freely and had no
history of rabies vaccination; factors that favor enzootic transmission of canine rabies virus.
We also identified a strong relationship between poverty and dog ownership. Bite events
were relatively common among respondents, and very few victims reported utilizing health
services to treat wounds. Increased wealth and knowledge were significantly associated
with increased likelihood that a respondent would seek medical care and post-exposure pro-
phylaxis. These findings indicate the need for educational outreach to raise awareness of
dog rabies and proper prevention measures.

Background

Rabies is an acute encephalitis caused by the rabies virus, which is a single stranded negative
sense RNA virus in the Lyssavirus genus (Rhabdoviridae family). The fatality rate of rabies
approaches 100%, making it one of the most lethal of all infectious diseases [1,2]. Rabies is esti-
mated to be responsible for 59,000 human deaths annually, in which >98% are attributed to
bites from domestic dogs [2]. Most cases occur in low income countries [2,3]. The African
continent accounts for 43% of the global rabies burden [2].

An estimated 200,000 persons receive post-exposure prophylaxis (PEP) for rabies each year
in Africa. The number of annual human rabies deaths would be substantially higher in the
absence of prophylaxis [1,2,4]. An estimated 76% of human rabies deaths in Africa occur in
rural areas, and may result from a higher dog to human ratio, frequent lack of PEP, and/or
reduced vaccination coverage in these areas as compared to urban settings [5]. The economic
burden of human rabies in Africa is estimated to be $20 million per year, and the cost of PEP
for the average person in Africa ($40) is likely to exceed their monthly gross income [2,5,6].
Major obstacles currently exist for assessing the risk of rabies in Africa. In general, lack of
accurate data, financial investment, and adequate infrastructure are challenges that can con-
tribute to inadequate disease surveillance [7]. To date, there has been inadequate surveillance
of rabies throughout most of Africa, despite human rabies being notifiable in most countries
[7-9]. It has been estimated that 95% of human rabies cases are likely unreported in eastern
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and southern Africa [9], again highlighting that the human rabies burden is substantially
higher than currently recognized, making the estimation of rabies burden in Africa uncertain.

In the Central African nation of Cameroon, dogs are known to be the primary reservoir for
rabies, but less is known about potential sylvatic endemic cycles [10,11]. The Laboratoire
National Veterinaire (LANAVET) have reported more than 5,000 human rabies related expo-
sures to animals of which 95% were related to dogs during the time period 2003-2008. Further
evidence of the impact of rabies in Cameroon was reported by Awah-Ndukum et al reported
421 human rabies deaths and 330 laboratory confirmed rabid dogs during 1990-1999 [12].
Annual mass vaccination campaigns based on central-point methodology have been imple-
mented in many parts of the country, supported by government officials since 2009 and are
provided at a cost of 2 USD per dog vaccinated [10]. However, no post-vaccination monitoring
to establish population immunity has been reported [10].

Enhanced surveillance activities to areas where human populations may be at the highest
risk of rabies are recommended in order to assess risk and to evaluate effective strategies for
control. Knowledge, attitudes, and practices (KAP) surveys are an useful way to assess owned
dog population parameters, such as dog densities, animal bite injuries, and the health-seeking
practices of the community with regard to animal bites injuries [13,14]. To better understand
these factors in Cameroon, a KAP survey was conducted in four communities in northern
Cameroon in areas of suspected high rabies incidence. In addition, we queried the population
regarding control practices that may exist in these communities in response to suspected rabid
animals.

Methods
Study design and population

Sanguéré-Paul Sanguéré-PaulA knowledge, attitudes and practices (KAP) survey was con-
ducted in northern Cameroon, over a 20-day period in April 2010. Cameroon has an estimated
population of 24,432,834 inhabitants, with 54.4% of residents located in urban areas (accord-
ing to the CIA World Factbook [15]). Surveys were conducted in four communities in north-
ern Cameroon: Mayo-Oulo, Gaschiga, Sanguéré-Paul, and Ngong (Figs 1 and 2). The
communities surveyed constituted a convenience sample selected based on proximity to Gar-
oua City, with qualifying communities being less than 4 hour drive. Households in individual
communities were selected to represent a cross-section of income levels, i.e., presumed low,
middle and high income, based on World Bank classifications of the income levels. All survey
responses were recorded on handheld personal digital assistant (PDAs) devices, and GPS coor-
dinates were taken for mapping purposes. Survey respondents consisted of consenting adult
head of households (equal to or greater than 21 years of age). Respondents were not offered
payment for their participation. Fingerprints or written informed consent was obtained for all
respondents.

Questionnaire

A structured questionnaire was developed in English, translated into French and reviewed by
native Cameroonian people (S1 Appendix). The questionnaire consisted of 54 questions and
was divided into four sections: socio-demographic, rabies knowledge, attitudes and practices
towards animal bites, and bite treatment practices. The questionnaire was administered via
face-to-face interviews, with responses entered in PDAs using GeoAge FAST software.
Respondents were read questions, but were not provided answers from which to choose.
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Fig 1. The study areas of northern Central African nation of Cameroon. The black outline identifies departments
within the country. The Northern department, where the study was performed, is highlighted in blue in the inset.
Locations of the surveyed communities are marked with red dots.

https://doi.org/10.1371/journal.pone.0197330.9001

Knowledge and wealth scores

A knowledge score was assigned following the model previously described by Tack et al. [16].

Four knowledge questions were assessed (Table 1). Each question had a maximum value of 10

points if correct responses were selected, and a minimum value of -10 points if only incorrect

responses were selected. Positive and negative point values for individual responses were based
upon the total number of possible responses (Table 1). The total values for each question were

PLOS ONE | https://doi.org/10.1371/journal.pone.0197330 June 21,2018

4/19


https://doi.org/10.1371/journal.pone.0197330.g001
https://doi.org/10.1371/journal.pone.0197330

®PLOS | one

Poverty, knowledge, and rabies prevention in Cameroon

Mayo Oulo_palais

A. Mayo Oulo (4.05 sqg. km.)

B. Sangurepaul (1.15 sq.

km.)

1.8 Kilometers
L1 1 [ N TR S N

\ \
| !
[ |

afjquere.Paul
||

0 0.225 045

0.9 Kilometers
]

1
3

C. Gaschiga (2.59 sq. km.)

Gaschiga

N

ligaiguiziga

2

D. Ngong (6.83 sq. km.)

0 0375 0.75

1.5 Kilometers

2 Kilometers
]

PLOS ONE | https://doi.org/10.1371/journal.pone.0197330 June 21,2018

5/19

73


https://doi.org/10.1371/journal.pone.0197330

74

o o
@ ’ PLOS | ONE Poverty, knowledge, and rabies prevention in Cameroon

Fig 2. An open street map overview of imagery detailing the four communities surveyed in this study. Approximate population for the communities
are: Mayo-Oulo 1,031 inhabitants, Sanguéré-Paul 377 inhabitants, Gaschiga 3,066 inhabitants, and Ngong 9,037 inhabitants.

https://doi.org/10.1371/journal.pone.0197330.9002

normalized, thereby negating the need to weight questions based on number of responses.
When combined for a total knowledge score, these four equally weighted questions had a max-
imum of 40 points and a minimum of -40 points.

A wealth score was developed based on the socio-demographic variables collected: educa-
tion level, house construction materials, and livestock (Table 2). Each variable had a maximum
value of 10 points, distributed by high education level, high house building material quality,
and maximum value for number of owned livestock. A minimum value of -10 points were
attributed for illiteracy, lower house building material quality, and no owned livestock. The
aggregate of these combined values was used to derive and estimated wealth score for the stud-
ied population. Descriptive parametric statistics such as mean scores, standard deviation, and
95% confidence intervals regarding knowledge and wealth scores were calculated. Wealth and
knowledge scores were compared to the healthcare seeking behaviors.

Table 1. Construction of the knowledge score. As indicated on the table below, all respondents were assigned a total of 10 points for correct answers in each of the 4
questions used to assess the knowledge about rabies. The knowledge questions were focused on: 1) severity of the disease; 2) transmission and reservoirs; and 3) attitudes
regarding rabies exposure. For all questions, respondents were also deducted a total of -10 points for incorrect answers.

Questions First preferred answer Second preferred answer Incorrect answers
(points assigned) (points assigned) (points assigned)
1) How severe is the disease called rabies?” Very severe (10 points) NA Mild (-10 points)
Somewhat severe (-10
points)
2) How do humans get rabies from an infected Bite (4 points) Scratch (2 points) Contact with blood
animal? Contact with saliva (4 points) (-2.5 points)
Contact with urine or
feces

(-2.5 points)
Observing the animal
(-2.5 points)
Touching the animal
(-2.5 points)

3) What animals can be infected with rabies? Dogs (1.5 points) Cats (0.8 points) PoultlryT (-5 points)
Bats (1.5 points) Livestock” (0.8 points) Wild birds (-5 points)
Jackals (1.5 points) Horses (0.8 points) I don’t know (0 points)

Hyenas (0.8 points)
Mongoose (0.8 points)
Monkeys or other primates (0.8

points)
Fox (0.8 points)
4) If you thought that you had an exposure to an Wash the wound (2.3 points) Call a doctor (1.04 points) Nothing (-10 points)
animal with rabies, what would you do?” Actively seek medical treatment at a Confine the animal for Consult a traditional
pharmacy, hospital, clinic or outpost observation (1.04 points) healer (0 points)
(2.3 points) Submit the animal for disease Kill the animal (0 points)
Receive rabies post-exposure prophylaxis (2.3 testing (1.04 points)
points)
Total points assigned Maximum + 40 points Minimum- 40 points

* Only one response allowed
** Multiple responses allowed

t Livestock includes cattle, sheep, and goats. Poultry includes chickens, ducks, and geese.

https://doi.org/10.1371/journal.pone.0197330.t001
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Table 2. Education level, house construction, and livestock values used to construct the wealth score. The livestock
values used to construct the wealth score are available at http://africafarming.info/how-much-does-an-animal-cost/.

Years of schooling completed
None

<6

7to 12

> 12

Domicile feature*

None**

Soil, straw, palm fronds, curtain
Wood, brick, mud, sealed
Cement, tile, metal, iron, glass
Livestock farming

Cattle

Horses

Donkeys

Sheep

Goat

Chickens

Ducks

Variables used to assess the wealth score

Education level

None

Low

Medium

High

House building material quality
Poor

Low

Medium

High

Commercial value/head (in USD)
$ 500,00

$ 300,00

$ 300,00

$ 120,00

$ 80,00

$ 8,00

$ 8,00

* For each house we evaluated the doors, windows, floor, walls and roof.

** Absence of doors and/or windows

*** There is no -10 points assigned for any household building material quality

Points assigned
-10

-3.3

+3.3

+10

Points assigned***
-10

-3.3

+3.3

+10

Points assigned"

-10($0)

-3.3 ($ 40,00-2.980,00)
+3.3 ($ 3.100,00-5.400,00)
+10 ($ 7.100,00-12.580,00)

+ Points in livestock farming category were assigned based on the summary of all livestock owned

https://doi.org/10.1371/journal.pone.0197330.t002

Dog ownership

Characteristics of dog ownership, such as dog confinement, resources provided to dogs, vacci-
nation status, and frequency of dog bites were examined. Respondents were asked to classify
the confinement status of their dogs as: dogs which always stay at home, dogs which roam

unsupervised at least part of the time or dogs which always roam unsupervised. Owners were

asked about resources they provide to their dogs as well as resources provided to dogs they do
not own, including food, water, shelter and veterinary care. When applicable, a 2-tailed Fish-
er’s exact test was calculated to determine the relationship between variables. Information on
human household size and dog bite events in the past year were recorded to calculate the
annual dog bite incidence among surveyed households. Wealth and knowledge scores were

compared between dog owners and non-dog owners as well as owners of vaccinated dogs
compared to owners of non-vaccinated dogs. Human to dog ratios were compared on a linear
scale to poverty scores by community (n = 4). Correlations were calculated by the Pearson
product-moment correlation coefficient (r), coefficient of determination (1), and 1-tailed p-

value (alpha = 0.05).

Data analysis

For statistical analysis, categorical variables (age, sex, education level, household size, socioeco-
nomic status, and bite action) were dichotomized (i.e., yes or no), and identified using a
2-tailed Fisher’s exact test with significance level of 5% (p < 0.05) by using EPI-INFO software
version 7.2 (http://www.cdc.gov/epiinfo/). The odds ratio and 95% confidence intervals were
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calculated when applicable. Extent of rabies knowledge and wealth score were analyzed for
associations with attitudes and practices towards bite events via Student’s t test. We also used
One-way Analysis of Variance (ANOVA) to compare differences for knowledge and wealth
among communities. Values of p < 0.05 were considered significant. To evaluate the indepen-
dent association between the factors, a multivariate logistical regression model was applied,
with p-values <0.1 considered to represent a significant association.

The total number of owned dogs reported by respondents was used as the denominator to
obtain ratios of dogs per person and dogs per household. Furthermore, annual dog bite inci-
dence was estimated using Person-Time Rate test (available in Open Epi software at http://
www.openepi.com/), in which the bite event was the numerator and the total households the
denominator. Vaccination coverage rates were assessed by the number of vaccinated dogs out
of the number of owned dogs.

Ethical considerations

The study was approved by the Centers for Disease Control and Prevention’s Human Research
Office under the registration protocol #5891. All study participants were aged 21 years or
older. An informed consent about the risks of participation in the study was provided from all
participants. This data was collected on behalf a U.S. federal agency, and as such non-identifi-
able data is available upon request from the corresponding author with an appropriate data
sharing agreement.

Results
Demographic profile of study population

Four rural districts were chosen for inclusion into this study: Mayo-Oulo, Gaschiga, Sanguéré-
Paul, and Ngong (Figs 1 and 2). Two hundred-eight households were enrolled; one respondent
per household—typically the head of household—was asked to complete the survey. The 208
households encompassed 1474 total persons (7.1 people per household). Demographic charac-
teristics of the respondents are presented in Table 3. The median age of respondents was 43.6
years (ranging from 21 to 75 years). Men represented 68.3% of participants whereas women
were 31.7%, and 64 individuals (30.9%) had completed < 6 years of schooling. Within the
communities, illiteracy rates were highest in Mayo-Oulo (60.0%).

Community dog-ownership and rabies vaccination status

Dogs were owned by 39.9% of the households. Survey respondents reported owning 146 dogs
at the time the survey was conducted (1.8 dogs per dog-owning household) (Table 4). The dog
ownership ratio, when considering the 1,474 persons represented in this survey was 10.1:1
(95% CI 8.6-12.6). Participants in Ngong community had the highest rate of dog ownership
(6.8:1 humans to dogs) and individuals from Mayo-Oulo had the lowest (24.4:1 humans to
dogs) (p < 0.0001).

Overall, there was a negative linear correlation between poverty and dog populations, with
increased community poverty resulting in fewer owned dogs (r = -0.875, r* = 0.76, slope =
-3.4, p-value 0.062) (Table 2).

Only 1.4% of dog owners reported their dogs were allowed to roam freely at all times,
whereas 61% of dogs were reported to roam freely part of the time, and 37.7% of dogs were
reportedly always confined (Table 4). Eleven respondents indicated that they had been bitten
by a dog in the past two years, representing an annual bite incidence of 2.6% (95% CI 1.4%-
4.6%). Gaschiga accounted for the highest bite incidence which was 4.3% (95% CI 1.3%-
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Table 3. Characteristics of the 208 surveyed households within four communities surveyed, Cameroon, 2010.

Demographics National average” Community
Population All households Mayo-Oulo Gaschiga Sanguéré-Paul Ngong
n = 24,360,803 n =208 (%) n =66 (%) n =46 (%) n =26 (%) n =70 (%) X
Age (years)
21-30 18.5 years 46 (22.1) 14 (21.2) 10 (21.7) 7 (26.9) 15(21.4) 0.69
31-40 45 (21.6) 13 (19.7) 11 (23.9) 7 (26.9) 14 (20.0)
41-50 53 (25.5) 14 (21.2) 14 (30.4) 8(30.8) 17 (24.3)
51-60 30 (14.4) 9 (13.6) 5(10.8) 2(7.7) 14 (20.0)
> 60 34 (16.4) 16 (24.2) 6(13.0) 2(7.7) 10 (14.3)
Gender
Male 50.1% 142 (68.3) 51 (77.3) 32 (69.6) 13 (50.0) 46 (65.7) 0.08
Female 49.9% 66 (31.7) 15 (22.7) 14 (30.4) 13 (50.0) 24 (34.3)
Years of schooling completed*
None 54.1% 97 (46.9) 39 (60.0) 18 (39.1) 8 (30.8) 32 (45.7) <0.01°
<6 21.4% 64 (30.9) 20 (30.8) 14 (30.4) 15 (57.7) 15 (21.4)
7t012 15.3% 35(16.9) 4(6.1) 13 (28.3) 2(7.7) 16 (22.9)
> 12 9.2% 11 (5.3) 2(3.1) 1(2.2) 1(3.8) 7 (10.0)
No. of people per household
1-3 7 10 (4.8) 1(1.5) 5(10.9) 1(3.8) 3(4.3) 0.05"
4-6 46 (22.1) 11 (16.7) 14 (30.4) 9 (34.6) 12 (17.1)
> 6 152 (73.1) 54 (81.8) 27 (58.7) 16 (61.7) 55 (78.6)
Years lived in community
<5 NA 21 (10.1) 8(12.1) 3 (6.5) 5(19.2) 5(7.1) 0.44
6-10 25 (12.0) 7 (10.6) 4(87) 2(7.7) 12 (17.1)
11-15 19 (9.1) 6(9.1) 2(4.4) 3(11.5) 8 (11.4)
16-20 36 (17.3) 9 (13.6) 7 (15.2) 5(19.2) 15 (21.4)
>20 107 (51.4) 36 (54.6) 30 (65.2) 11 (42.3) 30 (42.9)
Wealth score 29.3%" 234 19.0 22.1 20.4 23.6 0.01"
(22.2-24.5) (17.3-20.7) (19.5-24.7) (17.7-23.1) (21.5-25.7)
Knowledge score NA 15.8 15.1 14.8 15.6 17.2 0.23
(14.8-16.8) (13.4-16.9) (12.6-16.9) (13.3-17.9) (15.6-18.9)

* Cameroon national average for the presented variables were extracted from CIA factbook at: https://www.cia.gov/library/publications/the-world-factbook/geos/cm.

html

+ Exact p-value was estimated using Monte Carlo simulation.

+ Average poverty level was measured as percent of people living below the international poverty line of US $1.90 per day

** Exact p-value was estimated using ANOVA.

*** poverty score was based on a scale of -20 to +20, with higher scores indicating a higher household net worth.

https://doi.org/10.1371/journal.pone.0197330.t003

11.1%), compared to the lowest observed in Sanguéré-Paul which was 0.55% (95% CI 0.15%-
1.6%). Forty-five dogs were reported to have received rabies vaccine at some point prior to the
survey (vaccination coverage of 30.8%). The highest rates of rabies vaccination coverage was
seen in Ngong (66.7%) and Mayo-Oulo (59.1%). Gaschiga had a coverage of 6.9%, whereas the
lowest coverage was observed in Sanguéré-Paul (0%) (Table 4).
The majority of respondents reported that they provided their dogs with food (97.6%) and
water (90.4%) (Table 5). However, only 8.4% provided any level of veterinary care to their
dogs. Few dog owners (2.4%) reported that they do not provide their dogs with any of the
resources assessed. In addition to care for owned dogs, 9.1% (n = 19) of respondents provided
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Table 4. Demographics of dog-owning households in community members from Cameroon, 2010.

Demographics All Households Mayo-Oulo Gaschiga Sanguéré-Paul Ngong
N =208 (%)* N =66 (%) N =46 (%)v* N =26 (%)* N =70 (%)*
Household Surveys Completed 208 66 46 26 70
Owned Dogs** 141 20 29 16 76
Dog-owning households*
Yes 83 (39.9) 11 (16.7) 19 (41.3) 8 (30.7) 45 (64.3)
No 125 (60.1) 55(83.3) 27 (58.7) 18 (69.2) 25 (35.7)
Dogs per Dog Owning Household 1.7 1.8 1.5 2.0 1.7
Total People*** 1474 487 299 175 513
Human to dog ratio 10.4:1 24.4:1 10.3:1 10.9:1 6.8:1
Dog-confinement statust
Always home 55 (37.7) 10 (45.4) 3(10.3) 5(29.4) 37 (47.4)
Home and roam 89 (61.0) 12 (54.5) 26 (89.7) 12 (70.6) 39 (50.0)
Always roam 2(1.4) 0 0 0 2(2.6)
Dogs vaccination statust
All dogs vaccinated 37 (26.2) 11 (55.0) 2(6.9) 0 24 (31.6)
Some dogs vaccinated 4(2.8) 0 0 0 4 (5.3)
No dogs vaccinated 100 (71.0) 9 (45.0) 27 (93.1) 16 (100.0) 48 (63.1)
Dog vaccination coverage 30.8% 59.1% 6.9% 0 66.7%
Poverty score”” 23.4 19.0 22.1 20.4 23.6
CI95% (22.2-24.5) (17.3-20.7) (19.5-24.7) (17.7-23.1) (21.5-25.7)
Knowledge score 15.8 15.1 14.8 15.6 17.2
CI95% (14.8-16.8) (13.4-16.9) (12.6-16.9) (13.3-17.9) (15.6-18.9)

* Percent in this category are indicated by column

“* Owned dogs calculated from imputed survey values, rounded up to nearest whole number

“** Total people represented in the survey

+ Exact p-value (< 0.0001) was estimated using Monte Carlo simulation

+ Total of dogs in this category = 141

# linear regression analysis of poverty score and HDR showed high correlation with r* = 0.76 and slope of -3.4 (p = 0.06)

## poverty score was based on a scale of -20 to +20, with higher scores indicating a higher household net worth.

https://doi.org/10.1371/journal.pone.0197330.t004

some form of care to dogs in the community that they did not own (community dogs); the
most frequently reported resource was water (9.1%). No respondents reported that they pro-
vided veterinary care to community dogs.

Attitudes towards dog bite events and health seeking behaviors

Table 6 presents attitudes and practices towards bite events. When respondents were asked
about their healthcare seeking behaviors if bitten by a dog they did not know/own, only 6% of
respondents indicated that they would wash the wound, 36.7% indicated that they would call a
doctor, and 52.6% reported that they would seek medical treatment. Only 3.1% of individuals
indicated that they would seek PEP, and 9.7% would consult a traditional healer. Few respon-
dents indicated that they would confine the biting dog for observation (2.6%), or would submit
the dog for disease testing (8.7%). However, 23% of individuals indicated that would kill the
dog. Furthermore, 92.8% of respondents (n = 193) reported that the main barrier for getting
medical treatment in their community is the lack of money to pay for the treatment.

Among persons surveyed, 11 people were bitten by a dog in the past two years (2.6% annual
bite incidence, 95% CI 1.4%- 4.6%). None of the bites were from animals known by the
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Table 5. Care provided to owned and community dogs, Cameroon, 2010.

Type of care Owned dogs Community dogs
Total respondents = 83 Total respondents = 208
Number % Number %

Care combination

No care provided 2 2.4 189 90.9
Partial care provided 79 95.2 19 9.1
Full care provided 2 2.4 0 0
Type of care provided:
Food 81 97.6 13 6.3
Water 75 90.4 19 9.1
Shelter 4 4.8 0 0
Veterinary care 7 8.4 0 0
None 2 2.4 189 90.9

+ Multiple responses allowed, totals may not add up to 100%

Two respondents who provided full care are also included in any care category

https://doi.org/10.1371/journal.pone.0197330.t005

respondents. Among these 11 individuals 2 (18.2%) reported that they had washed the wound
(Table 6). Eight individuals (72.7%) called a doctor and two (18.2%) individuals consulted a
traditional healer. Only one person sought medical care and received PEP (9.1%). Dog con-
finement for observation was reported by only one individual. No respondents submitted the
dog for disease testing or killed the dog. The reported rates of healthcare seeking behaviors for
theoretical dog bites were compared to the practices of persons who truly experienced a dog
bite. Bite victims were three times more likely to wash the wound than was reported under the
theoretical bite scenario (95% CI 0.8-11.7). Bite victims were also twice as likely to call a doctor
than was reported under the theoretical scenario (risk ratio 2.0, 95% CI 1.3-3.0, p = 0.02). Bite
victims were 5.8 times less likely to seek medical care as compared to the theoretical scenario
(95% CI 0.9-37.6, p < 0.01).

Influence of knowledge and wealth status on community actions towards
dog bite events and dog ownership

Wealth scores were higher for those people who indicated that they would seek medical care
for a bite compared to those who did not indicate they would seek medical care (averages =
-2.8 and -3.7, p = 0.01) (Fig 3). Wealth scores were also higher for those individuals who indi-
cated that they would seek PEP compared to those who did not indicate they would seek PEP
(averages = 1.5 and -3.4, p = 0.04). Likewise, knowledge scores were higher for people who
indicated that they would seek medical care for a bite compared to those who did not indicate
they would seek medical care (averages = 4.3 and 3.6, p < 0.01) (Fig 4). Moreover, knowledge
scores were higher for people who indicated that they would seek PEP compared to those who
did not indicate they would seek PEP (averages = 5.4 and 3.9, p = 0.04).

Wealth scores were lower for those individuals who indicated that they would seek care
from a traditional healer (averages = -5.2 and -3.0, p < 0.01). Knowledge scores were not dif-
ferent for persons who indicated they would seek care at a traditional healer compared to
those who did not report this practice (averages = 3.7 and 4.0, p = 0.49). Wealthier households
were more likely to own dogs (averages = -2.6 and -3.6, p = 0.007), however, dog ownership
was not associated with rabies knowledge. Likewise, wealth and knowledge scores did not sta-
tistically differ for respondents with vaccinated dogs compared to unvaccinated dogs.
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Table 6. Attitudes and practices towards bite events among community members, Cameroon, 2010.

Bite action

Bitten by a dog I do not know/own

Total participants N = 208*

Attitudes Practices Odds Ratio p value'
total respondents =196 | total respondents = 11 CI95%
n (%) n (%)
Wash the wound
Yes 12 (6.1) 2(18.2) 3.4 0.2
No 184 (93.9) 9 (81.8) (0.7-17.5)
Called a doctor
Yes 72 (36.7) 8(72.7) 4.6 0.02
No 124 (63.3) 3(27.3) (1.2-17.8)
Actively sought medical treatment at a pharmacy, hospital, clinic or outpost
Yes 103 (52.6) 1(9.1) 0.09 0.004
No 93 (47.4) 10 (90.9) (0.01-0.7)
Received rabies PPE
Yes 6(3.1) 1(9.1) 3.2 0.4
No 190 (96.9) 10 (90.9) (0.3-28.9)
Consulted a traditional healer
Yes 19 (9.7) 2(18.2) 2.1 0.4
No 177 (90.3) 9 (81.8) (0.4-10.3)
Confined the dog for observation
Yes 5(2.6) 1(9.1) 3.8 0.3
No 191 (97.4) 10 (90.9) (0.5-35.8)
Submitted the dog for disease testing
Yes 16 (8.2) 0 0.5 0.8
No 180 (91.8) 11 (100.0) (0.03-9.1)
Killed the dog
Yes 45 (23.0) 0 0.2 0.3
No 151 (77.0) 11 (100.0) (0.009-2.6)
Respondents who did not indicate a healthcare seeking action
Yes 192 (98.0) 7 (63.6) 0.03 0.0003
No 4(2.0) 4(36.4) (0.007-0.18)

* Only one participant declined to answer this question
** Percentage is shown by column

t p value was calculated by using Fischer’s exact test

https://doi.org/10.1371/journal.pone.0197330.t006

Variables independently associated with seeking medical care were knowledge score, pov-
erty score, and gender (Table 7). Individuals with a higher knowledge score were more likely
to seek medical care, whilst males and the poorest individuals were less likely to seek medical
care. Alternatively, variables independently associated with consulting a traditional healer
were knowledge score, age, and gender (Table 8). Individuals with a lower knowledge score
were less likely to consult a traditional healer, whilst males and individuals older than 30 years

were more likely to consult a traditional healer.

Discussion

Rabies vaccine for humans and dogs have been in existence for over 100 years, and more than
30 countries have eliminated canine rabies through implementation of vaccination programs
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and laws enforcing responsible dog ownership [2,3]. Advances in canine rabies elimination
have been steadily improving, and its elimination is a global priority [2,3]. This study assessed
dog ownership and healthcare-seeking behaviors among residents of four communities in
Cameroon. The results are meant to improve the implementation of canine rabies elimination
programs in Cameroon and similarly impacted countries.
Here, we report the first rabies-focused knowledge, attitudes, and practices (KAP) survey
conducted in Cameroon. Understanding of the dog population, dog bite injuries, and the

health-seeking practices of community members can be used to improve rabies control
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Table 7. Characteristics associated with individuals who actively sought medical care by multivariate logistic regression, Cameroon, 2010.

Variables
Knowledge*
Poverty*
Age group (years)
21-30
31-40
41-50
51-60
> 60
Gender
Male
Female

Years of schooling completed
None
<6
7-12
> 12
No. of People per Household
1-3
4-6
> 6
Own dogs
Yes
No

Sought medical care Unadjusted OR Adjusted OR*" p value
(Yes/No) (95% CI) (90% CI)
15.8/max points 1.21 (1.0-1.4) 1.3 (1.1-1.5) 0.01
23.4/max points 0.9 (0.8-1.4) 12 (1.1-1.3) 0.003
25/20 1.03 (0.8-1.2)
22/21
24/26
15/11
14/10
64/70 0.5 (0.2-0.9) 0.4 (0.3-0.9) 0.008
39/23
47/44 0.9 (0.8-1.1)
28/31
21/14
7/3
5/4 1.14 (0.7-1.1)
20/23
78/66
41/38 0.5 (0.2-0.9)
61/55

* Knowledge and poverty were analyzed as continuous variables with average score values displayed in the table with maximum values as (average score/maximum score

value)

** Adjusted odds ratios only displayed for variables that remained significant at alpha < 0.1

https://doi.org/10.1371/journal.pone.0197330.t007

measures. Almost 40% of the surveyed households owned dogs, representing a human to dog
(H:D) ratio of 10.1:1, which was consistent with a previous ecologic study from North-West
Cameroon (H:D of 8:1) [17]. Several studies have been conducted in Africa, showing similar
human to dog ratios such as 10.8:1 in rural coastal Tanzania [18], and 11.1:1 in rural Southern
Africa [19]. Previous studies have shown that dog populations are higher-relative to human
populations—in rural areas as compared to urban areas [5,14,20-25]. Our findings further sup-
port this association, as the H:D ratio in these rural communities is 1.4 times more than that
estimated for rural African communities (24.1:1). This finding reinforces the importance of
stratified extrapolations of H:D ratios to obtain accurate dog population estimates over large
geo-political areas.

Our study showed a significant association between dog ownership and wealth among
these rural community members, where poor households were less likely to own dogs. This
finding was also reported by Wallace and colleagues in Uganda, where they found that rates of
dog ownership were low in impoverished rural areas [13]. Indeed, as reported previously by
Wallace et al. [13] we identified a strong relationship between poverty and dog ownership,
with impoverished communities claiming ownership of fewer dogs than wealthier communi-
ties. This further supports that simplistic extrapolations of dog populations based solely on
human density may not be accurate, and other factors such as poverty should be considered
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Table 8. Characteristics associated with individuals who consulted a traditional healer by multivariate logistic regression, Cameroon, 2010.

Variables Consulted traditional healer Unadjusted OR Adjusted OR p value
(Yes/No) (95% CI) (90% CI)
Knowledge and Poverty interaction® 1.3 (1.2-1.5) 1.3 (1.1-1.4) 0.002
Age group (years)
21-30 0/45 1.03 (0.8-1.2) 1.8 (1.2-2.8) 0.02
31-40 1/42
41-50 6/44
51-60 3/23
> 60 7/17
Gender
Male 17/117 0.5 (0.2-0.9) 15.4 (2.3-101.4) 0.01
Female 2/60
Years of schooling completed
None 18/73
<6 1/58 0.9 (0.8-1.1)
7-12 0/35
> 12 0/10
No. of People per Household
1-3 3/6 1.14 (0.7-1.1)
4-6 5/38
> 6 11/133
Own dogs
Yes 4/75 0.5 (0.2-0.9)
No 15/101

* Knowledge and poverty were analyzed as continuous variables with average score values displayed in the table with maximum values as (average score/maximum score
value). Knowledge and poverty interaction was taken.

** Adjusted odds ratios only displayed for variables that remained significant at alpha < 0.1

https://doi.org/10.1371/journal.pone.0197330.t008

when attempting to enumerate dog populations through mathematical methods. The findings
here do support the suggestion that the impact of poverty on dog ownership may be a more
common association than previously considered. While dog ownership was associated with
wealth it was not associated with rabies knowledge.

A study from Uganda reported significant associations between poverty and dog vaccina-
tion coverage, with wealthier communities reporting higher coverage rates [13]. This associa-
tion was not seen in the four rural Cameroon communities represented in this study.
Similarly, knowledge of rabies had no bearing on dog vaccination. Dog rabies vaccine is often
not available outside of government sponsored clinics in Cameroon. Therefore, the lack of
association reported here may reflect a barrier in access to the vaccine that cannot necessarily
be overcome by wealth or advanced rabies knowledge. This is not to say that if vaccine was
available, knowledge and poverty would remain non-significant factors in dog vaccination,
rather we propose that access is likely one of several limiting factors in dog vaccination rates.
Cost was the main limiting factor for human PEP access among study participants; it should
be expected that if access to canine vaccine is addressed, cost would surely be a limiting factor
that would need to be considered. Future assessments should attempt to identify explanatory
variables for this finding [26].

Of interest, the roaming profile observed for the dog population in this study was different
than have been reported by others. While most studies have reported a high proportion of
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dogs roaming freely at all times (ranging from 31.4% to 78%) [13,14,27-31], our results dem-
onstrated that only 1.4% of the dogs were allowed to always roam freely. While few dogs roam
freely at all times in these communities, the proportion of dogs declared as confined at all
times was consistent with prior observations (38%) [17]. It is known that dogs allowed to roam
without supervision are more likely to be exposed to rabies virus due to contact with other
dogs or wild mammals [31,32], helping on the persistence of domestic dog rabies, and impli-
cating in high vaccination levels to prevent rabies [3, 33].

As previously discussed by Ratsitorahina et al. [34], interactions between owned and
unowned dogs should be explored as an important aspect for rabies exposure within dog pop-
ulations, and to non-reservoir populations (e.g. humans). Our survey showed that 95% of
respondents provided partial care to their dogs, and more frequently with food, compared to a
10-fold decrease in partial care for community/non-owned dogs (only 9.1% of respondents).
Furthermore, those 9.1% of people that cared for community dogs did not provide veterinary
care. This survey only captured dog populations and vaccination coverage among the owned
dog population. It is not possible to enumerate the community dog population with the meth-
ods used here. However, we can infer from this information that the community dog popula-
tion may comprise at most 9% of the total dog population, and given that only central-point
vaccination is practiced these dogs are unlikely to have a history of vaccination.

Awah-Ndukum et al. showed in their study that the costs associated with dog rabies vaccine
in Cameroon are high [17], and even though national campaigns have been conducted, dog-
owners are still responsible for part of the costs. This cost is thought to have contributed to low
coverage rates during these campaigns [10,12]. However, a lack of access to qualified veteri-
nary care cannot be ruled out in this population. It is likely that cost and access are contribut-
ing factors to the low utilization of veterinary care for owned dogs in this study, highlighting
the importance of government services to provide essential veterinary services (i.e., rabies vac-
cination) at an affordable cost.

Attitudes and practices regarding bite events and possible rabies exposures were also
addressed in this study (Table 6). Only 18% of bite victims assessed in this survey washed the
wound, and even fewer respondents indicated that they would do so if bitten in the future
(6%). These findings suggest that most respondents were unaware of this preventive measure,
which can reduce the risk of successful rabies virus transmission by up to 40% [35]. Preventive
measure of wound washing should be clearly emphasized during future rabies vaccination and
education campaigns [10,36].

Over half of survey respondents indicated that they would seek medical care if they were
bitten by a dog they did not know. However, in practice, among the 11 respondents with dog
bites, only two sought care and only one received PEP. The individual reasons for not seeking
medical care among bite victims were not investigated in this study, however cost was identi-
fied as a primary reason for not seeking medical care by all respondents and wealth was posi-
tively associated with the knowledge that healthcare should be sought if bitten. The same
association was observed in regards to increased rabies knowledge. Most human deaths caused
by rabies in developing countries are associated with failure to seek medical care [1,2,5], and
the cost-barrier for dog rabies vaccination has also been reported in other Cameroonian com-
munities [12] suggesting that poverty may be a barrier to accessing post-bite medical care. Fur-
ther studies to explore barriers to medical care and associations between perceived risk and
healthcare-seeking behaviors should be pursued.

Respondents with lower wealth scores were more likely to seek care from a traditional
healer, as well as males and oldest individuals. However, it’s important to emphasize that the
knowledge of rabies in the respondents’ community had a great impact on this association,
due to individuals with more knowledge being more likely to seek medical care. Indeed,
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knowledge is an important factor for seeking care against rabies, but according to our analysis,
knowledge is more helpful when people are wealthier. These findings suggest that improving
knowledge about rabies prevention may not impact healthcare-seeking practices if the cost of
medical care remains a perceived barrier.

There are important limitations to our findings. First, convenience sampling may not yield
a truly representative sample of the entire population. Furthermore, questions focused on indi-
viduals’ attitudes could have resulted in inherent bias. Only the respondent was interviewed in
relation to bite events, though not other members of the household. Consequently, if someone
had been bitten, contracted rabies, and died, they were obviously excluded from this survey.
Finally, the study population described here represents rural communities, expanding data col-
lection to more communities that represent a continuum of poverty levels and urban status
would improve extrapolation of this data to the entirety of Cameroon.

Conclusion

In conclusion, our findings provide useful information focused on dog ownership and associ-
ated behaviors, population knowledge, attitudes and practices, and rabies exposures that could
be applied to national rabies prevention efforts. This study identified numerous factors that
may limit successful dog vaccination efforts in rural Cameroon, including a large proportion
of free roaming dogs, access to the vaccine, and ability to pay for veterinary services. These
multi-focal barriers will require a comprehensive approach that includes improved access to
government services, educational campaigns, and dog population management. These same
barriers could also limit human access to PEP, although cost may be much more important in
regards to human vaccine decisions. Improving access to human PEP should address both
costs and awareness, as this study indicates that despite awareness, if cost is a barrier then tra-
ditional medical approaches may still be utilized. The findings reported here are intended to
improve rabies control practices in Cameroon and similar areas of Central Africa.

Supporting information

S1 Appendix. Data collection instrument (in English).
(DOCX)

Acknowledgments

We would like to thank Ivan Kuzmin for protocol, travel preparation, and contacted with
LANAVET. We also thank Charles Rupprecht for planning and funding search for the pro-
gram, and review the protocol. We are thankful to the LANAVET staff from Garoua, and also
to the Ministry of Health staff from Yaounde. We also thank Ida Sahlu, Akinwande Benda-
Coker, and Meseret Birhane for summarized the data and digitized lab records.

Author Contributions

Conceptualization: Amy Gilbert, Sali Ngam Ngam, Sergio Recuenco.

Formal analysis: Galileu Barbosa Costa, Benjamin Monroe, Jesse Blanton, Ryan Wallace.
Funding acquisition: Amy Gilbert, Sergio Recuenco.

Investigation: Amy Gilbert, Sali Ngam Ngam, Sergio Recuenco.

Project administration: Amy Gilbert, Sergio Recuenco.

Supervision: Amy Gilbert, Sergio Recuenco, Ryan Wallace.

PLOS ONE | https://doi.org/10.1371/journal.pone.0197330 June 21,2018 17/19

85


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0197330.s001
https://doi.org/10.1371/journal.pone.0197330

@° PLOS | ONE

86

Poverty, knowledge, and rabies prevention in Cameroon

Writing - original draft: Galileu Barbosa Costa, Amy Gilbert.

Writing - review & editing: Galileu Barbosa Costa, Amy Gilbert, Benjamin Monroe, Jesse

Blanton, Sergio Recuenco, Ryan Wallace.

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

Fooks AR, Banyard AC, Horton DL, Johnson N, McElhinney LM, Jackson AC (2014) Current status of
rabies and prospects for elimination. Lancet 384: 1389-99. https://doi.org/10.1016/S0140-6736(13)
62707-5 PMID: 24828901

Hampson K, Coudeville L, Lembo T, Sambo M, Kieffer A, Attlan M, et al. (2015) Estimating the global
burden of endemic canine rabies. PLoS Negl Trop Dis 9: e0003709. https://doi.org/10.1371/journal.
pntd.0003709 PMID: 25881058

Wallace RM, Undurraga EA, Blanton JD, Cleaton J, Franka R (2017) Elimination of Dog-Mediated
Human Rabies Deaths by 2030: Needs Assessment and Alternatives for Process Based on Dog Vacci-
nation. Front Vet Sci 4: 9. https://doi.org/10.3389/fvets.2017.00009 PMID: 28239608

Dodet B, Tejiokem MC, Aguemon AR, Bourhy H (2015) Human rabies deaths in Africa: breaking the
cycle of indifference. Int Health 7: 4-6. https://doi.org/10.1093/inthealth/ihu071 PMID: 25303941

Knobel DL, Cleaveland S, Coleman PG, Fevre EM, Meltzer MI, Miranda ME, et al. (2005) Re-evaluating
the burden of rabies in Africa and Asia. Bull World Health Organ 83: 360-8. /S0042-
96862005000500012 PMID: 15976877

World Health Organization. WHO Expert Consultation on Rabies. Available at: http://www.who.int/
mediacentre/factsheets/fs099/en/. Accessed July 20, 2017.

Taylor LH, Hampson K, Fahrion A, Abela-Ridder B, Nel LH (2017) Difficulties in estimating the human
burden of canine rabies. Acta Trop 165: 133—40. https://doi.org/10.1016/j.actatropica.2015.12.007
PMID: 26721555

Nel LH, Rupprecht CE (2007) Emergence of lyssaviruses in the Old World: the case of Africa. Current
Top Microbiol Immunol 315: 161-93.

Dodet B (2009) The fight against rabies in Africa: From recognition to action. Vaccine 27: 5027-32.
https://doi.org/10.1016/j.vaccine.2009.06.030 PMID: 19560430

Sadeuh-Mba SA, Besong L, Demanou M, Loul S, Nchare A, Njouom R (2014) Laboratory data of dog
rabies in southern Cameroon from 2010 to 2013. BMC Res Notes 7: 905. https://doi.org/10.1186/1756-
0500-7-905 PMID: 25495597

Sadeuh-Mba SA, Momo JB, Besong L, Loul S, NjouomR (2017) Molecular characterization and phylo-
genetic relatedness of dog-derived Rabies Viruses circulating in Cameroon between 2010 and 2016.
PLoS Negl Trop Dis 11: e0006041. https://doi.org/10.1371/journal.pntd.0006041 PMID: 29084223

Awah Ndukum J, Tchoumboue J, Tong JC (2002) Canine and Human Rabies in Cameroon. Trop Vet
20: 162-8.

Wallace RM, Mehal J, Nakazawa Y, Recuenco S, Bakamutumaho B, Osinubi M, et al (2017) The impact
of poverty on dog ownership and access to canine rabies vaccination: results from a knowledge, atti-
tudes and practices survey, Uganda 2013. Infect Dis Poverty 6: 97. https://doi.org/10.1186/s40249-
017-0306-2 PMID: 28569185

Schildecker S, Millien M, Blanton JD, Boone J, Emery A, Ludder F, et al (2016) Dog Ecology and Barri-
ers to Canine Rabies Control in the Republic of Haiti, 2014—2015. Transbound Emerg Dis [Epub ahead
of print].

The CIA Factbook, https://www.cia.gov/library/publications/the-world-factbook/fields/2172.html.
Accessed July 20, 2017.

Tack DM, Blanton JD, Holman RC, Longenberger AH, Petersen BW, Rupprecht CE (2013) Evaluation
of knowledge, attitudes, and practices of deer owners following identification of a cluster of captive deer
with rabies in Pennsylvania in July 2010. J Am Vet Med Assoc 242: 1279-85. https://doi.org/10.2460/
javma.242.9.1279 PMID: 23600787

Awah Ndukum J (2003) Ecological aspects of dogs in relation to rabies control and public health signifi-
cance in North-west Cameroon. J Cameroon Academy Sciences 3: 25-31.

Knobel DL, Laurenson MK, Kazwala RR, Boden LA, Cleaveland S (2008). A cross-sectional study of
factors associated with dog ownership in Tanzania. BMC Vet Res 4: 5. https://doi.org/10.1186/1746-
6148-4-5 PMID: 18230137

Rautenbach GH, Boomker J, de Villiers IL (1991). A descriptive study of the canine population in a rural
town in southern Africa. J S Afr Vet Assoc 62: 158—-62. PMID: 1770490

PLOS ONE | https://doi.org/10.1371/journal.pone.0197330 June 21,2018 18/19


https://doi.org/10.1016/S0140-6736(13)62707-5
https://doi.org/10.1016/S0140-6736(13)62707-5
http://www.ncbi.nlm.nih.gov/pubmed/24828901
https://doi.org/10.1371/journal.pntd.0003709
https://doi.org/10.1371/journal.pntd.0003709
http://www.ncbi.nlm.nih.gov/pubmed/25881058
https://doi.org/10.3389/fvets.2017.00009
http://www.ncbi.nlm.nih.gov/pubmed/28239608
https://doi.org/10.1093/inthealth/ihu071
http://www.ncbi.nlm.nih.gov/pubmed/25303941
http://www.ncbi.nlm.nih.gov/pubmed/15976877
http://www.who.int/mediacentre/factsheets/fs099/en/
http://www.who.int/mediacentre/factsheets/fs099/en/
https://doi.org/10.1016/j.actatropica.2015.12.007
http://www.ncbi.nlm.nih.gov/pubmed/26721555
https://doi.org/10.1016/j.vaccine.2009.06.030
http://www.ncbi.nlm.nih.gov/pubmed/19560430
https://doi.org/10.1186/1756-0500-7-905
https://doi.org/10.1186/1756-0500-7-905
http://www.ncbi.nlm.nih.gov/pubmed/25495597
https://doi.org/10.1371/journal.pntd.0006041
http://www.ncbi.nlm.nih.gov/pubmed/29084223
https://doi.org/10.1186/s40249-017-0306-2
https://doi.org/10.1186/s40249-017-0306-2
http://www.ncbi.nlm.nih.gov/pubmed/28569185
https://www.cia.gov/library/publications/the-world-factbook/fields/2172.html
https://doi.org/10.2460/javma.242.9.1279
https://doi.org/10.2460/javma.242.9.1279
http://www.ncbi.nlm.nih.gov/pubmed/23600787
https://doi.org/10.1186/1746-6148-4-5
https://doi.org/10.1186/1746-6148-4-5
http://www.ncbi.nlm.nih.gov/pubmed/18230137
http://www.ncbi.nlm.nih.gov/pubmed/1770490
https://doi.org/10.1371/journal.pone.0197330

@° PLOS | ONE

87

Poverty, knowledge, and rabies prevention in Cameroon

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

De Balogh KK, Wandeler Al, Meslin FX (1993). A dog ecology study in an urban and a semi-rural area
of Zambia. Onderstepoort J Vet Res 60: 437—-43. PMID: 7777333

Robinson LE, Miranda ME, Miranda NL, Childs JE (1996). Evaluation of a canine rabies vaccination
campaign and characterization of owned-dog populations in the Philippines. Southeast Asian J Trop
Med Public Health 27: 250-6. PMID: 9279985

Kongkaew W, Coleman P, Pfeiffer DU, Antarasena C, Thiptara A. (2004). Vaccination coverage and
epidemiological parameters of the owned-dog population in Thungsong District, Thailand. Prev Vet
Med 65: 105—15. https://doi.org/10.1016/j.prevetmed.2004.05.009 PMID: 15454330

Flores-Ibarra M, Estrella-Valenzuela G (2004). Canine ecology and socioeconomic factors associated
with dogs unvaccinated against rabies in a Mexican city across the US-Mexico border. Prev Vet Med
62: 79-87. https://doi.org/10.1016/j.prevetmed.2003.10.002 PMID: 15156995

Alves MC, Matos MR, Reichmann Mde L, Dominiguez MH (2005). Estimation of the dog and cat popula-
tion in the State of Sao Paulo. Rev Saude Publica 39: 891-7./S0034-89102005000600004 PMID:
16341397

Suzuki K, Pereira JA, Frias LA, Lépez R, Mutinelli LE, Pons ER (2008). Rabies-vaccination coverage
and profiles of the owned-dog population in Santa Cruz de la Sierra, Bolivia. Zoonoses Public Health
55: 177-83. https://doi.org/10.1111/j.1863-2378.2008.01114.x PMID: 18387138

Birhane MG, Miranda ME, Dyer JL, Blanton JD, Recuenco S (2016) Willingness to pay for dog rabies
vaccine and registration in llocos Norte, Philippines (2012). PLoS Negl Trop Dis 10: e0004486. https://
doi.org/10.1371/journal.pntd.0004486 PMID: 26999021

Wallace RM, Reses H, Franka R, Dilius P, Fenelon N, Orciari L, et al (2015) Establishment of a Canine
Rabies Burden in Haiti through the Implementation of a Novel Surveillance Program. PLoS Negl Trop
Dis 9: e0004245. https://doi.org/10.1371/journal.pntd.0004245 PMID: 26600437

Sambo M, Lembo T, Cleaveland C, Ferguson HM, Sikana L, Simon C, et al (2014) Knowledge, Attitudes
and Practices (KAP) about Rabies Prevention and Control: A Community Survey in Tanzania. PLoS
Negl Trop Dis 8: €3310. https://doi.org/10.1371/journal.pntd.0003310 PMID: 25473834

Kisiel LM, Jones-Bitton A, Sargeant JM, Coe JB, Tyler Flockhart DT, Palomar AR, et al (2016) Owned
dog ecology and demography in Villa de Tezontepec, Hidalgo, Mexico. Prev Vet Med 135: 37—46.
https://doi.org/10.1016/j.prevetmed.2016.10.021 PMID: 27931927

Tenzin T, Namgyal J, Letho S (2017) Community-based survey during rabies outbreaks in Rangjung
town, Trashigang, eastern Bhutan, 2016. BMC Infect Dis 17: 281. https://doi.org/10.1186/s12879-017-
2393-x PMID: 28415972

Tenzin T, Ahmed R, Debnath NC, Ahmed G, Yamage M (2015) Free-roaming dog population estima-
tion and status of the dog population management and rabies control program in Dhaka City, Bangla-
desh. PLoS Negl Trop Dis 9: e0003784. https://doi.org/10.1371/journal.pntd.0003784 PMID:
25978406

Rinzin K, Tenzin T, Robertson | (2016) Size and demography pattern of the domestic dog population in
Bhutan: Implications for dog population management and disease control. Prev Vet Med 126: 39-47.
https://doi.org/10.1016/j.prevetmed.2016.01.030 PMID: 26873612

Leung T, Davis SA (2017) Rabies Vaccination Targets for Stray Dog Populations. Front Vet Sci 4: 52.
https://doi.org/10.3389/fvets.2017.00052 PMID: 28451589

Ratsitorahina M, Rasambainarivo JH, Raharimanana S, Rakotonandrasana H, Andriamiarisoa MP,
Rakalomanana FA, Richard V (2009). Dog ecology and demography in Antananarivo, 2007. BMC Vet
Res 5:21. https://doi.org/10.1186/1746-6148-5-21 PMID: 19486516

Hampson K, Dobson A, Kaare M, Dushoff J, Magoto M, Sindoya E, et al (2008) Rabies exposures,
post-exposures prophylaxis and deaths in a region of endemic canine rabies. PloS Negl Trop Dis 2:
€339. https://doi.org/10.1371/journal.pntd.0000339 PMID: 19030223

Frey J, Mindekem R, Kessely H, Doumagoum Moto D, Naissengar S, Zinsstag J, et al (2013) Survey of
animal bite injuries and their management for an estimate of human rabies deaths in N'Djaména, Chad.
Trop Med Int Health 18: 1555-62. https://doi.org/10.1111/tmi.12202 PMID: 24118491

PLOS ONE | https://doi.org/10.1371/journal.pone.0197330 June 21,2018 19/19


http://www.ncbi.nlm.nih.gov/pubmed/7777333
http://www.ncbi.nlm.nih.gov/pubmed/9279985
https://doi.org/10.1016/j.prevetmed.2004.05.009
http://www.ncbi.nlm.nih.gov/pubmed/15454330
https://doi.org/10.1016/j.prevetmed.2003.10.002
http://www.ncbi.nlm.nih.gov/pubmed/15156995
http://www.ncbi.nlm.nih.gov/pubmed/16341397
https://doi.org/10.1111/j.1863-2378.2008.01114.x
http://www.ncbi.nlm.nih.gov/pubmed/18387138
https://doi.org/10.1371/journal.pntd.0004486
https://doi.org/10.1371/journal.pntd.0004486
http://www.ncbi.nlm.nih.gov/pubmed/26999021
https://doi.org/10.1371/journal.pntd.0004245
http://www.ncbi.nlm.nih.gov/pubmed/26600437
https://doi.org/10.1371/journal.pntd.0003310
http://www.ncbi.nlm.nih.gov/pubmed/25473834
https://doi.org/10.1016/j.prevetmed.2016.10.021
http://www.ncbi.nlm.nih.gov/pubmed/27931927
https://doi.org/10.1186/s12879-017-2393-x
https://doi.org/10.1186/s12879-017-2393-x
http://www.ncbi.nlm.nih.gov/pubmed/28415972
https://doi.org/10.1371/journal.pntd.0003784
http://www.ncbi.nlm.nih.gov/pubmed/25978406
https://doi.org/10.1016/j.prevetmed.2016.01.030
http://www.ncbi.nlm.nih.gov/pubmed/26873612
https://doi.org/10.3389/fvets.2017.00052
http://www.ncbi.nlm.nih.gov/pubmed/28451589
https://doi.org/10.1186/1746-6148-5-21
http://www.ncbi.nlm.nih.gov/pubmed/19486516
https://doi.org/10.1371/journal.pntd.0000339
http://www.ncbi.nlm.nih.gov/pubmed/19030223
https://doi.org/10.1111/tmi.12202
http://www.ncbi.nlm.nih.gov/pubmed/24118491
https://doi.org/10.1371/journal.pone.0197330

7.2. ARTIGO 5: The potential effect of improved provision of rabies post-exposure prophylaxis in Gavi-
eligible countries: a modeling study

Este artigo foi submetido em Dezembro de 2018 no periddico The Lancet Infectious Diseases.

DESCRICAO DO ESTUDO:

A profilaxia pds-exposicdo (PEP) apds uma suspeita de exposicdo a raiva é uma forma segura e eficaz de
prevenir mortes por raiva humana. Apesar disso, o impacto da raiva continua alto em muitos paises
subdesenvolvidos devido ao limitado acesso a PEP. Estima-se que cerca de 60.000 mortes por raiva
acontecem a cada ano. Estudos em paises individuais examinaram o efeito de diferentes intervengdes em
humanos (profilaxia pré-exposicdo e pds-exposi¢cdo) e cdes (campanhas de vacinacdo em massa) sobre a
incidéncia de mortes por raiva. A vacinacdo canina é necessdria para a eliminacdo da raiva, mas o uso de
PEP também pode prevenir mortes. Neste estudo foi avaliado o impacto do investimento em PEP sobre a
ocorréncia de raiva em 67 paises que fazem parte da Alianca Global para Vacinas e Imunizagdo (GAVI). A
expansao do uso de PEP é uma intervencdo altamente eficaz em termos de custos que pode evitar em
torno de 587.000 mortes adicionais por raiva entre 2020-2035. Nossas andlises sugerem que o0s
investimentos devem priorizar PEP e ndo a imunoglobulina anti-rabica (RIG), que possui um custo maior.
No contexto da expansdo dos esforcos de vacinagdo canina ao longo do horizonte temporal 2020-2035, um
melhor acesso ao PEP continuaria a ser uma intervencdo altamente eficaz em termos de custos, pois
salvaria muitas vidas e seria altamente custo-efetivo. Um investimento para melhorar o acesso ao PEP
poderia ser transformador para a prevencdo da raiva e catalisar a campanha global "Zero by Thirty" para

eliminar as mortes humanas por raiva canina, em coordena¢do com campanhas de vacinag¢do canina.
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post-exposure prophylaxis in Gavi-eligible countries:

a modelling study
WHO Rabies Modelling Consortium*

Summary

Background Tens of thousands of people die from dog-mediated rabies annually. Deaths can be prevented through
post-exposure prophylaxis for people who have been bitten, and the disease eliminated through dog vaccination.
Current post-exposure prophylaxis use saves many lives, but availability remains poor in many rabies-endemic

countries due to high costs, poor access, and supply.

Methods We developed epidemiological and economic models to investigate the effect of an investment in post-exposure
prophylaxis by Gavi, the Vaccine Alliance. We modelled post-exposure prophylaxis use according to the status quo, with
improved access using WHO-recommended intradermal vaccination, with and without rabies immunoglobulin, and
with and without dog vaccination. We took the health provider perspective, including only direct costs.

Findings We predict more than 1 million deaths will occur in the 67 rabies-endemic countries considered from 2020 to
2035, under the status quo. Current post-exposure prophylaxis use prevents approximately 56000 deaths annually.
Expanded access to, and free provision of, post-exposure prophylaxis would prevent an additional 489000 deaths
between 2020 and 2035. Under this switch to efficient intradermal post-exposure prophylaxis regimens, total projected
vaccine needs remain similar (about 73 million vials) yet 17-4 million more people are vaccinated, making this an
extremely cost-effective method, with costs of US$635 per death averted and $33 per disability-adjusted life-years
averted. Scaling up dog vaccination programmes could eliminate dog-mediated rabies over this time period; improved
post-exposure prophylaxis access remains cost-effective under this scenario, especially in combination with patient
risk assessments to reduce unnecessary post-exposure prophylaxis use.

Interpretation Investing in post-exposure vaccines would be an extremely cost-effective intervention that could
substantially reduce disease burden and catalyse dog vaccination efforts to eliminate dog-mediated rabies.

Funding World Health Organization.

Copyright © This is an Open Access article published under the CC BY 3.0 IGO license which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. In any use of this article,
there should be no suggestion that WHO endorses any specific organisation, products or services. The use of the WHO
logo is not permitted. This notice should be preserved along with the article’s original URL.

Introduction

Timely post-exposure prophylaxis prevents the fatal onset
of rabies, which causes an estimated 60000 human
deaths each year, mostly in Africa and Asia and among
children.”” Domestic dogs are responsible for 99% of
human cases.’ Although mass dog vaccination is required
for elimination of dog-mediated rabies, the disease
burden could be substantially reduced through improved
access to post-exposure prophylaxis.

WHO recommendations for rabies post-exposure
prophylaxis have been updated in line with new evidence.*
Procedures depend on the type of contact with the suspect
rabid animal, with administration of rabies immunoglobulin
recommended for high-risk exposures. Intradermal
multisite vaccination regimens have been developed, which
are more economical than intra-muscular administration
because they use reduced vaccine volumes.* While the use
of post-exposure prophylaxis at current levels saves many

lives,” access to post-exposure prophylaxis is poor in many
parts of the world, particularly rural areas where most rabies
exposures occur. Even if people who have been bitten get to
a treatment centre and post-exposure prophylaxis is
available, its cost is often unaffordable.

A global framework to reach zero human deaths from
dog-mediated rabies by 2030 was developed by WHO and
partners in 2015° A strategic plan covering human
and animal vaccine demand was developed for the
implementation of this framework.’ In 2016, WHO
established a Strategic Advisory Group of Experts Working
Group on rabies vaccines and rabies immunoglobulins,®
aiming to increase the public health effect of rabies
biologics through practical and feasible recommendations.
This effort resulted in a recommendation of a dose-
sparing abridged 1-week intradermal regimen, requiring
only three clinic visits, and guidance for more prudent use
of rabies immunoglobulin.*
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Research in context

Evidence before this study

We searched PubMed for papers published from Jan 1, 1980,
to May 31, 2018, with the terms “rabies” AND “burden” AND
(“global” OR “Africa” OR “Asia”) and identified two previous
modelling studies that suggested around 60 000 deaths from
rabies occur each year. Post-exposure prophylaxis aftera
suspected rabies exposure is a safe and effective way of
preventing human deaths from rabies and has long been
promoted by WHO. However, human deaths from rabies remain
high in many low-income and middle-income countries
because access to post-exposure prophylaxis is poor. Although
mass dog vaccination is required for elimination of
dog-mediated rabies, improved provision and use of
post-exposure prophylaxis would also prevent deaths.
Dose-sparing intradermal vaccine regimens are known to be
much more economical than intramuscular regimens but
have not been adopted everywhere.

Added value of this study

This is the first paper to consider the effect of an investment in
rabies post-exposure prophylaxis across all 67 countries that
are, or have previously been, Gavi-eligible and where rabies is
endemic. Although data are still scarce in many areas, we used
information from studies supported by the Gavi learning

Enhancing access to rabies post-exposure prophylaxis
was considered by Gavi, the Vaccine Alliance, in their
vaccine investment strategy in 2008 and 2013.” In 2013,
post-exposure prophylaxis was estimated to avert almost
200000 future deaths between 2015 and 2030 at a low
cost per death averted, and that investment could
stimulate the shift to more economical intradermal
vaccination.” However, knowledge gaps were recognised
and observational studies were recommended to
reduce uncertainties about implementation feasibility.
Subsequently, Gavi supported field studies on rabies
burden, treatment seeking, post-exposure prophylaxis
compliance, and vaccine efficacy as part of their learning
agenda. Gavi will reconsider the rabies vaccine invest-
ment case in December, 2018.

We model the epidemiological and economic effect of
changes in policy and practice for the provision of post-
exposure prophylaxis, which Gavi investment could
support.

Methods
Given inadequate rabies surveillance, studies of human
rabies deaths rely upon model-derived estimates.® We use
an economic model of post-exposure prophylaxis demand
linked to an epidemiological model characterising rabies
dynamics in domestic dog populations (the primary
reservoir).

We included countries that are currently (n=46), or have
ever been, Gavi-eligible (n=67) and are endemic for rabies
(appendix), henceforth denoted as Gavi-46 and Gavi-67. We
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agenda. Improving provision of rabies vaccines for
post-exposure prophylaxis is a highly cost-effective
intervention that could prevent an additional 489 000 deaths
from rabies from 2020 to 2035. Our analyses suggest that
investments should prioritise vaccines for post-exposure
prophylaxis rather than rabies immunoglobulin, which is costly
and has more marginal health benefits. Even with expanding
dog vaccination efforts and associated reductions in the risk
of human exposure over the 2020-35 time period, improved
access to post-exposure prophylaxis remains a highly
cost-effective intervention.

Implications of all the available evidence

Increasing timely access to rabies vaccines for post-exposure
prophylaxis, free at point-of-care, would save many lives, is
highly cost-effective, and is feasible under the current vaccine
production capacity, with the switch to the dose-sparing
abridged 1-week intradermal regimen. In combination with
scaled-up mass dog vaccination, an investment to improve
access to post-exposure prophylaxis could be transformative
for rabies prevention and could catalyse the global campaign
Zero by 30 to eliminate human deaths from dog-mediated
rabies.

PEP Rabies risk

Dogs

" .1

Rabid

Dog bite Health facility

No health seeking

v

PEP not received
—_ > >
PEP late or
incomplete
>

Q
»
LR S »

Costs

No health seeking

v

i

Healthy ﬁ PEP not received
— > <
I High risk > >
[ High cost

Figure 1: Decision tree covering rabies exposure, health seeking, and health outcomes, including death due to

rabies or prevention through PEP
PEP provided to individuals bitten by healthy animals results in costs but does not avert deaths. For the full
decision tree, see appendix. PEP=post-exposure prophylaxis.

did all analyses using R version 3.4.1. We used GATHER’
and CHEERS" checklists to improve reporting quality
(appendix).

Economic model

We adopted the static decision tree (characterised in
figure 1; appendix), informed by literature-derived para-
meter estimates and available data.
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Panel: Parameters and assumptions for modelling scenarios

We used biologically-defined constants for the probability of developing rabies following
exXposure, p, ... and of post-exposure prophylaxis (PEP) preventing rabies, p,,....
(appendix). Under the status quo (scenario 1) we used country-specific data from health
facility use and Gavi Learning Agenda studies to inform parameters for health seeking and
PEP provision (appendix gives country-specific estimates and gives cluster averages used
when no country-specific data were available). In scenarios with improved PEP access
(scenarios 2 and 3), we modelled increased health seeking, PEP provision, and
compliance, as detailed here, according to timelines from the Global Strategic Plan
(appendix). Dog vaccination is modelled in scenario 4, with Integrated Bite Case
Management (IBCM) to reduce unnecessary PEP use for persons bitten by healthy dogs
included in scenario 4c.

Pieexirabid

Probability: seeking care when bitten by suspect rabid dog.

Change with improved PEP access: initial increase of 0-1 from status quo in scenario 2a,
base case (0-05 increase in scenario 2b low variant, 0-15 in scenario 2¢ high variant),
with 0-03 increase per year thereafter to a cap of 0-9 in the base case (0-85 in scenario 2b,
0-95 in scenario 2c)

Pieeklheatthy

Probability: seeking care when bitten by healthy dog.
Change with improved PEP access: initial increase of 0-1 from status quo in scenario 2a,

base case (0-05 increase in scenario 2b, 0-15 in scenario 2c), to a cap of 1 in all scenarios;
no incremental increases after introduction.

Preceive
Probability: receiving PEP if treatment sought.

Change with improved PEP access: initial increase of 0-1 from status quo in scenario 2a,
base case (0-05 examined as a scenario 2b and 0-15 as a scenario 2c), with 0-03 increase per
year thereafter to a cap of 0-93 base case (0-88 scenario 2b, 0-98 scenario 2c). Under
scenario 4c with IBCM, p,...... was reduced to 0-5 for healthy dog bites on implementation
of the intervention and was reduced further to 0-1 after elimination (zero dog

rabies cases).

Pomplete

Probability: completing regimen.

Change with improved PEP access: initial increase of 0-1 in scenario 2a, base case

(0-05 in scenario 2b, 0-15 in scenario 2c), with 0-03 increase per year thereafter to a cap of
0-8 base case (0-75 scenario 2b, 0-85 scenario 2c).

We took the perspective of the health provider
and considered direct medical costs only. Currently,
individuals bear post-exposure prophylaxis costs in many
countries (appendix); with investment, post-exposure
prophylaxis costs would be borne by Gavi with
cofinancing from national governments. Health benefits
were measured in terms of deaths and disability-adjusted
life-years (DALYs) averted; rabies is universally fatal and
we did not consider acute disability so DALYs are equal to
years of life lost. Individuals in the model were aged
0-99 years. The time horizon was 2020-35 and our
analysis accounts for human population growth over this
timescale. We converted all costs to US$, 2016, using
see https://dataworldbank.org/ inflation indicators (Consumer Price Index) from the

indicator/FP.cPiToT. - World Bank. All scenarios were run with discounting at

For the Consumer Price Index
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3% (0% as alternative). We calculated the cost per death
and per DALYs averted and, as appropriate, incremental
costs and benefits.

Epidemiological model

Human rabies exposures depend on dog rabies incidence
and rabid dog biting behaviour. We used a stochastic
dynamic transmission model to characterise rabies in dog
populations accounting for the effect of mass dog
vaccination. Coverage achieved wanes between vaccination
campaigns because of turnover in the dog population, so
we incorporate dog demography. We ignore wildlife,
which have a negligible role in maintenance of canine
rabies." We model an endemic scenario with and without
mass dog vaccination to generate typical dog rabies
incidence and trajectories to elimination (appendix).

Scenarios

We investigated the following scenarios (assumptions
detailed in the panel): (1) status quo, with countries
delivering post-exposure prophylaxis according to
current provision rates and practices; (2) increased post-
exposure pro-phylaxis access, with free vaccination
following the dose-sparing abridged 1-week intradermal
regimen*and improved health seeking, vaccine provision,
and post-exposure prophylaxis completion, considering a
base case (2a), low variant (2b), and high variant (2c); (3)
as 2, with provision of rabies immunoglobulin, as per the
latest recommendations;* (4) declining incidence due to
scaling up mass dog vaccination (currently negligible in
most Gavi-eligible countries), with post-exposure
prophylaxis provided according to the status quo (4a),
with improved post-exposure prophylaxis access (4b with
base case parameter values), and as with the previous
point, with integrated bite case management (IBCM) to
reduce unnecessary post-exposure prophylaxis for people
bitten by healthy animals (4c).”"

We simulated staggered implementation as described in
the Global Strategic Plan Zero by 30 (appendix), assuming
improved post-exposure prophylaxis access from 2020
onwards for phase 1 countries (n=21), from 2022 for phase
2 countries (n=33), and from 2026 for phase 3 countries
(n=13). On implementation, we adjusted health seeking
and post-exposure prophylaxis provision parameters and
modelled incremental changes thereafter (panel).

Data sources

We developed a data template and sought information
from multiple sources (appendix). Data from contact
tracing and health-care use studies were obtained from
partners in Tanzania, Madagascar, Sri Lanka, and Kenya.
Partners in Chad, Céte d'Ivoire, Mali, Uganda, Haiti,
Cameroon, Cambodia, Bhutan, Vietnam, Thailand, and
the Philippines completed data templates. A systematic
literature review of papers on the burden of rabies
published from Jan 1, 2013, to Feb 28, 2017, was completed,?
updating a previous review. Further country-specific
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Figure 2: DALYs (undiscounted; A), deaths (undiscounted; B), cost per DALYs averted (discounted; C), and cost per death averted (discounted; D) from 2020
to 2035 under the modelled scenarios

Estimated outcomes presented with 95% Pls. Estimates do not include costs of dog vaccinations and only show the cost-effectiveness of PEP incremental to dog
vaccination. Costs of IBCM are assumed to be covered by introductory grants (together with improved PEP access). Modelling assumptions are shown in panel and
results in appendix. Only the base case is shown for scenario 2—ie, scenario 2a base case. DALYs=disability-adjusted life-years. IBCM=integrated bite case
management. PEP=post-exposure prophylaxis. PI=prediction interval. RIG=rabies immunoglobulin. S=scenario. Vax=vaccination.

searches (“country” AND “rabies”) in PubMed were
completed in July 26, 2017 Subsequent relevant pub-
lications were also reviewed where identified. Surveys of
post-exposure prophylaxis provision were done by WHO
and the US Centers for Disease Control and Prevention for
23 countries (15 of which were Gavi-eligible countries in
2018), covering vaccine administration route, regimen,
cost, access, procurement, distribution, and monitoring.
Follow-up by WHO ascertained whether patients in other
countries pay for vaccines or are provided post-exposure

prophylaxis free-of-charge from government clinics
(appendix). We assumed that countries without
information charged patients. Country-specific dog

populations were esti-mated from human-to-dog ratios.!
Human population estimates and life expectancies for

www.thelancet.com/infection Vol 19 January 2019

each country were taken from UN World Population
Prospects 2017, medium variant.” The proportions of
populations in urban and rural environments were taken
from the World Bank development indicators.” Published
age distributions of rabies cases were used.' We calculated
a less conservative set of DALYs based on WHO frontier
life expectancy in 2030.° Health-care costs (ie, health
worker time for post-exposure prophylaxis delivery) by
country were obtained from WHO-CHOICE estimates.”

Model parameters

We assigned countries to a geographical cluster and we
calculated cluster parameter values as the mean of
country values in the cluster (appendix). Where country-
specific parameters were not available or data were
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Scenario 1: status quo
(95% P1)

Scenario 2a, base case:
improved PEP access (95% Pl)  (95% PI)

Scenario 2b: low variant Scenario 2c: high variant

(95% PI)

Vaccine vials used 735 (65-7-81-4)
27-8 (24-6-31.0)
19-8 (17:3-22-2)

1140 (1100-1260)

PEP courses initiated
PEP courses completed
Total cost (US$)

PEP=post-exposure prophylaxis. DALYs=disability-adjusted life-years.

Rabies deaths 1.07 (0-852-1:32) 0576 (0-453-0-711)
Rabies deaths averted 0-898 (0:704-1-11) 139 (1-09-1.72)
DALYs 521 (41-4-64-3) 27-9 (21:9-34-5)
DALYs averted 44-2 (34-7-54-6) 680 (53-3-84-3)

73-8 (66-1-81.6)

45-2 (40:5-50-0)

351 (31-4-38.9)
1110 (1070-1220)

Data are outcome in millions (95% PI), unless otherwise specified. Equivalent information on other scenarios (3 and 4a—) is presented in the appendix. Pl=prediction interval.

0720 (0-561-0-885)
1.25(0-971-1:54)
34.9 (27-2-43-0)
61-1(47-6-75-5)
622 (55-9-68-8)
382 (34-4-423)
282 (25:3-312)
935(902-1030)

0-425 (0-333-0-522)
1.55 (1-22-1-90)
205 (16:1-25-2)
757 (59:7-93-0
86-8 (77-7-96-2
52.8 (47:2-585
434 (38.7-481
1300 (1250-1430)

)
)
)
)

Table: Model results across all Gavi-67 countries projected over 2020-35 for the different scenarios

judged to be poor quality or inappropriate (eg, small
numbers, biased sampling), we used cluster values.

Several parameters were considered biologically
determined and were not expected to vary (appendix). We
used reported estimates of the probability of infection
following exposure (p,.), of complete and timely post-
exposure prophylaxis (p,...s), 0r incomplete or late post-
exposure prophylaxis (p,...,) preventing infection.” For
Ethiopia, where less effective nerve tissue vaccines are
used, we used published data to estimate the probability
that complete (P,..s) OF incomplete nerve tissue vaccine
USe (Pyreems) Prevents infection.”

To capture rabies exposures, we multiplied dog rabies
incidence by a per-capita transmission probability and
national dog population estimates (appendix). This
calculation assumes only a fraction of rabid dogs bite
people (on average 0- 38 people are bitten per rabid dog;*
appendix). Using incidence data from multiple countries
of patients who have been bitten, we estimated the
proportion of rabid versus healthy animals and baseline
health-seeking probabilities following rabid and healthy

dog bites (Pyeruviar Preckireatins 2PPENAIX).

Post-exposure prophylaxis delivery
We estimated post-exposure prophylaxis use for each
scenario. Vials of rabies immunoglobulin and vaccines
for intradermal use contain multiple doses but opened
vials must be discarded at the end of the day. A modelling
analysis informed our assumptions for projected vial
sharing under different clinic throughputs.” We assumed
use of 1 mL vials with an average of 2- 2 vials per complete
1-week intradermal post-exposure prophylaxis in rural
settings, 0-67 vials per complete post-exposure pro-
phylaxis in urban settings, and 1-47 vials per incomplete
post-exposure prophylaxis in rural settings and 0-45 vials
in urban settings (ie, <three visits; appendix).
Immunoglobulin use in virtually all Gavi-eligible
countries is negligible (with some notable exceptions—
eg, Sri Lanka, India, and Bhutan); therefore, it was not
included in the status quo. In scenario 3, we assume
administration of rabies immunoglobulin only in urban

clinics, and then only to high-risk patients—ie, with
multiple or deep bites, bites to the head or hands, bites
by confirmed rabid dogs, or to immunocompromised
patients. Around 15% of patients fit these criteria from
reviews of clinic data from different countries. We
modelled 0-32 rabies immunoglobulin vials per patient
on average (appendix).”

We used reported costs of post-exposure prophylaxis
(appendix) to model the status quo and assumed that
upon Gavi investment, rabies vaccine would be
purchased for $5 per vial and rabies immunoglobulin at
$45 per vial (similar to current prices of equine-derived
immunoglobulin from the Pan American Health
Organization revolving fund). We assumed fixed
introductory costs of $100000 per country to facilitate
training and implementation of improved post-exposure
prophylaxis access.

Sensitivity analysis

We examined the effect of different parameters with
one-way sensitivity analyses. For the principal model
outputs, we ran a probabilistic sensitivity analysis taking
1000 draws from the parameter distributions (based on
95% ClIs) to generate a 95% prediction interval (PI) and
mean central estimate. We examined the sensitivity of
results to uncertainty in parameters in the epidemiological
model separately (appendix). Because the future price of
post-exposure prophylaxis is unknown, we did not
include it in the probabilistic sensitivity analysis, but we
investigated vaccine costs of $10 and $2-5 per vial and
rabies immunoglobulin costs of $20 per vial. We
increased the introductory costs to $500000 given the
uncertain costs of scaling up post-exposure prophylaxis,
since studies on vaccine introduction indicate that such
grants might underestimate true costs.”

Role of the funding source

The sponsor of the study (WHO) supported a meeting of
the Rabies Modelling Consortium and WHO employees
(BA-R and LK) contributed to study design, data
collection, interpretation, and writing. The corresponding
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Figure 3: Projected outcomes
under different scenarios
over the 2020-35 time
period

Estimated outcomes per year
presented with 95% Pls.

(A) Human deaths from rabies
(x1000); (B) people initiating
courses of PEP (x1000);

(C) vials of vaccine (x 1000)
required for all 67 countries
(top) and for selected
countries (Bangladesh,
Ethiopia, Kenya, and
Myanmar) according to the
status quo (scenario 1), under
improved PEP access
(scenario 2, base case), and
with improved access to PEP
vaccines concomitant with
mass dog vaccination
(scenario 4b). The step
changes correspond to the
timing of improvements in
access to PEP and introduction
of dog vaccination
programmes. Bangladesh,
Ethiopia, and Kenya are all
phase 1 countries
(implementation in 2020)

in the Global Strategic Plan
(appendix), whereas Myanmar
is a phase 2 country
(implementation in 2022).
PEP=post-exposure
prophylaxis. Pl=prediction
interval. S=scenario.
Vax=vaccination.
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Figure 4: The cost-effectiveness plane showing the ICERs for dog vaccination scenarios
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and similar or lower costs. The differences between clusters relate to the size of the populations at risk.
ICER=incremental cost-effectiveness ratio. IBCM=integrated bite case management. PEP=post-exposure
prophylaxis. Vax=vaccination.
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authors had full access to all the data in the study and
final responsibility for the decision to submit for
publication.

Results

From 2020 to 2035, we estimate that under the status
quo 1074000 dog-mediated rabies deaths (95% PI
852000-132500) in humans will occur in the 67 endemic
countries considered (figure 2; 580000 deaths in Gavi-46
countries)—around 67000 deaths per year. Approximately
106000 (10%) of 1074000 deaths (84200-131000) are
children younger than 5 years. Most deaths are in
sub-Saharan Africa (347000 in the east Africa cluster and
231000 in the west Africa cluster) and Asia (464000), with
much fewer in the Americas (33000). Country-specific
burden estimates are provided in the appendix. After
standardising for population growth, our estimates of
deaths are similar to previous estimates? in most countries
(appendix). Current levels of post-exposure prophylaxis
prevent approximately 56000 deaths or 2764000 DALYs
per year.

With improved post-exposure prophylaxis access
(scenario 2; base case) projected annual deaths and DALYs
more than halved from 2020 to 2035 (table), equating to a
total of 1388000 deaths averted or 68010000 DALYs averted
over this period. Bite victims initiating post-exposure
prophylaxis from 2020 to 2035 increase from 27-8 million
under the status quo to 45-2 million (figure 3) with
improved post-exposure prophylaxis access. Switching to

the dose-sparing abridged 1-week intradermal regimen
means that overall vaccine demand does not change very
much (stays around 73 million vials at a [undiscounted]
cost of about $11-1 billion). Annual costs with improved
access (scenario 2; base case) would be $69-2 million in
Gavi-67 or $29-3 million in Gavi-46 countries (appendix).
Under the status quo, costs of post-exposure prophylaxis
are mainly borne by patients (48 of 67 countries). From
2020 to 2035, assuming Gavi investment displaces personal
but not government expenditure (appendix), $975 -1 million
(undiscounted costs) would be required to deliver improved
access in all Gavi-67 countries and $403-7 million to
Gavi-46 countries.

Projected vaccine requirements vary (figure 3 shows
overall vaccine use, with four country-specific examples).
Under improved post-exposure prophylaxis access, for
example in Bangladesh, where intradermal regimens are
used, vaccine demand incrementally increases, whereas
in Kenya, where intramuscular regimens are used,
vaccine requirements decrease because the same vaccine
volume treats many more patients with intradermal
vaccination. In Ethiopia, where nerve tissue vaccines are
used, even larger reductions in vial use are expected.

Post-exposure prophylaxis prevents rabies at an average
cost of $1021 per death averted and $52 per DALYs averted
under the status quo (figure 2). With improved access,
cost-effectiveness improves to $635 per death averted and
$33 per DALYs averted in Gavi-67 countries and
$605 per death averted and $32 per DALYs averted in
Gavi-46 countries. Cost-effectiveness (appendix) varied
geographically, and was lowest in Asia ($874 for deaths
and $44 for DALYs) and highest in the Americas
($266 and $13). Incremental to the status quo, investment
to improve post-exposure prophylaxis access would be
highly cost-effective, averting 494700 additional deaths,
while reducing expenditure by $32- 5 million (incremental
cost-effectiveness ratio [ICER] —$66 per death averted or
—$7 per DALYs averted).

Conversely, improving access to rabies immunoglobulin
(scenario 3), in addition to vaccination is costly, requiring
an additional $76-2 million (95% PI $73-0-85 -0 million)
between 2020 and 2035. Only marginal health gains are
achieved, with about 100 additional deaths prevented and
high uncertainty, resulting in a high ICER of almost
$666 000 per death averted.

Under scenario 4, we assumed scaled-up dog vacci-
nation programmes reduces the incidence of rabies
exposures and deaths (figures 2, 3) to 328000 deaths and
15892000 DALYs from 2020 to 2035. Improved access to
post-exposure prophylaxis reduces the number of deaths
to 266000 and 12847000 DALYs, requiring 55-4 million
vaccine vials from 2020 to 2035 (appendix) and remains
cost-effective, albeit at a higher cost per death averted
($2307) and DALYs averted ($47; figure 2). Incremental to
dog vaccination, investment in post-exposure prophylaxis
results in lower mean costs and greater mean benefits
(figure 4). In the third part of scenario 4 (4c), IBCM
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targets post-exposure prophylaxis to cases identified as
bitten by suspect rabid dogs, rather than indiscriminately
(panel), thereby controlling post-exposure prophylaxis
demand as rabies incidence declines. IBCM should
therefore be encouraged under all scenarios. Post-
exposure prophylaxis requirements reduce to fewer than
21-3 million vials during 2020-35 and cost-effectiveness
increases even as elimination is approached (figure 2;
appendix).

Estimates of the rabies burden and cost-effectiveness of
interventions are most affected by uncertainty in the
incidence of rabid dog bites and the probability that
exposure results in infection (appendix). Uncertainty in
transmission affects rabies incidence and burden,
whereas demographic uncertainty has a negligible effect.
Improved dog vaccination coverage coordinated across
regions more rapidly controls rabies, reducing the burden
(appendix). Refined dog population estimates would
change the magnitude of estimates of rabies burden and
post-exposure prophylaxis use, but conclusions remain
consistent across a plausible range of parameter values.

DALYs based on WHO frontier life expectancy in
2030 improved the overall cost per DALYs averted for
scenario 2 from $33 to $30. Similar changes were
observed for other scenarios.

Increasing vaccine vial costs from $5 to $10 increases
the cost per death averted to $853, but post-exposure
prophylaxis remains highly cost-effective. The ICER of
rabies immunoglobulin exceeded $302000 per death
averted when vial costs were reduced from $45 to $20.
Increasing the introductory grants to $500000 did not
affect our conclusions.

Discussion

The burden of dog-mediated rabies is considerable; from
2020 to 2035 under the status quo, we estimate over
1 million deaths will occur in the 67 countries considered.
Although post-exposure prophylaxis saves many lives,
improved access, free of cost at point-of-care, and following
the latest WHO recommendations for intradermal
vaccination,* would avert 1388 000 deaths (ie, an additional
489000 deaths) and 68010000 DALYs over this time
period. This improvement in access is highly cost-effective
at only $635 per death averted and $33 per DALYs averted
and is feasible under current vaccine production with a
switch to economical intradermal regimens through a
Gavi investment. Interventions that avert one DALY for
less than the national average annual per-capita income
are considered highly cost-effective.”

Improving access to rabies immunoglobulin (mostly
unavailable in rabies-endemic countries), in addition to
vaccines, was not costeffective. Benefits of rabies
immunoglobulin were shown when used with nerve
tissue vaccines,” but this benefit is likely to be much less
with the highly immunogenic purified cell culture and
embryonated egg-based rabies vaccines recommended
nowadays.* Reported deaths among patients who initiate
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post-exposure prophylaxis appear to be related to
treatment delays and poor compliance,®” rather than a
lack of rabies immunoglobulin availability.® Investments
to improve timely vaccine access are therefore likely to
save many more lives than investment in rabies
immunoglobulin.

WHO and partners launched the global strategic plan
to end human deaths from dog-mediated rabies (Zero by
30) to eliminate human deaths from dog-mediated rabies
through both mass dog vaccination and improved access
to post-exposure prophylaxis.® Cost-effectiveness of
post-exposure prophylaxis decreases as elimination of
canine rabies approaches, because genuine exposures
become increasingly rare, whereas precautionary post-
exposure prophylaxis provision continues. Nonetheless,
our models suggest that in this context, improved access
to post-exposure prophylaxis remains cost-effective (with
a cost per DALYs averted less than gross domestic
product per capita), particularly if implemented in
conjunction with IBCM." Operational research on IBCM
is warranted since it is a compelling strategy to curtail
post-exposure prophylaxis demand while enhancing
surveillance during the endgame.”

A major challenge for this study was the paucity of data
available. Studies carried out in several rabies-endemic
countries through the Gavi learning agenda allowed us to
divide post-exposure prophylaxis demand by people bitten
by healthy versus rabid animals, accounting for higher
health seeking in wealthier settings, and variability driven
by the size of dog populations. Because few dog population
estimates were available, the accuracy of our projections
are constrained, and results are notably sensitive to
changes in health-seeking parameters. However, sensitivity
analyses indicated that our conclusions regarding cost-
effectiveness were robust even under uncertainties.

We made several simplifying assumptions. We
assumed no country-specific variation in vaccine wastage
from discarding opened vials, only rural-urban variation
(appendix). Vaccine used per post-exposure prophylaxis
course plateaus at throughputs exceeding 30 new patients
per month;” therefore, cost-effectiveness is unlikely to be
greatly underestimated in the most populated settings,
nor substantially overestimated in rural populations,
because we do not account for patient clustering from
bites by the same animal. Our assumptions regarding
improved post-exposure prophylaxis access are supported
by increased health seeking, access, and compliance
observed with the introduction of free post-exposure
prophylaxis in several countries (appendix).” We also
assumed incremental improvements in health seeking
by victims of rabid bites over time, consistent with Gavi
projections (and as used in models of other vaccine
programmes)® and data from countries that have
invested in post-exposure prophylaxis access and free
provision (Bhutan, Philippines, Sri Lanka). We did not
model sustained increases in health seeking by people
bitten by healthy dogs (potentially expected with
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heightened awareness associated with dog vaccination),
thereby favouring the cost-effectiveness of improved
post-exposure prophylaxis access. However, IBCM could
reduce unnecessary post-exposure prophylaxis use and
improve cost-effectiveness under all scenarios (we only
modelled IBCM under dog vaccination, scenario 4c)."»"**?
The effect and cost-effectiveness of post-exposure
prophylaxis depends on current national strategies for
provision (figure 3). We modelled these factors according
to data gathered by WHO on post-exposure prophylaxis
provision with timing aligned with the Global Strategic
Plan. Although post-exposure prophylaxis access might
be affected by spatial factors (eg, travel to clinics), we did
not explicitly model this scenario, and instead assumed
average improvements to access and provision (panel).

We applied our simulated trajectories of rabies incidence
under dog vaccination irrespective of country, assuming
1% rabies incidence in unvaccinated dog populations. Dog
vaccination has repeatedly been shown to rapidly reduce
incidence, " although rabies often persists at low levels
with incursions and localised wildlife reservoirs (not
modelled here) hindering elimination.” Moreover,
socioeconomic factors influence progress by affecting the
delivery of mass dog vaccination programmes.” We
assume coordinated implementation minimises incur-
sions, thereby generating optimistic timelines for
elimination. However, estimates of post-exposure pro-
phylaxis requirements should not be greatly affected by
this assumption given the considerable use of post-
exposure prophylaxis for people bitten by non-rabid
animals. While we considered the cost-effectiveness of
post-exposure prophylaxis in the context of dog vaccination,
we did not model dog vaccination costs; previous studies
have shown dog vaccination to be very cost-effective.*

In 2013, Gavi considered that rabies post-exposure
vaccines could avert almost 200000 future deaths
between 2015 and 2030.” We believe this outcome was an
underestimate and our results suggest 489 000 additional
deaths could be averted from an investment in improved
post-exposure prophylaxis access. We have taken a more
detailed approach using a decision tree informed by
recent and relevant data, and we assume improvements
in access, health seeking, and compliance.

Key barriers to rabies prevention are the limited supply
and high costs of post-exposure prophylaxis, which are
largely borne by patients. A Gavi investment in post-
exposure prophylaxis should displace personal, but not
government expenditure. Free post-exposure prophylaxis
provision, with cofinancing between Gavi and national
governments, would support the drive for universal health
coverage to achieve the Sustainable Development Goals,*
and the consensus that rabies prevention should be a free
public commodity.’ Gavi support would promote use of
WHO prequalified vaccines and the 1-week intradermal
regimen, standardise vaccine prices, and improve
forecasting, procurement, and accountability. Stockouts,
which are chronic in many rabies-endemic countries,

could be prevented. Although post-exposure prophylaxis
is outside the Expanded Programme on Immunization,
efforts to strengthen this programme (particularly cold
chain) greatly benefit post-exposure prophylaxis delivery.
Thus, the potential of Gavi to shape the market, ensuring
the availability or supply of WHO prequalified vaccines at
affordable prices could be transformative for rabies
prevention and would require a modest investment in the
context of an annual budget in excess of $1 billion for
vaccine programme disbursements.*

An investment in rabies vaccine in Gavi-eligible
countries is likely to save many lives at a very low cost per
death averted. Improving access to post-exposure
prophylaxis alongside a switch to the newly-recommended
intradermal 1-week regimen is feasible because vaccine
vial requirements do not increase. Moreover, shifting
costs from bite victims to donors and governments
overcomes the primary barrier limiting access to life-
saving vaccines and enables more efficient dose-sparing
practices. To reduce an indefinite and escalating
requirement for post-exposure prophylaxis, mass dog
vaccination is essential to control and eliminate rabies in
the reservoir population.
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7.3. PARTICIPAGAO EM PROJETO: Rabies mass dog vaccination and evaluation, Haiti, 2017

Introdugdo: A raiva é uma doenca negligenciada que causa mortes em humanos em mais de 150 paises em
todo o mundo, sendo propagada principalmente através da mordida de um cdo raivoso (HAMPSON et al.,
2015). Estima-se que ocorram cerca de 59.000 mortes por raiva a cada ano, sendo que os individuos mais
pobres e as criangas representam os grupos de maior risco (OMS, 2017). Apesar da notoriedade da raiva
como a doenga infecciosa mais mortal do mundo, a falta de vigilancia e as campanhas de vacina¢do de caes
mal implementadas impedem esforgos de controle a nivel global (TAYLOR et al., 2015). Recentemente, tem
sido relatado o sucesso de programas de vacina¢do contra a raiva na Guatemala, Haiti, india e Malawi, com
a assisténcia do Centro para Controle e Prevencdo de Doencgas (CDC), Mission Rabies e Organiza¢do Pan-
Americana da Saude (OPAS) (VIGILATO et al., 2013; GIBSON et al., 2015; 2016; WALLACE et al., 2017A). No
entanto, o sucesso das campanhas de vacinacdo envolvem treinamento importante de pessoal e
incorporacdo de tecnologia, e restricdes logisticas que ndao podem ser facilmente replicadas em todos os

122 paises endémicos de raiva canina.

O Haiti possui os indices mais conhecidos e estimados de casos de dbito por raiva humana no hemisfério
ocidental (HAMPSON et al., 2015), com uma taxa de mortalidade que compete com a de alguns dos paises
mais afetados do mundo, como Tanzania, Quénia, Chade. De 2013 a 2015, o CDC, o Ministério da
Agricultura do Haiti (MARNDR), Ministério da Saude e parceiros ndo-governamentais desenvolveram um
sistema integrado de gerenciamento de casos de mordida que confirmou a alta taxa de raiva em cdes
haitianos (ETHEART et al., 2017). Este programa foi creditado com a reducdo do risco de morte por raiva no
Haiti em até 32%, através de aconselhamento pdés-mordida e remogdo de cdes suspeitos de raiva por
eutandsia ou quarentena. No entanto, a cessagdo das mortes na raiva humana no Haiti ndo serd realizada
até que a doenca seja eliminada na populacdo reservatdrio (ETHEART et al., 2017). O MARNDR realizou
uma vacinacdao em massa de 100.000 a 300.000 cdes por ano, sob o pressuposto de que a populacao de
cdes no Haiti seria em torno de 500.000 cdes. Apesar desse tremendo esforgo, os casos de raiva humana e
canina persistiram. Em 2015, o CDC avaliou o programa de vacinagdo em massa do MARNDR em 18 locais
ao redor do pais. Os resultados indicaram que a populagao de cdes é de aproximadamente é 1,1 milhdo e a

cobertura vacinal variou de 35% a 50% (menos que o objetivo estabelecido pela OPAS, que é de 80%).

Ao expandir suas campanhas anuais, o Haiti lutou para melhorar a cobertura de vacinagdo acima de 45%, e
o CDC, a Missdao Veterinaria Cristd, o MARNDR, Mission Rabies e a OPAS estdo colaborando para
desenvolver novos métodos para melhorar a cobertura de vacinagdo (WALLACE et al.,, 2017). Gerar
consciéncia publica suficiente das campanhas de vacinacdo em paises subdesenvolvidos pode ser dificil,

pois o acesso a TV, radio e midia impressa ndo esta rotineiramente disponivel. Isso também é verdade no
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Haiti, onde o principal método de conscientizacdo das campanhas de vacinacdo envolve anuncios de
megafones vdrios dias antes da campanha, bem como anuncios de megafone de mao por vacinadores no

dia da vacinagao.

Em 2016, o CDC e parceiros nao-governamentais capacitaram 55 vacinadores em métodos alternativos de
vacinagdo: 1) captura-vacinagdo-liberacdo e 2) vacinacdo porta a porta, e realizaram uma campanha de
vacinacdo de 10.000 cdes para avaliar a capacidade de conducdo desses métodos. Os resultados foram
encorajadores, com cobertura vacinal média de 65%—80%. Além disso, os dados coletados durante essa
avaliacdo foram usados para desenvolver uma ferramenta de planejamento de programas baseada em
Excel que esta sendo avaliada em 5 paises (UNDURRAGA et al., 2017). Os 3 anos anteriores de avaliacdo e
treinamento prepararam o Haiti para a implementacdo de campanhas de vacinacdo em massa eficazes
contra a raiva canina. Agora, com uma populacdo de cdes confiavel (disponivel a nivel comunitario), foi
provado que a cobertura vacinal de >70% é realizavel, além da capacidade dos vacinadores do MARNDR, o
gue permite o planejamento de campanhas econdmicas. O CDC realizou uma avaliacdo de viabilidade
global para a eliminagdo da raiva canina (WALLACE et al.,, 2017B). Nessa andlise, assumindo o progresso

continuo, estima-se que o Haiti consiga a eliminacdo da raiva canina em menos de 7 anos.

Objetivo: O objetivo da proposta foi conduzir e avaliar uma campanha de vacinagdo em massa contra a

raiva canina no Haiti.

Objetivos especificos:

1) Conduzir e avaliar a campanha de vacinacdo contra a raiva em cdes no Haiti;

2) Avaliar e comparar a relacdo custo-beneficio das ferramentas baseadas em telefone celular para
promocado e logistica de campanha;

3) Determinar barreiras potenciais a vacinacdo contra a raiva canina no Haiti.

O projeto foi realizado em duas areas urbanas no Departamento de Artibonite do Haiti, que sdo as cidades
de Saint Marc e Gonaives (Figura 15). O estudo consistiu em quatro etapas, detalhadas abaixo:

1) Campanha de vacinagdo em massa canina;

2) Avaliagdo de mensagens de telefone celular para aumentar o atendimento em pontos fixos de vacinagdo
contra raias;

3) Avaliacdo da capacidade de um aplicativo de telefone inteligente para aumentar a cobertura vacinal,
eficiéncia logistica e custo-beneficio da campanha de vacinagdo em massa canina;

4) Pesquisa transversal de barreiras a vacinagdo contra a raiva canina.
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Populagdo canina estudada:
1) Qualquer cdo de rua de facil de captura;

2) Qualquer cdo trazido aos vacinadores por seu dono;

Populagdao humana estudada:

Critérios de inclusdo:

1) Individuos acima de 18 anos de idade;

2) Individuos membros de uma familia selecionada, definido como membro do grupo familiar;

3) Individuos capazes e dispostos a fornecer o consentimento livre e esclarecido.

Critérios de exclusdo:
1) Individuos menores de 18 anos de idade;
2) Individuos que ndo fazem parte do grupo familiar selecionado;

3) Individuos incapazes ou ndo dispostos a fornecer consentimento livre e esclarecido.
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FIGURA 15. MAPA DETALHANDO OS LOCAIS DE ESTUDO, SAINT MARC E GONAIVES. As duas cidades foram divididas
pela metade para criar 4 areas de intervengdo geografica. Em uma area de cada cidade, as equipes de vacinagdo
utilizaram um aplicativo de celular desenvolvido pela Mission Rabies (GIBSON et al., 2015) para registrar informacdes
sobre vacinagdo didria. O aplicativo também tentou otimizar a cobertura vacinal guiando as equipes para areas-chave

por dia para alcangar a cobertura requerida.
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IX. OUTRAS ATIVIDADES DESENVOLVIDAS DURANTE O DOUTORADO

9.1. Participagao em eventos cientificos

2017:

1) 36th American Society for Virology Annual Meeting.

2) 66th Annual Epidemic Intelligence Service Conference.
3) Encontro do Laboratdrio de virus — 55 anos.

4) XXVIII Brazilian Congress of Virology & XIl Mercosur Meeting of Virology.

2016:

1) Il Simpdsio de Microbiologia da UFMG: Doengas Microbianas Emergentes.

2015:

1) XXVI Brazilian Congress of Virology & X Mercosur Meeting of Virology.

2) XI Congreso Argentino de Virologia e Il Congreso Latinoamericano de Virologia.
3) Il Simposio de Virologia Veterinaria.

4) IV Simposio de Virologia Clinica.

5) 1l Simpédsio de Microbiologia da UFMG: Microbiologia Translacional - Do Ambiente Natural as Aplicagdes.

6) Xl Semana de Ciéncia e Tecnologia do CEFET Unidade Contagem.

7) Simpdsio Pds-Graduacgdo e Interface com a Educagdo Basica: desafios e possibilidades.

2014:

1) XXII Congresso Latino Americano de Microbiologia & 42 Congresso Colombiano de Microbiologia.

2) XIV International Course of Molecular Epidemiology.
3) 32 Congresso Nacional de Saude.
4) | Simposio de Microbiologia da UFMG: A Microbiologia e a Sociedade.

5) Simpésio Imunidade Antiviral e Dengue.
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9.2. Organizagao de eventos cientificos

1) Il Simpdsio de Microbiologia da UFMG: Doengas Microbianas Emergentes, 2016.

2) 1l Simpdsio de Microbiologia da UFMG: Microbiologia Translacional - Do Ambiente Natural as Aplicagdes,

2015

3) I Simpdsio de Microbiologia da UFMG: A Microbiologia e a Sociedade, 2014.

9.3. Revisor de periddios cientificos internacionais

1) Emerging Infectious Diseases: 2017 — atual

2) Parasites and Vectors: 2017 — atual

3) Archivum Immunologiae et Therapiae Experimentalis: 2017 — atual

4) Clinical Microbiology: Open Access: 2017 — atual



9.4. Premiag0es

2017:
1) Trabalho selecionado para apresentagdo oral — 36th American Society for Virology Annual Meeting:
Vaccinia virus free circulation among dogs and coatis from wild and urban environments in Brazil: Insights

into VACV emergence and risks for urban human populations.

2016:
1) Foreign scholarship — Oak Ridge Institute for Science and Education (ORISE), Centers for Disease Control

and Prevention, Atlanta, Georgia, USA.

2015:
1) Trabalho selecionado para apresentacdo oral — XXVI Brazilian Congress of Virology & X Mercosur Meeting
of Virology: Seroprevalence of Saint Louis encephalitis virus among humans and horses from Minas Gerais,

Brazil

2) Melhor apresentacdo oral da Sessdo de Virologia Humana — XXVI Brazilian Congress of Virology & X

Mercosur Meeting of Virology.

3) Special Grant for free publication oferecido pelo periddico Virology Journal, referente a melhor
apresentacdo oral da Sessdo de Virologia Humana — XXVI Brazilian Congress of Virology & X Mercosur

Meeting of Virology.

4) Travel Scholarship — XI Congreso Argentino de Virologia e Il Simposio Latinoamericano de Virologia,

Asociacion Argentina de Microbiologia.

2014:
1) Melhor poster selecionado para posterior apresentagdo oral — XIV International Course of Molecular
Epidemiology, Fiocruz-Salvador: Prevalence and clinical aspects of Orthopoxvirus infections in vulnerable

rural population: implications for emergence/reemergence in Minas Gerais, Brazil.

2) Trabalho selecionado para apresentagdo oral — XXV Brazilian Congress of Virology IX Mercosur Meeting
of Virology, Brazilian Society for Virology: Evidence of Orthopoxvirus circulation among urban domestic

cats, Minas Gerais, Brazil.
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9.5. Artigos em fase de redagao

1) Retrospective study of handling dairy practices associated with human vaccinia virus infections in a
bovine vaccinia endemic area in Brazil. O manuscrito serd submetido ao periddico Frontiers in
Microbiology.

Autores: Galileu Barbosa Costa, Jaqueline Silva de Oliveira, lara Apolinario Borges, Andrea McCollum, Brett
Petersen, Ashley Styczynski, Bruno Eduardo Fernandes Mota, Betania Paiva Drumond, Jonatas Santos
Abrahdo, Erna Geessien Kroon, Elizabeth Castro Moreno, Mary Reynolds, Yoshinori Nakazawa, Giliane de

Souza Trindade.

2) Seroprevalence and risk factors for Orthopoxvirus infection in dogs from Juatuba, Minas Gerais, Brazil. O
manuscrito serd submetido ao periédico Emerging Microbes and Infections.
Autores: Galileu Barbosa Costa, Sara Clemente Paulino Ferreira e Silva, Jillybeth Burgado, Clint Morgan,

Christine Hughes, Danielle Ferreira de Magalhdes Soares, Yoshinori Nakazawa, Giliane de Souza Trindade.

3) Willingess to pay and walk for dog rabies vaccine in Haiti, 2017. O manuscrito serda submetido ao
peridédico Journal of Epidemiology and Community Health.
Autores: Galileu Barbosa Costa, Benjamin Monroe, Emily Pieracci, Jesse Blanton, Kelly Crowdis, Ludder

Fleurinord, Melissa Etheart, Natael Fenelon, Ryan Wallace.

4) Estimation of dog-bite rates and evaluation of healthcare seeking behaviors following dog bite, Haiti,
2016. O manuscrito sera submetido ao periddico PLoS Neglected Tropical Diseases.
Autores: Gabrielle Johnson, Galileu Barbosa Costa, Benjamin Monroe, Jesse Blanton, Kelly Crowdis, Ludder

Fleurinord, Melissa Etheart, Natael Fenelon, Ryan Wallace.

5) Knowledge, attitudes, and practices regarding bite events and healthcare seeking behaviors, Uganda,
2013. O manuscrito serd submetido ao periddico PLoS Neglected Tropical Diseases.
Autores: Sarah Bonaparte, Julie Cleaton, Galileu Barbosa Costa, Benjamin Monroe, Emily Pieracci, Jesse

Blanton, Ryan Wallace.

6) Serologial and molecular detection of Saint Louis encephalitis virus among humans and equids from
Brazil. O manuscrito serd submetido ao periddico Zoonoses and Public Health.

Autores: Galileu Barbosa Costa, Paula Eillany Silva Marinho, Ana Paula Pessoa Vilela, Ana Teresa Saraiva
Silva, Ana Paula Correia Crispim, Zélia Inés Portela Lobato, Jenner Karlison Pimenta dos Reis, Betania Paiva

Drumond, Erna Geessien Kroon, Giliane de Souza Trindade.
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