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RESUMO

PEREIRA, Asheley Henrique Barbosa. Tuberculose em primatas ndo humanos do Novo e
Velho Mundo. Seropédica, RJ. 2021. 66p. Dissertacdo (Mestrado em Medicina Veterinaria,
Patologia Animal). Instituto de Veterinaria, Programa de Pds-Graduagdo em Medicina
Veterinaria — Patologia e Ciéncias Clinicas, Universidade Federal Rural do Rio de Janeiro,
Seropédica, RJ, 2021.

A tuberculose é uma doenca infecciosa crénica que causa alta morbidade e mortalidade em
humanos e primatas ndo humanos, especialmente em cativeiro. No Brasil, a incidéncia desta
doenca em humanos tem aumentado lentamente nos Ultimos anos, o que a tornou uma doenca
classificada como reemergente. A tuberculose tem distribuicdo cosmopolita e € causada pelos
microrganismos pertencentes ao complexo Mycobacterium tuberculosis. Neste estudo s&o
descritos os achados epidemioldgicos, clinicos, patolégicos e moleculares dos diferentes
estagios da tuberculose em primatas do Novo e do Velho Mundo naturalmente infectados com
0 Complexo Mycobacterium tuberculosis e mantidos sob cuidados humanos no Rio de Janeiro,
Brasil. Quinze primatas ndo humanos de cinco colonias diferentes foram incorporados ao
estudo, dos quais 60% (9/15) foram primatas do Velho Mundo e 40% (6/15) primatas do Novo
Mundo. Os estadgios da tuberculose foram classificados de acordo com os achados
macroscopicos e histopatolégicos em: tuberculose cronica-ativa, tuberculose extrapulmonar,
estagio de ativacdo-inicial da tuberculose e reativacdo latente. Entre os primatas do Velho
Mundo, 66,7% (6/9), todos macacos rhesus (Macaca mulatta), apresentaram pneumonia
granulomatosa multifocal severa. Em todos os casos de tuberculose em primatas do Velho
Mundo, granulomas tipicos foram observados em pelo menos um érgdo, independentemente
do estéagio da doenca. Nos primatas do Novo Mundo, os granulomas pulmonares tipicos foram
vistos em 16,7% (1/6) dos casos, apenas no estagio de reativacao latente em um espécime de
Cuxil (Chiropotes utahickae). Neste estudo, 66,7% (6/9) dos primatas do Velho Mundo e
83,3% (5/6) dos primatas do Novo Mundo apresentaram alteraces pulmonares na avaliagcdo
histoldgica. O diagndstico de tuberculose nos primatas ndo humanos neste estudo foi baseado
nos achados patoldgicos, imuno-histoquimicos, moleculares e bacterioldgicos. Embora a
apresentacdo tipica tenha sido observada em alguns casos, a auséncia de granuloma pulmonar
néo excluiu a ocorréncia de tuberculose em primatas ndo humanos do Novo e do Velho Mundo.
A tuberculose deve ser incluida como causa de pneumonia intersticial com macrofagos
espumosos nos primatas ndo humanos do Novo Mundo. Devido a alta sensibilidade da imuno-
histoquimica com anti-Mycobacterium tuberculosis, sugerimos a incorporacdo dessa técnica
como ferramenta diagndstica da tuberculose em primatas ndo humanos, mesmo quando as
alteracoes tipicas ndo séo observadas.

Palavras-chave: Spillover, Tuberculose, Zoonose.



ABSTRACT

PEREIRA, Asheley Henrique Barbosa. Tuberculosis in nonhuman primates of the New and
the Old World. Seropédica, RJ. 2021. 66p. Dissertation (Master in Veterinary Medicine,
Animal Pathology). Postgraduate Program in Veterinary Medicine — Pathology and Clinical
Sciences, Federal Rural University of Rio de Janeiro, Seropédica, RJ, 2021.

Tuberculosis is a chronic infectious disease that causes high morbidity and mortality in humans
and non-human primates, especially in captivity. In Brazil, the incidence of this disease in
humans has slowly increased in recent years. Tuberculosis has a cosmopolitan distribution and
is caused by microorganisms belonging to the Mycobacterium tuberculosis complex. This study
describes the epidemiological, clinical, pathological and molecular findings of the different
stages of tuberculosis in New and Old World primates naturally infected with the
Mycobacterium tuberculosis Complex and kept under human care in Rio de Janeiro, Brazil.
Fifteen nonhuman primates from five different colonies were incorporated into the study. There
are 60% (9/15) Old World Monkeys and 40% (6/15) New World Monkeys. According to the
gross and histopathologic findings, the lesions in nonhuman primates of this study are classified
into the chronic-active, extrapulmonary, early-activation or latent-reactivation tuberculosis
stage. Among the Old World Monkey, 66.7% (6/9) of nonhuman primates, all rhesus monkeys
(Macaca mulatta), showed severe granulomatous pneumonia. In all Old World Monkeys cases,
typical granulomas were seen in at least one organ regardless of the stage of the disease. In the
New World Monkeys, the typical pulmonary granulomas were seen in 16.7% (1/6) of the cases,
just in the latent-reactivation stage in Uta Hick’s Bearded Saki (Chiropotes utahickae). In this
study, 66.7% (6/9) of Old World Monkeys (OWM) and 83.3% (5/6) of New World Monkeys
(NWM) showed pulmonary changes at the histological evaluation. The tuberculosis diagnosis
in the nonhuman primates in this study was based on pathological, immunohistochemical,
molecular, and bacteriological culture. Although the typical presentation was observed in some
cases, the absence of pulmonary granuloma did not exclude the tuberculosis occurrence in
nonhuman primates of the Old and New World. Tuberculosis should be included as a cause of
interstitial pneumonia with foamy macrophages infiltration in the New World nonhuman
primates. Due to the high sensitivity of immunohistochemistry with anti-Mycobacterium
tuberculosis, we suggest the addition of this technique as a diagnostic tool of tuberculosis in
the nonhuman primates even when the typical changes are not seen.

Keywords: Spillover, Tuberculosis, Zoonosis.
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1 INTRODUCAO

A tuberculose (TB) é uma doenca infecciosa cronica que causa alta morbidade e
mortalidade em humanos e primatas ndo humanos (PNHSs), especialmente em primatas de
cativeiro (WARIT et al., 2020). A TB tem distribuicdo cosmopolita e é causada pelos
microrganismos pertencentes a familia Mycobacteriaceae e ao complexo Mycobacterium
tuberculosis (DOOD et al., 2021). O complexo Mycobacterium tuberculosis (CMTB) refere-
se a um grupo de espécies de micobacterias estreitamente relacionadas. De modo geral, M.
tuberculosis (Mth) e M. africanum séo os principais agentes etioldgicos da TB em humanos
(KANABALAN et al., 2021).

As espécies que causam TB pertencem ao género Mycobacterium e sdo altamente
adaptadas aos hospedeiros e capazes de infectar diferentes espécies de mamiferos. O
principal agente etiolégico da TB em PNHs é o Mtb (MANSFIELD; FOX, 2019), embora
M. bovis (Mbo), M. africanum e M. microtii também sejam relatados (HENRICH et al., 2007,
LIN et al., 2008; PARSONS et al., 2009; VIA et al., 2013). Adicionalmente, Mtb e M.
africanum séo causas frequentes de TB em humanos, Mbo em bovinos, M. caprae em ovinos
e caprinos, M. pinipedii em ledes marinhos e focas, M. microti em ratos e M. orygis em 0rixes
(SMITH et al., 2006; INGEN et al., 2012).

Algumas espécies de PNHs desenvolvem TB idéntica a observada em humanos
(CAPUANO et al., 2003) e sdo potencialmente susceptiveis a infeccdo por Mtb (GOOD
1984). Devido a essa semelhanca, os PNHSs sdo considerados o padréo ouro para modelagem
da infeccdo por Mtb (FOREMAN et al., 2017). Os PNHs pertencem a ordem Primatas, que
é dividida em duas semi-ordens: Strepsirrhini (Iémures e lorises) e Haplorhini, (antropoides
e tarsios). Os taxons pertencentes a Haplorhini, na subordem Antropoidea, sdo divididos em
duas parvo-ordens: os Catarrhini (Primatas do Velho Mundo) encontrados na Africa e Asia
e os Platyrrhini (Primatas do Novo Mundo) que ocorrem exclusivamente no continente
americano (FLEAGLE; SEIFFERT, 2020).

De modo geral, os Primatas do Velho Mundo (PVM) sdo mais susceptiveisa TB em
comparacgado aos Primatas do Novo Mundo (PNM) (BRACK, 1987; MONTALI et al., 2001).
Embora a TB em PVM seja bem conhecida e bastante relatada, a condicdo € considerada
incomum em PNM (MATZ-RENSING; LOWENSTINE, 2018). As espécies de PVM mais
sensiveis a TB sdo os macacos rhesus (Macaca mulatta) e os macacos-rabo-de-porco (M.
nemestrina) (GHODBANE; DRANCOURT, 2013). O macaco rhesus (M. mulatta) e o
cinomolgus (M. fascicularis) sdo as principais espécies submetidas aos bioensaios e a
infeccdo experimental por Mtb (SCANGA; FLYNN 2014; FOREMAN et al., 2017).

A ocorréncia de TB em PNHs de vida livre & incomum, no entanto, € uma das
principais doencas infecciosas diagnosticadas em cativeiro (HINES et al., 1995; ROCHA et
al., 2011), o que a torna uma potencial ameaca para as colonias de PNHs (WALSH et al.,
1996). A principal rota de infeccéo € a via aero6gena, atravées da inalagdo de microparticulas
que contém o bacilo infectante (SAKAMOTO, 2012). O contato préximo com humanos
favorece a ocorréncia da doenga em PNHs cativos (MATZ-RENSING et al., 2015). Outras
fontes alternativas de infeccdo relatadas em PNHs séo a incorporacdo de primatas recem
importados a coldnia (SHIPLEY et al., 2008), contato ou agressdes diretas com outros
animais infectados (GHODBANE; DRANCOURT, 2013), tatuagem (ALLEN; KIARD,
1958) e utilizagdo de fomites infectados como termémetros (RIORDAN, 1943).

PNHs com TB, seja por infeccdo experimental ou natural, desenvolvem sinais
clinicos indistinguiveis da TB humana (GHODBANE; DRANCOURT 2013). Observa-se
nestes casos, um amplo espectro de manifestacdes clinicas, incluindo os casos de infeccao
latente, tuberculose ativa, tuberculose pos-priméaria ou extrapulmonar e ainda, manifestaces
rapidamente progressivas em decorréncia a reativacdo da tuberculose (LIN et al., 2009).
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Frequentemente os PNHs com TB apresentam anorexia, perda de peso, letargia e tosse
(GHODBANE; DRANCOURT 2013).

No Brasil, ha poucos estudos sobre a ocorréncia de TB em PNHs e, de modo geral
a literatura se restringe a relatos de casos isolados (ROCHA et al., 2011; EHLERS et al.,
2020). Nesse contexto, faz-se necessario a realizacdo de estudos detalhados e descritivos
sobre a TB em PNHSs a fim de contribuir com as normas técnicas, programas e planos
nacionais de criacdo e conservacdo dos PNHs de cativeiro e de vida livre. O objetivo deste
estudo € descrever os aspectos epidemioldgicos, clinicos, patologicos e moleculares de
Primatas Ndao Humanos do Novo e do Velho Mundo diagnosticados com tuberculose,
provenientes de cativeiro no Estado do Rio de Janeiro, Brasil.

2 REVISAO DE LITERATURA
2.1 Agente Etiologico

O Complexo Mycobacterium tuberculosis (CMTB) compreende um grupo de
micobactérias intimamente relacionadas geneticamente e incluem as espéecies M.
tuberculosis, M. africanum, M. bovis, M. canettii, M. microti, M. pinnipedii e M. caprae
(FORRELLAD et al.,, 2013). Adicionalmente, duas espécies foram recentemente
incorporadas ao CMTB e incluem M. orygis e M. mungi (INGEN et al., 2012; PYFFER,
2015).

As micobactérias sdo bacilos alcool-acido resistentes, ndo maéveis, ndo esporulantes,
ligeiramente gram-positivos que aparecem microscopicamente como bastonetes retos ou
ligeiramente curvos, com 1 a 4 um de comprimento e 0,3 a 0,6 um de largura (SAKAMOTO
2012). Os microrganismos do CMTB sdo bacilos intracelulares facultativos, aerobicos,
embora algumas possam viver em baixa tensdo de oxigénio.

Os membros do género Mycobacterium expressam &cidos micolicos Unicos no
envelope celular que desempenham um papel critico na estrutura e fungdo da parede celular
(BARRY et al, 1998). De acordo com FORRELAND et al., (2013) os fatores de viruléncia
de Mycobacterium spp. podem ser divididos com base na sua funcdo, caracteristicas
moleculares ou localizacdo celular. Esses fatores incluem o metabolismo de lipidios e acidos
graxos, presenca de proteinas do envelope celular, incluindo as que inibem efetores
antimicrobianos do macréfago, proteinas quinases, proteases como as metaloproteases, entre
outras proteinas com funcéo ainda desconhecida.

2.2 Epidemiologia
2.2.1 Primatas ndo humanos

Embora determinadas espécies possam ser mais ou menos suscetiveis, todos os
primatas ndo humanos (PNHs) podem desenvolver tuberculose (TB) (SIMMONS; GIBSON
2012). Os surtos mais graves de tuberculose (TB) sdo relatados entre os PVM, enquanto 0s
casos em PNM sdo pouco comuns (Brack, 1987). Existem grandes diferengcas na
suscetibilidade & TB entre as espécies de PNHs (MATZ-RENSING; LOWENSTINE, 2018).
As razdes para esta disparidade ndo séo claras, embora acredita-se que essa diferenca se deva
a processos evolutivos entre o hospedeiro e o patdgeno (MANSFIELD; FOX, 2019). Entre
0s membros do CMTB, as principais espécies que causam TB em PNHs sdo Mtb e Mbo e
podem causar doenca esporadica ou epizootica de alta morbidade e mortalidade em col6nias
de cativeiro (MANSFIELD; FOX, 2019).
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A incidéncia de TB em primatas do Velho Mundo (PVM) é alta, com alta
prevaléncia em macacos rhesus e tende a ser uma doenca rapidamente progressiva,
caracterizada por disseminagio sistémica (MATZ-RENSING et al.,, 2015). Os saguis
(Callithrix spp.), macacos-prego (Sapajus spp.), macacos-aranha (Ateles spp.) e 0s macacos-
de-cheiro (Saimiri spp.) parecem ser os géneros mais suscetiveis a TB entre os PNM,
enguanto o género Aotus apresenta certo grau de resisténcia para a doenca (BONE; SOAVE,
1970; MORELAND, 1970; LEATHER; HAMM, 1976; FORTMAN et al, 2001; OBALDIA
et al., 2018). Em um estudo recente realizado em uma colénia no Rio Grande do Sul,
EHLERS et al. (2020) relataram que a TB pode causar uma doenca altamente contagiosa e
progressiva com alta mortalidade em macacos-pregos-pretos (Sapajus nigritus).

A TB raramente acomete PNHs de vida livre, embora exista um relato de deteccao
de Mtb em uma populacio selvagem de babuinos em ambientes periurbanos na Africa do Sul
(PARSONS et al., 2009). O contato com o homem infectado é a principal causa de exposi¢ao
ao Mtb para esses animais. Uma vez estabelecida em uma coldnia, a doenca se espalha
rapidamente para animais alojados levando a uma epizootia com alta morbidade e
mortalidade (SIMMONS; GIBSON 2012). A tuberculose (TB) em primatas do Velho Mundo
(PVM) comumente resulta em uma doenca debilitante e progressiva. A laténcia ndo é
considerada uma caracteristica comum, mas 0s macacos cynomolgus (M. fascicularis)
podem desenvolver um curso de doencga clinicamente mais silencioso (LIN et al., 2009). A
ocorréncia de TB em primatas ndo humanos (PNHs) de cativeiro tem consequéncias
econdmicas significativas devido a morte e custos relacionados ao diagndéstico e controle da
doenca (MATZ-RENSING et al., 2015).

2.2.2 Humanos

A TB é considerada a doenca bacteriana de maior impacto para a humanidade
(WHO, 2020a). O Relatorio Global de Tuberculose da Organizacdo Mundial de Saude estima
que em 2019, 10 milhdes de pessoas (variacdo, 8,9-11,0 milhdes) desenvolveram TB e destas,
aproximadamente 1,2 milhdo morreram e 208.000 mortes foram atribuidas a coinfec¢cdo TB-
Virus da Imunodeficiéncia Humana (HIV) (WHO, 2020b). No entanto, a doenca é
amplamente subnotificada e, essas amplas variacbes sdo indicativas dos desafios de
diagnostico e deficiéncia nos sistemas de vigilancia em satde publica (KOCH et al., 2021).
A TB é um desafio global e grande parte dos casos estdo concentrados em areas onde a
pobreza e a alta densidade populacional se sobrepdem (WHO, 2020a).

Cerca de um quarto da populacdo mundial esta infectada com Mycobacterium
tuberculosis (WHO, 2020a). Todos 0s humanos sdo potencialmente susceptiveis a TB e cerca
de 90% das pessoas que desenvolvem a doenca sdo adultos. H& mais casos entre homens do
que mulheres; e daqueles que adoeceram com TB em 2019, 87% estavam em 30 paises com
alta carga de TB. No Brasil, a incidéncia de TB tem aumentado lentamente nos ultimos anos
(WHO, 2020b).

O Brasil esta na lista composta por 30 paises que tém alta taxa de incidéncia da
doenca e junto a paises como RUssia, india, China e Africa do Sul, compde o BRICS,
comportam 49% da carga mundial de TB e mais de 60% da carga de tuberculose
multirresistente (WHO, 2019). A TB é um agravo transmissivel de grande relevancia no
Brasil e, particularmente, no estado do Rio de Janeiro, por ser o segundo estado a nivel
nacional em casos confirmados, notificados no Sistema de Informacdo de Agravos de
Notificacdo (SINAN), segundo dados do Ministério da Saude/SVS - Sistema de Informacao
de Agravos de Notificacdo - Sinan Net (BRASIL, 2020).
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2.3 Biomodelos Experimentais da Tuberculose
2.3.1 Primatas ndo humanos

Devido a alta similaridade genética com humanos, os PNHs modelam com precisdo
todos os aspectos da TB e séo considerados como biomodelo padrdo-ouro nas infeccGes
experimentais por Mtb (FOREMAN et al., 2017). Os PVM foram incorporados aos estudos
da TB pela primeira vez no final dos anos 1950, quando surgiu a hipdtese de que a
susceptibilidade a infeccdo natural poderia ser utilizada para estudar a terapéutica e a
imunidade natural e induzida pela vacina a infeccdo (SCHMIDT, 1956; CLARKE, 1968;
GOOD, 1968; SCHMIDT, 1966).

Os macacos rhesus (M. mulatta) foram inicialmente a espécie dominante como
modelo da TB, em grande parte devido a sua relativa facilidade de manutencao e reproducao
em cativeiro (BARCLAY et al. 1970; BARCLAY et al., 1973; GOOD, 1968; JANICKI et
al. 1973). Os primeiros estudos utilizando macacos cynomolgus (M. fascicularis)
estabeleceram um modelo de TB cronica ao usar doses muito baixas (10 unidades formadoras
de coldnias) (WALSH et al. 1996). Posteriormente, as fases latente, ativa e de reativacéo, ou
seja, infeccdo latente progredindo para doenga ativa, foram descritas nesta espécie como
sindnimos de TB humana (CAPUANO et al. 2003; LIN et al. 2009). O modelo cynomolgus
desde entdo foi rapidamente explorado para estudos de vacinas (OKADA et al. 2007; REED
et al. 2009; MEHRA et al. 2013). A medida que os estudos delineiam as diferencas sutis na
progressao da infecgdo por Mycobacterium tuberculosis (Mth) nessas duas espécies, esta se
tornando cada vez mais claro que ambas fornecem informacdes sobre os diferentes aspectos
da doenca humana (FOREMAN et al., 2017).

Estudos experimentais demonstraram que saguis (Callithrix spp.) sdo altamente
suscetiveis a inoculacdo por via intratraqueal com Mtb (VIA et al., 2013; CADENA et al.,
2016). VIA et al., (2013) avaliaram a suscetibilidade dos saguis as micobactérias Mtb e M.
africanum de diferentes viruléncias: o isolado clinico virulento K04 e a cepa Erdman, menos
virulenta de Mtb (CDC1551) e M. africanum. De acordo com 0s autores, 0S saguis
desenvolveram tuberculose (TB) que progrediu para doenca sistémica e extensa,
recapitulando algumas das manifestacoes clinicopatoldgicas da TB humana. De acordo com
SCANGA,; FLYNN (2014) os saguis apresentam determinadas vantagens na modelagem da
TB em relacdo aos primatas do Velho Mundo (PVM), como reducdo do peso, tamanho
corporal e custos da experimentacdo, além da grande facilidade do manejo.

2.3.2 Camundongos

Os camundongos sdo relativamente resistentes ao Mtb e normalmente néo
desenvolvem TB similar aos humanos (SAKAMOTO, 2012). Apesar dos camundongos
serem infectados por aerossol, as caracteristicas anatbmicas do trato respiratorio superior
afetam a dose final administrada aos pulmdes (REZNIK, 1990). Além disso, os camundongos
podem abrigar alta concentracdo de Mtb nos pulmdes sem mostrar sinais clinicos
(MCMURRAY, 2001), ndo tossem, ndo formam lesdes cavitarias, tornando-os um modelo
pobre para estudos com TB (KARLSSON, 1988).

2.3.3 Cobaias
As cobaias (Cavia porcellus) desenvolvem respostas a infeccdo por Mtb e

reproduzem muitos dos aspectos da infeccdo humana, como granulomas caseosos e
mineralizados, lesdes pulmonares primarias e hematogénicas, formacéo de capsula fibrosa e
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disseminacdo hematégena (MCMURRAY, 1994). A cavitagdo pode ocorrer com infecgdes
crénicas de baixas doses de cobaias (YAMAMURA, 1958). As cobaias sdo altamente
vulneraveis a infeccdo, sendo necessaria apenas uma baixa dose de micobactérias inaladas,
tornando-as adequadas para estudos de transmissdo aerogena de Mtb e como animais
sentinela (RILEY, 1957). As cobaias, no entanto, ndo séo adequadas para estudos de laténcia
porque séo hospedeiros muito suscetiveis e frequentemente desenvolvem doenca progressiva
cronica com extensa destruicdo de tecido apds infeccdo por uma dose muito baixa (BEHAR,
1999).

2.3.4 Coelhos

Coelhos (Oryctolagus cuniculus) infectados com Mtb desenvolvem granulomas
caseosos e formam lesdes cavitarias (MANABE et al. 2003). Coelhos sao relativamente
resistentes a infeccdo por Mtb, no entanto, este modelo é Gtil no estudo de estados latentes da
TB. Os coelhos precisam ser imunossuprimidos experimentalmente, pois ndo reativam a
doencga espontaneamente (MANABE et al., 2008).

2.4 Estagios da Doenca

A TB ¢ a principal causa infecciosa de mortalidade em humanos em todo o mundo,
em parte devido a uma compreensao limitada de seu amplo espectro patogénico de infecgcéo
e manifestacdo da doenca (DRAIN et al., 2018). Historicamente, os testes diagndsticos e o
tratamento com medicamentos tém se concentrado em abordar dois estados da doenga:
infeccdo latente de tuberculose (ILTB) ou tuberculose ativa (TBA) (DRAIN et al., 2018).
Organismos infectados com tuberculose (TB) podem progredir rapidamente para a doenca
ativa, entretanto, a grande maioria desenvolve uma infecgéo latente e permanece em risco de
progressao para a doenca ativa, ou seja, para o estagio de reativacdo (CADENA et al., 2017).

Para individuos com infeccdo latente de TB, o hospedeiro mantém uma relacédo
dindmica com Mycobacterium tuberculosis (Mtb) por meio da regulagdo do sistema
imunoldgico inato e adquirido (BARRY et al., 2009; SCHWANDER et al., 2011). Ha
significativas diferencas entre primatas ndo humanos (PNHs) com tuberculose ativa (TBA)
e com infeccdo latente de tuberculose (ILTB), incluindo o grau de patologia e carga
bacteriana (CADENA et al., 2017). Alguns PNHs com doenga clinicamente ativa apresentam
pneumonia granulomatosa com cavitagdo, e doenga extrapulmonar, enquanto outros PNHs
podem apresentar manifestacdes limitadas aos linfonodos toracicos e um anico lobo
pulmonar (LIN et al., 2009).

De acordo com DRAIN et al., (2018), apesar da infeccédo latente de tuberculose ser
uma infec¢do com Mtb viavel, ndo é esperado que ocorra progressdo para tuberculose ativa
em um futuro préximo, na auséncia de qualquer comprometimento imunoldgico
significativo. Isso representa um analogo mais conceitual a definicdo atual da OMS, que
considera a infeccdo latente de tuberculose como tendo evidéncia de infecgédo por
micobactérias do Complexo Mycobacterium tuberculosis e nenhuma evidéncia clinica,
radiologica ou microbioldgica de tuberculose ativa (WHO, 2017; WHO 2018). Atualmente,
ndo ha uma maneira direta de confirmar infecgcdo latente de tuberculose ou sua carga
microbiolOgica, pois os testes existentes inferem ILTB com base em uma resposta de células
T ou antigenos semelhantes a tuberculose (DHEDA et al., 2016).

Uma vez estabelecida a infeccdo, as vias pelas quais a doenca pode progredir
naturalmente incluem a laténcia que € o0 curso mais comum, progressdo rapida ou lenta
através de doenca subclinica para tuberculose ativa, ou ainda um periodo de ciclos
heterogéneos que podem preceder o desenvolvimento de doenga sintomatica ou eventual
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resolucéo da doenca (DRAIN et al., 2018). A tuberculose ativa e com infeccgdo latente de
tuberculose (ILTB), incluindo o grau da lesdo é caracterizadas por Mtb viavel que causa
sintomas clinicos com anormalidades consistentes com a fase ativa da doenca. 1sso
permaneceria consistente com a definicdo atual da OMS, que considera a TB ativa como
“pacientes sintomaticos com evidéncias de Mtb na lesdao” (WHO, 2010).

Apo6s uma infeccdo primaria, ocorre um retardo na resposta imune e, portanto, o
volume bacilar que atinge os linfonodos de drenagem é maior do que na presenga de uma
resposta imune anterior (CARDONA, 2016). Os termos reativacdo e tuberculose pos-
primaria sdo usados indistintamente para conotar que a tuberculose priméria € seguida por
um periodo variavel de laténcia clinica, ap6s o qual a tuberculose se desenvolve, e contribui
para a patogénese e manifestacdes clinicas. A reativacdo da tuberculose pode ocorrer apds
um evento imunossupressor, desenvolvimento de condi¢des comdrbidas ou mesmo ocorrer
sem um antecedente especifico. O pulméo € o principal érgdo afetado em casos de reativacao
da tuberculose (ELLNER, 2012).

2.5 Sinais Clinicos

Os sinais clinicos de tuberculose em primatas ndo humanos variam de acordo com
a localizacéo e a gravidade da infeccdo (SIMMONS; GIBSON 2012). Quando presentes, 0s
sinais clinicos podem ser inespecificos, porém, frequentemente os primatas sdo encontrados
mortos sem histdria clinica prévia (RENQUIST; WHITNEY, 1978). Conforme a doenca
progride, os PNHs demonstram dispneia aos esforcos, letargia, anorexia e perda cronica de
peso (SIMMONS; GIBSON 2012). Hepatomegalia palpavel e esplenomegalia séo relatadas
em alguns casos.

Em um surto de Mbo em uma coldnia de macacos rhesus e cynomolgus, observou-
se que 0s macacos rhesus eram mais propensos a exibir sinais clinicos, incluindo tosse
persistente e inapeténcia, do que macacos cynomolgus (GARCIA et al., 2004). De acordo
com VIA et al. (2013), a perda progressiva de peso foi o sinal clinico mais comum em saguis
infectados experimentalmente e que desenvolveram tuberculose. Além disso, os autores
observaram pirexia de baixo grau, desidratacdo, anorexia e taquipneia.

2.6 Patogénese

A patogénese da tuberculose é altamente complexa e dindmica (LENAERTS;
BARRY; DARTOIS, 2015). A cepa infectante, bem como a via de infeccdo dos
microorganismos pertencentes ao Complexo Mycobacterium tuberculosis podem impactar
significativamente o curso e a manifestacdo da doenca (PENA et al., 2015). A via mais
comum da infecgdo é a aerdgena, por meio de inalacdo de microparticulas contendo bacilos
infectantes. A dose infecciosa para primatas ndo humanos € bastante variavel e poucos
bacilos ja sdo considerados biologicamente relevantes para o curso da doenca
(DANNENBERG, 1978).

LIN et al. (2014) ao conduzirem um estudo com saguis infectados com Mtb,
demonstraram que as lesdes podem variar substancialmente dentro de um hospedeiro. Além
disso, este estudo sugere que a heterogeneidade da lesdo € mediada pela imunidade adaptativa
do hospedeiro. As interacdes patdgeno-hospedeiro dentro das lesbes formam um processo
dindmico, provavelmente influenciado por mediadores pré-inflamatorios que induzem
diferentes respostas teciduais nos organismos (LENAERTS; BARRY; DARTOIS, 2015).

Ao serem inalados e atingirem o espaco aereo, o0s bacilos sdo fagocitados por
macrofagos alveolares (SIMMONS; GIBSON 2012). Esses macrofagos sdo estimulados a
produzir citocinas e quimiocinas pro-inflamatérias, levando ao recrutamento de mais
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leucdcitos para o local da infecgdo. Os neutrofilos e mondcitos chegam primeiro, fagocitam
bactérias adicionais, secretam mais citocinas e quimiocinas e comecam a organizar o
granuloma inicial (SAKAMOTO, 2012). O Mycobacterium tuberculosis (Mtb) recém
fagocitado reside em um fagossomo e entdo as micobactérias blogueiam a maturacéo, a fusao
lisossomal e a acidificacdo da vesicula (ARMSTRONG; HART, 1975). O fagossomo
micobacteriano retém as caracteristicas dos endossomos iniciais, enquanto exclui 0s
marcadores endossdmicos tardios (CLEMENS; HORWITZ, 1996).

Se esses macrofagos nédo tiverem sucesso em destruir os bacilos, um foco central de
necrose caseosa se desenvolvera no centro da area afetada (ELLNER, 2012). Neste local,
sera formado um granuloma bem organizado, consistindo de um foco de necrose caseosa
circundado por histidcitos integros e degenerados, macréfagos epitelioides, macrofagos
espumosos, linfocitos, variavel nimero de células gigantes multinucleadas do tipo Langhans
e, por vezes, pode ser delimitado por cépsula fibrocolagenosa (SAKAMOTO, 2012). Lesbes
primarias que contém o patdgeno frequentemente se desenvolvem como lesdes
granulomatosas mineralizadas, que sdo consideradas relativamente estiveis e menos
dindmicas do que outros tipos de lesdo (ULRICHS; KAUFMANN, 2011).

As lesGes necréticas representam dano irreversivel no tecido afetado.
Posteriormente, ocorre mineralizacdo, fibrose e, as vezes metaplasia 6ssea (BASARABA,
2008). A mineralizacdo distrofica € um processo patoldgico associado a deposicédo intra e
extracelular de sais de calcio, fésforo e magnésio em locais com necrose caseosa (WU-
WONG et al., 2006). A mineralizagdo é um processo progressivo e é considerada junto com
a fibrose como uma resposta tecidual clinicamente favoravel (BASARABA, 2008), enquanto
a mineralizacdo incompleta é desfavoravel, uma vez que a necrose da leséo residual pode
abrigar bacilos viaveis tolerantes a drogas (RIDLEY; RIDLEY, 1987).

O granuloma € mantido por uma resposta de hipersensibilidade tardia (tipo 1V),
mediada por linfocitos produtores de Interferon Gama (IFN-y), a presenca persistente de
antigenos e lipideos imunoestimuladores, pois Mycobacterium tuberculosis (Mtb) pode
sobreviver dentro dos macrofagos e extracelularmente dentro do granuloma (MCCUNE et
al., 1966). O granuloma é considerado uma area hipdxica em primatas ndo humanos (VIA et
al., 2008), isto é uma consideracdo importante a favor do metabolismo micobacteriano e que
reduz a eficacia da terapia antibiética (MCMURRAY, 2001).

A reacdo granulomatosa formada no local primario de implantacdo do bacilo é
denominada foco de Ghon. Os bacilos podem se espalhar antes da formacdo desses
granulomas organizados através da drenagem linfatica para os linfonodos mediastinicos,
resultando em linfangite granulomatosa e linfadenite, que, junto com o Complexo de Ghon,
¢ chamado de complexo primario de Ranke (SAKAMOTO, 2012). A disseminacédo
hemat6gena no pulméo ou para outros 6rgaos também pode ocorrer. Curiosamente, 0s lobos
pulmonares superiores do humano favorecem o crescimento bacilar devido a maior pressao
de oxigénio e respostas imunologicas retardadas (PARK et al., 1992).

Com o passar do tempo, a necrose associada ao alto teor de lipideos e proteinas dos
macrofagos mortos resultam na aparéncia caseosa macro e microscopica (SAKAMOTO,
2012). Os granulomas caseosos sdo compostos predominantemente por necrose e debris
celulares, lipideos derivados do hospedeiro, e uma andlise da regulagdo génica nas células
mostra desregulacdo do metabolismo lipidico do hospedeiro causada por Mtb (KIM et al.,
2010). Na maioria dos casos de TB observam-se lesdes pulmonares com morfologia
heterogénea (KAPLAN et al., 2003), ou seja, cada granuloma contém bacilos em diferentes
estagios de laténcia e reativagdo, o que caracteriza alteracdes teciduais distintas (FENHALLS
et al., 2000).

Em biomodelos que desenvolvem lesdes caseosas necrdticas, como 0s primatas ndo
humanos, bem como na tuberculose humana, o numero de bacilos por lesdo é considerado
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relativamente reduzido, exceto para lesdes liquefativas e cavitarias. Em primatas do Velho
Mundo (PVM) com tuberculose ativa, observa-se de 0 a 75% de lesdes estéreis (bacilos
ausentes no tecido), enquanto 20 a 100% das lesGes eram estéreis em macacos infectados de
forma latente, mostrando que a esterilizagdo da lesdo ndo é apenas uma caracteristica da
doenca latente (LENAERTS et al., 2015).

Cavitacgdo € o processo pelo qual o granuloma caseoso € liquefeito e liberado através
de uma via aérea erodida ou pelo espago pleural (LENAERTS; BARRY; DARTOIS, 2015).
Esse processo se da por hidrélise do granuloma caseoso sélido. Embora o mecanismo nédo
seja totalmente conhecido, foi demonstrado que as enzimas hidroliticas (WEISS et al., 1954;
ROJAS-ESPINOSA et al., 1974), a falta de vascularizacdo e a resposta imomediada tardia
desempenham papel importante neste processo. A presenca e extensdo da doenca cavitéria
sdo frequentemente correlacionados com um prognostico desfavoravel e desenvolvimento de
resisténcia bacteriana (ABER; NUNN, 1978).

Curiosamente, os tecidos extrapulmonares podem estar persistentemente infectados
com microorganismos do Complexo Mycobacterium tuberculosis (HERNANDEZ-PANDO
etal., 2000; NEYROLLES et al., 2006). Em humanos, quase 15% dos casos de reativacdo da
tuberculose ocorrem em locais extrapulmonares, como sistema nervoso central, pele e trato
geniturinario, sem lesbes pulmonares associadas (BACKER et al., 2006). O primeiro local
de disseminacdo extrapulmonar é geralmente o linfonodo mediastinico por meio de vasos
linfaticos aferentes de drenagem. A disseminacdo para outros Orgaos extrapulmonares é
hematdgena ou através do trato gastrointestinal a partir de bacilos deglutidos (LIN et al.,
2006). As diferencas podem ser especificas do tecido, relacionadas ao tipo e distribui¢do da
vascularizacdo tecidual (BASARABA, 2008). Na auséncia de progressdo, um individuo
infectado pode permanecer assintomatico com bacilos existindo em um estado latente,
possivelmente controlado pelo sistema imunolégico do hospedeiro (SAKAMOTO, 2012).

2.7 Patologia
2.7.1 Macroscopia

Frequentemente, em primatas ndo humanos (PNHs) com tuberculose (TB) observa-
se 0 tubérculo tipico, um granuloma com estrutura caracteristica. Os granulomas apresentam-
se como nodulos firmes, branco-amarelados ou acinzentados, de diferentes tamanhos. Lesdes
focais ou multifocais a coalescentes sdo observadas no pulméo, que é o 6rgdo mais
comumente afetado. Os tubérculos podem se estender até a pleura toracica ou traqueia. Os
linfonodos traqueobrdonquicos podem estar muito aumentados com &reas caseosas na
superficie de corte (MATZ-RENSING; LOWENSTINE, 2018).

Os estagios avancados da doenca séo caracterizados pela disseminacgéo para locais
extrapulmonares. Os granulomas sdo frequentemente vistos no bago, rim, figado e em
diferentes linfonodos. A disseminacdo para outros Orgdos varia entre 0s PNHs e ndo se
correlaciona necessariamente com a gravidade do envolvimento pulmonar (SIMMONS;
GIBSON 2012).

2.7.2 Microscopia

Estudos em PNHs demonstraram que os granulomas tuberculosos ndo séo estruturas
uniformes e, em vez disso, apresentam uma grande variedade de apresentagdes
histopatoldgicas (SCANGA; FLYNN, 2014). Vérios tipos de lesdes podem coexistir até
mesmo no mesmo individuo. Essas mesmas caracteristicas podem ser vistas em PNHs
infectados experimentalmente (LIN et al., 2009; FLYNN; KLEIN, 2011). Segundo MATZ-
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RENSING; LOWENSTINE (2018), histologicamente os granulomas tipicos podem ter
tamanhos variados, com um centro com debris picnéticos ou material proteico e amorfo, que
em PNHs raramente € mineralizado. Esses centros necroticos sdo circundados por
macrofagos epiteloides, linfocitos, neutrofilos integros e degenerados e células gigantes
multinucleadas, geralmente do tipo Langhans.

De acordo com SIMMONS; GIBSON (2012), diferentemente de outras especies
animais, uma cépsula fibrosa geralmente ndo é encontrada em PNHs. O nimero de bacilos
alcool-acido resistentes dentro de lesGes granulomatosas pode variar consideravelmente, mas
frequentemente existem apenas alguns organismos evidenciados pela histoquimica de Ziehl-
Neelsen. Lesbes cavitarias em biomodelos animais geralmente se desenvolvem como uma
continuacgdo da infeccdo primaria. Geralmente as cavidades progridem da necrose caseosa
para a necrose de liquefacéo, substituindo o tecido pulmonar parenquimatoso (BASARABA,
2008).

Em lesGes crbnicas, o Mycobacterium tuberculosis (Mth) se localiza
predominantemente em macrofagos espumosos na periferia das lesbes (KAPLAN et al.,
2003). Esses macrofagos espumosos predominam nos estagios avancados da TB e séo
induzidos por micobactérias virulentas em resposta aos acidos micdlicos presentes na parede
celular (PEYRON et al., 2008). Essas células tém atividade microbicida e fagocitica
reduzidas e, portanto, acredita-se que fornecam um reservatdrio rico em nutrientes para a
persisténcia de Mtb (SAKAMOTO, 2012).

2.8 Diagnostico
2.8.1 Bacterioldgico

A familia Mycobacteriaceae possui um amplo espectro de bactérias que apresentam
diferentes dindmicas de crescimento em cultura e distintas caracteristicas de patogenicidade
(FONG, 2020). O cultivo e isolamento bacteriano sdo considerados o padrdo ouro do
dagnostico de TB em PNHS (DUNN; STARKE; REVELL, 2016), entretanto, pode ser dificil
especialmente no inicio da doenga, quando um nimero baixo de micobactérias esta presente
(SIMMONS; GIBSON, 2012). Esse processo pode ser prolongado devido a natureza de
crescimento lento dos organismos do Complexo Mycobacterium tuberculosis (CMTB) e
pode levar semanas a varios meses para ser concluido (MANSFIELD; FOX, 2019).

Para o diagnostico ante-mortem, swabs orais, lavados gastricos e amostras de fezes
podem ser utilizados como amostras para cultivo micobacteriano em primatas ndo humanos
(MANSFIELD; FOX, 2019). Essas amostras podem ser semeadas em meio Lowenstein—
Jensen (L-J), que é o mais tradicionalmente usado para isolar cepas humanas de
Mycobacterium tuberculosis (Mth) e a maioria das outras micobactérias (ACHARYA et al.,
2020). Tanto Mtb quanto M. bovis (Mbo) crescem em meio artificial a 37° C, mas Mtb prefere
meio com glicerol, enquanto o glicerol inibe o crescimento de Mbo (SIMMONS; GIBSON
2012). A identificacdo de Mtb em culturas positivas pode ser realizada por testes bioquimicos
para Niacina, Arilsulfatase, Vermelho neutro, Catalase-peroxidase, Amidase e nitrato
redutase apos a incubagdo de 2 a 3 semanas (FORBES; SAHM; WEISSFELD, 2000).

2.8.2 Molecular

A reacdo em cadeia pela polimerase (PCR) é o método de diagndstico molecular
mais importante usado para diagnosticar tuberculose (NESHANI et al., 2018). Nos altimos
anos, varias sequéncias alvo foram usadas para diagnosticar os microrganismos do Complexo
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Mycobacterium tuberculosis (CMTB) por PCR, como 1S6110, mpb64, devR, hsp65, 38 KDa
(pstS1), 30 KDa (fbpB), esat6, cfpl0, gene 16S rDNA (rrs) e rpoB (HALDAR et al., 2011;
RAJ et al., 2016). Os testes de diagnostico baseados nesses alvos tém alta sensibilidade e
especificidade para a discriminagdo dos microrganismos pertencentes ao CMTB (NESHANI
etal., 2018).

Testes moleculares para o diagndstico de tuberculose em primatas ndo humanos,
como a PCR tém como vantagem a rapida velocidade de execuc¢do, podendo estar disponiveis
em questdo de horas, em vez de semanas necessarias para o cultivo (MANSFIELD; FOX,
2019). Além disso, a amplificagdo de primers especificos através da PCR para
microorganismos do CMTB em tecidos coletados na necropsia pode levar a um diagnostico
mais precoce e preciso do que a cultura (BRAMMER et al., 1995). O ensaio Xpert® MTB /
RIF é baseado na amplificacdo usando um PCR multiplex em tempo real da regido central de
81 pares de bases do gene rpoB especifico para Mycobacterium tuberculosis e mutagdes
determinantes de resisténcia a rifampicina (LAWN; NICOL, 2011). Em situacdes com baixa
carga de micobactérias, 0 GeneXpert® MTB / RIF é associado a sensibilidade limitada na
deteccdo de Mtb (SOHN et al., 2014), e com elevada quantidade de resultados falsos positivos
(AREND; SOOLINGEN, 2018) e eficiéncia reduzida em comparagdo com a PCR
convencional (SOHN et al., 2014).

2.8.3 Imunoldgico
2.8.3.1 Teste tuberculinico

O diagnostico ante mortem da tuberculose é tradicionalmente baseado no teste
tuberculinico intradérmico (SIMMONS; GIBSON, 2012). O principio deste teste é baseado
na classica resposta de hipersensibilidade tardia (tipo 1V) a proteina purificada derivada
(PPD) tuberculinica, que é uma mistura de antigenos derivados do Mycobacterium
tuberculosis (LIN et al., 2008). O teste tuberculinico consiste na administracdo de 0,10 ml de
(tuberculina) por via intradérmica na palpebra ou na pele abdominal. O local da inoculacédo
é observado as 24, 48 e 72 horas pds-inoculagdo e a reagdo tecidual, se houver, é mensurada.
Observa-se uma reacdo granulomatosa no local da aplicacdo e eritema, edema e ptose, que
sdo indicativos de uma reacéo suspeita ou positiva (MCLAUGHLIN; MARRS, 1978).

O teste tuberculinico é limitado em sua eficacia, pois animais com doenca em
estadgio inicial ou avancado podem apresentar reacbes falso negativos (SIMMONS;
GIBSON, 2012). Doengas concomitantes em primatas ndo humanos, como 0 sarampo, ou
mesmo uma histdria recente de vacinagao contra o sarampo, também podem resultar em uma
reacdo falso-negativa devido a supressdo da resposta imune mediada por células
(MCLAUGHLIN; MARRS, 1978). Falsos positivos podem resultar da exposicdo ao
adjuvante completo de Freund ou de trauma devido & administracdo inadequada do teste ou
reatividade n&o especifica ao veiculo (PIERCE; DUKELOW, 1988).

2.8.3.2 Interferon gama

Devido aos resultados falsos positivos e falsos negativos do teste tuberculinico,
outros métodos foram desenvolvidos para diagnosticar a infeccdo clinica em humanos e em
primatas ndo humanos (LIN et al., 2008). O Interferon Gama (IFN-y € uma citocina de células
T que ativa macrofagos para produzir espécies reativas de oxigénio e nitrogénio, €
provavelmente a citocina mais importante na resposta imune a TB. Esta citocina é secretada
principalmente por linfécitos citotoxicos Thl e CD8p, linfocitos T natural Killer, células T,
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células apresentadoras de antigenos e, em menor extensdo, células B (MARTINEZ et al.,
2009).

Existem dois métodos principais pelos quais o IFN-y pode ser mensurado (LIN et
al., 2008). De acordo com GARCIA et al. (2004) no primeiro método a quantidade de IFN-y
€ mensurada por ensaio de imunoabsor¢do enzimatica (ELISA). O segundo método
quantifica o numero de células produtoras de IFN-y, em vez de uma quantidade total de IFN-
v produzida no método baseado em ELISA (LIN et al., 2008).

2.8.4 Imuno-histoquimica

A presenca de antigenos de Mycobacterium tuberculosis (Mtb) no tecido pode ser
avaliada por meio da técnica de imuno-histoquimica (IHQ) (KARIMI et al., 2014). A IHQ
usando anticorpos especificos tem o potencial de revelar a presenca de bacilos nos tecidos
analisados, mesmos que estes ndo possuam a parede celular bacilar intacta (MUSTAFA et
al., 2006). Desse modo, a IHQ é considerada mais sensivel do que a coloracdo de Ziehl-
Neelsen para microorganismos acido-resistente e tem sido empregada no diagnostico da TB
em multiplas espécies (MUSTAFA et al., 2006; KARIMI et al., 2014; RIBEIRO et al., 2017;
EHLERS et al., 2020).

2.9 Tratamento

O tratamento de primatas ndo humanos (PNHs) com tuberculose (TB) em alguns
casos é eficaz (SIMMONS; GIBSON, 2012). A terapia unicamente com isoniazida como
preventivo ou como agente terapéutico é considerada ineficaz (BURKHOLDER et al., 1967;
CLARKE; SCHMIDT, 1969). A terapia multimodal usando duas ou mais moléculas tem sido
bem empregada em PNHs com TB (MCCLURE, 1980; WARD et al., 1985). O uso de
multiplos agentes diminui a possibilidade de desenvolver resisténcia a antibioticos e permite
agrupar agentes gque atacam a micobactéria em diferentes estagios de seu ciclo de vida
(WOLF et al., 1988).

Combinacdes eficazes de drogas incluem isoniazida e estreptomicina (FREMMING
et al., 1957; INDZHILA et al., 1977; WARD et al.,, 1985), isoniazida e &cido
aminossaliciclico (MCCLURE, 1980), e isoniazida, etambutol e rifampicina (WOLF et al.,
1988). A falha em identificar o agente etiolégico, bem como em determinar a sensibilidade
aos antibidticos pode levar ao fracasso do tratamento (HABERLE, 1970; DILLEHAY;
HUERKAMP, 1990).

2.10 Prevencéo e Controle

Programas de saude e seguranca ocupacional e programas de salde preventiva das
colbnias sdo essenciais para a prevencao e controle da tuberculose em PNHs (CADENA et
al., 2016). Procedimentos eficientes de quarentena, praticas de manejo e procedimentos de
monitoramento e protecdo de pessoal e primatas ndo humanos sdo Uteis para prevenir surtos
de TB em uma col6nia (BUSHMITZ et al., 2008). Exames completos e especificos para o
diagnostico de tuberculose (TB) devem ser realizados constantemente na coldnia
(MAZUREK; VILLARINO, 2003; PAI et al., 2004).

De acordo com BUSHMITZ et al., (2008), quando um diagndstico positivo de TB
é feito em um PNH, ele deve ser imediatamente eutanasiado e a carcaca deve ser
encaminhada a necropsia. Os recintos devem ser higienizados e os PNHs restantes devem ser
colocados sob um periodo inteiro de quarentena ou serem eutanasiados.
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3. CAPITULO 1

Pulmonary granuloma is not always the tuberculosis hallmark: pathological findings
of different tuberculosis stages in New and Old World Nonhuman Primates naturally
infected with the Mycobacterium tuberculosis Complex
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Abstract

Herein we present the pathological findings of different tuberculosis stages in Old and New World monkeys
kept under human care in Rio de Janeiro, Brazil and naturally infected with Mycobacterium tuberculosis
Complex. Fifteen nonhuman primates from five different colonies were incorporated into the study. There are
60% (9/15) Old World Monkeys and 40% (6/15) New World Monkeys. According to the gross and
histopathologic findings, the lesions in nonhuman primates of this study are classified into the chronic-active,
extrapulmonary, early-activation or latent-reactivation tuberculosis stage. Among the Old World Monkey,
66.7% (6/9) of nonhuman primates, all rhesus monkeys (Macaca mulatta), showed severe granulomatous
pneumonia. In all Old World Monkeys cases, typical granulomas were seen in at least one organ regardless of
the stage of the disease. In the New World Monkeys, the typical pulmonary granulomas were seen in 16.7%
(1/6) of the cases, just in the latent-reactivation stage in Uta Hick’s Bearded Saki (Chiropotes utahickae). In
this study, 66.7% (6/9) of Old World Monkeys (OWM) and 83.3% (5/6) of New World Monkeys (NWM)
showed pulmonary changes at the histological evaluation. The tuberculosis diagnosis in the nonhuman primates
in this study was based on pathological, immunohistochemical, molecular, and bacteriological culture.
Although the typical presentation was observed in some cases, the absence of pulmonary granuloma did not
exclude the tuberculosis occurrence in nonhuman primates of the Old and New World. Tuberculosis should be
included as a cause of interstitial pneumonia with foamy macrophages infiltration in the New World nonhuman
primates. Due to the high sensitivity of immunohistochemistry with Anti-Mycobacterium tuberculosis, we
suggest the addition of this technique as a diagnostic tool of tuberculosis in the nonhuman primates even when
the typical changes are not seen.

Keywords: Tuberculosis, Nonhuman Primates, pathological findings.

Introduction
Mycobacterium tuberculosis complex (MTBC) refers to a group of mycobacteria
encompassing nine members of closely related species that cause tuberculosis (TB) in
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animals, including humans (Kanabalan et al., 2021). Tuberculosis is consistently the most
impactful bacterial disease to affect humanity, with a quarter of all humans infected and
responsible for the most significant number of infection-related deaths and long-term
disability (WHO, 2020a). In 2019, an estimated 10 million people were having health issues
with TB worldwide, and it was considered one of the top 10 causes of human death and the
leading cause of a single infectious agent (WHO, 2020Db). Tuberculosis is a chronic airborne
disease that causes high morbidity and mortality in humans and nonhuman primates (NHPs),
especially captive macaque monkeys (Warit et al., 2020).

Although particular species may be more or less susceptible to disease, all
nonhuman primates can develop tuberculosis (Matz-Rensing and Lowenstine, 2018). Due to
the high genetic similarity with humans, NHPs accurately model all TB aspects and are
considered the gold standard biomodel in experimental M. tuberculosis infection (Foreman
et al, 2017). Infections in captive nonhuman primates by MTBC mainly occur due to direct
contact with TB-infected humans through the inhalation of aerosolized bacteria (Ghodbane
and Drancourt, 2013; Matz-Rensing et al, 2015; Warit et al., 2020). Captive nonhuman
primates develop an infection clinically indistinguishable from human tuberculosis (Kaushal
et al., 2012; Kanabalan et al., 2021), and they recapitulate the full spectrum of infection
outcome and pathology seen in humans (Scanga and Flynn, 2014).

The hallmark of tuberculosis is a typical granuloma presentation in any organ (Métz-
Rensing and Lowenstine 2018). According to Lin et al. (2009), in macaques with active-
chronic TB, classical caseous granulomas, suppurative granulomas, nonnecrotizing
granulomas, tuberculous pneumonia, and cavitary lesions were observed. The authors report
latently infected monkeys present classic caseous lesions with mineralized granulomas and
completely fibrotic pulmonary areas. In cases of rapidly progressive TB, the authors report a
pattern of lesions consistent with a primary pulmonary disease with disseminated miliary,
sometimes confluent small pulmonary granulomas, and extrapulmonary spread into the
hepatic, splenic, and mesenteric tissue.

TB is well known and widely reported disease in laboratory Old World Monkeys
(OWM), and most experimental studies have been performed in this nonhuman primate
group (Schmidt 1956; Clarke, 1968; Walsh et al. 1996; Okada et al. 2007; Reed et al. 2009;
Mehra et al. 2013). The natural occurrence in New World Monkeys (NWM) species is
considered uncommon (Métz-Rensing and Lowenstine 2018). Reports of Brazilian TB

occurrence in nonhuman primates are scarce. Brazil is among the 30 countries with the
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highest incidence of human tuberculosis worldwide (WHO, 2019) and in 2020, Rio de
Janeiro state was considered the second state with the most cases of human tuberculosis
(BRASIL 2020). We describe the pathological findings of different stages of Mycobacterium
tuberculosis Complex infection in New and Old World Nonhuman Primates kept under
human care in Rio de Janeiro, Brazil.

Materials and Methods

Animals and study area

This study was conducted in nonhuman primates kept under human care in Rio de
Janeiro, Brazil. Fifteen nonhuman primates with a suspected or prior diagnosis of
tuberculosis, regardless of species, sex or age, from five captive colonies were be included
in the study. The epidemiological data about sex and age in each case were acquired with the
colonies' technical veterinary.

The colony is the Nonhuman Primate Breeding Service (SCPrim) of the Biomodel
Science and Technology Institute (ICTB) of the Oswaldo Cruz Foundation (Fiocruz), Rio de
Janeiro, Brazil (2°52'39.06" S, 43°14'46.20" W). Currently, SCPrim has 510 rhesus monkeys
(Macaca mulatta), 56 cynomolgus monkeys (Macaca fascicularis) and 123 squirrel monkeys
(Saimiri sp.), of which 118 are S. sciureus and five S. ustus. The nonhuman primates are bred
and maintained according to the guidelines of the National Council for the Control of Animal
Experimentation, CONCEA (BRASIL, 2015), the Guide for the Care and Use of Laboratory
Animals (National Research Council, NRC, 2003; 2011) and the Federation of European
Laboratory Animal Science Associations (FELASA) (BALANSARD et al., 2019). Animal
handling procedures were approved by the Ethics Committee on the Use of Animals (CEUA,
Fiocruz) under license number LW-5/16 and additive terms. The management of wild fauna
in the farm is also authorized by the Brazilian Institute for the Environment and Renewable
Natural Resources (IBAMA) under number 556664, INEA-RJ.

All colonies receive filtered and treated water ad libitum through automatic stainless
steel drinkers. The diet consists of extruded commercial feed (Nuvilab® Old World Monkeys
and Nuvilab® Neotropical Primates, both from Quimtia, Colombo, Parana, Brazil) in the
morning, supplemented with horticultural items in the afternoon. The vegetables are
routinely sanitized by submersion in a chlorinated solution at 0.02% for 20 minutes for
parasitological and bacteriological control. The enclosures, built-in grid and masonry, are
furnished with perches, drums and swings. Other food, physical or sensory environmental

enrichment items are offered alternately (grains, herbs, fruit ice cream, popcorn, tire swing,
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swimming pool on hot days, among others). All enclosures have a covered refuge area for
animals to protect themselves from weather and other animals during a fight. The enclosures
included an open environment with natural light and trees.

The rhesus colony has nine modules divided into two enclosures (A and B) with
64m? each and two modules divided into four enclosures (A, B, C and D) with 34m2 each
totaling 26 enclosures. In these enclosures, groups of five NHP on average are housed. Some
enclosures house all-male groups, and there is an enclosure for older NHP. The monkeys are
divided into family groups consisting of male and female alphas and other animals of
different ages, with an average of 20 individuals per enclosure. The smaller cages house the
primates or groups of all males separated to carry out population control of the colony or
reserve breeding stock.

The cynomolgus colony is bred in a building consisting of five in-line enclosures
measuring 7.35 m? each, containing part of the covered area and part of the uncovered area.
The social groups are formed by males, females of different ages and offspring, with an
average of 11 individuals per enclosure. There is also a group composed only of males, with
15 NHP. The Saimiri colony forms a complex of six modules divided into two enclosures (A
and B) with an external area of 17.10 m? and an internal area (refuge) with 2.85 m?, a total
of 19.95 m? each. Social groups are distributed with an average of 11 animals per enclosure.

The colony of the Triage Center of Wild Animals (CETAS), in Seropédica, Rio de
Janeiro state, Brazil (22°43'34.1"S 43°42'22.4"W). CETAS is a federal environmental
organization that works with wildlife animal rescue, especially animals from smuggling. The
goal is to rehabilitate and reintroduce many species in their natural habitat or redirect them
to a definitive place, such as a zoo or a legal breeder. The center works approximately with
6,000 animals a year and is under the jurisdiction of the IBAMA. Installation of CETAS at
approach time housed about 10 Sapajus sp. and 14 Callithrix sp., but that number changes
drastically once the center receives and destinates animals every once in a while, as well as
there could be deaths for many different reasons. The primates in the center mainly eat fruits,
vegetables, boiled eggs and raw cattle hearts previously frozen. These items are washed with
common sink water, and there is no control of the quality of this water. Because the center
has limited money resources, it is not uncommon for the primates to be fed a limited variety
of items for long periods.

The Sapajus spp. are kept in an exclusive block for larger animals, a medium-size

enclosure 3 x 3,44 x 4 m has four in-line smaller enclosures inside, five on each side. Inside
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each enclosure, the monkeys are kept according to affinity and proportion of males to females
(approximately 1:2). In this study, there was no breeding control program, and all animals
were intact. Inside their enclosure, there are perches (varying in size), as well as strings and
hanging tires for their entertainment. There are no trees and/or plants.

The Callithrix sp. species are kept in individual bird cages or into families in a cement
enclosure in a block composed of a line of eight enclosures. They are surrounded by
psittacines and passerines' enclosures (on the right and the left, respectively). Each enclosure
has about 17 m2. These NHP have no tagging or any other type of marking, so it is almost
impossible to track their origin once they arrive in the center after a while. In cases in which
there are males and females together, the males are castrated. CETAS is short in staff, and
the same keeper that handles the other animals (birds, reptiles and mammals) also handles
the Callithrix and Sapajus species.

The colony of the Rio de Janeiro Primatological Center (CPRJ) of the
Environmental State Institute (INEA) of Rio de Janeiro, Brazil (22°29°14.51” S, 42° 48°78”
W), an institution devoted to the Conservation of endangered neotropical primates. The
nonhuman primates are bred and maintained according to the CONCEA (BRASIL, 2015)
and the Best Practice Guidelines for Callithrichidae, EAZA (AMSTERDAM, 2017). The
breeding colony is authorized by the IBAMA, under number 4989806, INEA/RJ.

Currently, CPRJ has 350 neotropical primates, 276 of which are from the
Callithrichidae family (genus Callithrix, Cebuella, Mico, Saguinus and Leontopithecus), 41
from Cebidae (genus Sapajus, Saimiri and Cebus), 3 Aotidae (genus Aotus), 15 Pitheciidae
(Callicebus, Plecturocebus, Pithecia, Cacajao and Chiropotes) and 12 from Atelidae (genus
Alouatta and Ateles). These primates are housed in family groups or pairs, with no public
access, in 140 outdoor enclosures built in masonry and iron screen and furnished with perches
and nest boxes or shelters. The enclosures are located in an open environment with access to
natural sunlight and are protected from rain and cold wind. The CPRJ possesses an area of
270 hectares in the Parque Estadual dos Trés Picos (PETP) in the Bioma Atlantic Forest.

The primates receive treated water ad libitum in stainless steel drinkers. The diet
consists of extruded commercial feed (Nuvilab® Old World Monkeys and Nuvilab®
Neotropical Primates, both from Quimtia, Colombo, Parana, Brazil) in the morning,
supplemented with horticultural items in the afternoon. Folivorous species also receive fresh

leaves every day, and the insectivorous receive bugs and worms regularly. The vegetables
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are routinely sanitized by submersion in a chlorinated solution at 0.02% for 20 minutes for
parasitological and bacteriological control.
Clinical Assessment

At Nonhuman Primate Breeding Service (SCPrim/ICTB), the NHPs are physically
restrained and sedated with an association of ketamine hydrochloride (Cetamin, Syntec®,
Brazil) 10 mg/kg + midazolam hydrochloride (Teuto®, Brazil) 1mg/kg intramuscularly. After
restraint, the primates are weighed, and clinical examination is performed, such as palpation
of the abdomen and lymph nodes, examination of the oral cavity, skin, mucous membranes,
pulmonary and cardiac auscultation, and temperature verification. Depending on the case,
blood is collected for hemogram and biochemistry, sent to the ICTB laboratory.

In the Triage Center of Wild Animals (CETAS), in order to perform clinical and
routine examinations, the Callithrix species are manually restrained (usually by towels or
leather gloves), and Sapajus species are examined under sedation with ketamine +
midazolam intramuscularly (the dose varying from 10mg/kg to 0,5mg/kg to 1mg/kg,
respectively). These animals are also weighed, palpated and checked for abnormalities in
heart/lungs auscultation, oral cavity, lymph nodes, skin, mucous membranes and
temperature. Clinically ill patients can have blood withdrawn, feces collected, and x
rays/ultrasound performed at the Veterinary Hospital at the UFRuralRJ.

At CPRJ, the NHP are captured with nets and physically restrained and sedated with
ketamine hydrochloride (Cetamin, Syntec®, Brazil) 10 mg/kg + midazolam hydrochloride
(Teuto®, Brazil) 1mg/kg intramuscularly. After restraint, the primates are weighed, and
clinical examination is performed, such as palpation of the abdomen and lymph nodes,
examination of the oral cavity and teeth, nostrils, ears, eyes, skin and fur, mucous
membranes, genital, urinary and rectal openings, pulmonary and cardiac auscultation and
temperature verification. Clinically ill animals can have biological samples analyzed or x-
rays/ultrasounds performed.

Necropsy and sample collection

In the cases of death or euthanasia in nonhuman primates, the necropsy was realized
by the technical responsible of the colony. The euthanasia of nonhuman primates from
SCprim colonies was performed after sedation with ketamine hydrochloride 10mg/kg +
midazolam hydrochloride 1m/kg and consist of intravenous injection of thiopental sodium
30-60 mg/kg with continuous infusion until the deep plane of anesthesia is reached, then
progressing to coma and death. In the case of nonhuman primate euthanasia from CETAS
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colony, the sedation was performed with ketamine 40mg/kg + xylazine 2mg/kg
intramuscularly and, after the loss of consciousness and protective reflexes, subsequent
intracardiac administration of potassium chloride 19,1%. These methods follow the
CONCEA Normative Resolution 28/2015 and Brazilian Guide of Good Practices for Animal
Euthanasia (CFMV 2013; BRASIL, 2015).

The necropsy of all nonhuman primates was performed by at least two veterinary
pathologists of the Anatomy Pathology Sector of Federal University Rural of Rio de Janeiro
(SAP/UFRuralRJ), Nonhuman Primate Breeding Service (SCPrim) or Primatology Center of
Rio de Janeiro (CPRJ). During the procedure, personal protective equipment was used. A
complete set of tissue samples as skin, skeletal muscle, tongue, thyroid, lymph nodes, trachea,
lungs, heart, liver, spleen, kidneys, adrenals, stomach, intestines, pancreas, brain, and nerves
were collected in each case and fixed in 10% buffered formalin solution. Fragments from
multiple organs were collected in microtubes for referral to bacterial culture (N=6) and
molecular biology (N=14).

Histopathology and immunohistochemistry

The fragments stored in formalin will be fixed for 24-48 hours and subsequently
submitted to routine histological processing. Histological slides were stained with
Hematoxylin and Eosin and then observed under an optical microscope. Histological sections
with lesions morphologically compatible with tuberculosis were submitted to the Ziehl-
Neelsen histochemical technique for acid-alcohol-resistant bacilli evidence. To determine the
fibrous capsule of granuloma, sections of the lung were submitted to Trichrome Masson's
histochemical technique.

At the immunohistochemistry technique, blocks were cut into 3 um slices and
mounted onto silane-coated microscope slides. Antigen retrieval was performed with 0.1%
trypsin for 30 minutes in an oven at 37°C. The sections were then incubated in methanol:
H20- solution (97%:3%) for 30 min to block nonspecific binding. The sections were set at
37°C for 2 hours with primary anti-Mycobacterium tuberculosis polyclonal antibodies
(Bioscience Inc®, San Diego, CA, USA) at 1 in 300 dilutions or phosphate buffer saline
(PBS) as the negative control. As a positive control, a case previously confirmed by PCR
will be used, and as a negative control of the reaction, the primary antibody will be replaced
by Buffered Saline Solution (PBS). Then, the sections will be submitted to EnVision™
secondary polymer (Dako®, Carpinteria, CA, USA) in an oven at 37°C for 30 minutes. The
development was done with 3,3-diaminobenzidine chromogen (DAB + Substrate
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Chromogen System, DakoCytomation®, Carpinteria, California) for 2 minutes. Finally, the
histological sections were counterstained with Harris hematoxylin and coverslipped. Were
considered positive the cases in which structures morphologically compatible with
Mycobacterium spp. bacilli were evidenced extracellularly or inside the cytoplasm of
macrophages and multinucleated giant cells.

Molecular Analysis

The samples in RNA later were submitted to DNA extraction with glass beads,
followed by phenol-chloroform, according to Sambrook and Russel (2001). In turn, the
paraffin samples were extracted according to Shi et al (2004), adding glass beads. For the
identification of CMTB, oligonucleotides INS1(5*CGTGAGGGCATCGAGGTGGC-3') and
INS2(5'GCGTAGGCGTCGGTGACAAA-3') were used, which detect the genomic region
1S6110 (Kolk et al., 1992). The amplified products were separated by electrophoresis in 1.5%
agarose gel for 1 hour at 60 V, stained with Gel Red (Biotium) and visualized in
ChemiDocTM XRS using ImageLabTM® software. For the identification of mycobacteria at
the species level, oligonucleotides TB11 (5'-ACCAACGATGGTGTGTCCAT-3) and TB12
(5'-CTTGTCGAACCGCATACCCT-3") were used, which detect the one segment of the heat
shock protein gene of 65 kDa (hsp65), according to Telenti et al. (1993). The amplified
products were separated by electrophoresis in 1.5% agarose gel for 1 hour at 60 V, stained
with Gel Red (Biotium) and visualized in ChemiDoc™ XRS using ImageLabTM® software.
The PCR product was purified in the GFX™ PCR DNA and Gel Band Purification kit (GE
Healthcare) and submitted to sequencing in the automatic ABI-PRISM 3500 Genetic
Analyzer (Applied Biosystems).

For molecular diagnosis in live animals, oral swab, nasal swab, rectal and gastric
lavage samples are collected. Swabs are collected without medium, and gastric and rectal
lavage are performed with the aid of a probe and the use of 0.9% saline solution. Samples
are kept refrigerated for up to two hours after collection and sent for laboratory analysis.
After treatment and purification with NALC-NaOH (N-acetyl-L-cysteine-sodium
hydroxide), the samples are analyzed using GeneXpert® (Cepheid, USA) commercial Kits
Xpert® MTB/RIF or Xpert® MTB/RIF Ultra, for MTBC complex detection and rifampicin
resistance test.

Bacterial culture

Previously macerated tissues were cultured using the Ogawa-Kudoh method

(Kudoh, Kudoh, 1974). All samples are also sent for direct smear microscopy with Ziehl-
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Nielsen staining to identify acid-resistant bacilli and bacterial culture in Lowenstein-Jensen
medium and incubated for up to 72 days at 37°C in a biological safety cabinet class 3. The
Mycobacterium tuberculosis complex species in positive cultures were identified using an
immunochromatographic assay with the MPT64 marker (Silva et al., 2017).
Tuberculosis stage classification

To determine the tuberculosis stages as active-chronic and latent-reactivation, the
criteria established were followed by Capuano et al. (2003) and Lin et al. (2009). We suggest
classifying the early-activation stage of tuberculosis according to clinical and morphological
findings. There was no evidence of necrosis or granuloma formation in the lung parenchyma
or any other organ analyzed to fulfill the criteria for the early-activation stage. Cases in which
typical tuberculosis granulomas, macro or microscopic, are seen in any organ, provided no
pulmonary involvement, were considered extrapulmonary.
Results
Animals

Fifteen nonhuman primates from five different colonies in Rio de Janeiro, Brazil,
were incorporated into the study. There are 60% (9/15) Old World Monkeys and 40% (6/15)
New World Monkeys. The Old World primates belonged to the SCPrim rhesus and
cynomolgus colony, seven rhesus monkeys (Macaca mulatta) and two cynomolgus monkeys
(Macaca fascicularis). Among the rhesus monkeys, 71.4% (5/7) were male and 28.5% (2/7)
female. The average age of rhesus monkeys was 5 years old. The two cynomolgus monkeys
were female, with a mean age of 17 years old. Of the six New World primates, 50% (3/6)
were marmosets (Callithrix sp.) from the CETAS colony, 33.3% (2/6) were squirrel monkeys
(Saimiri ustus) from the SCPrim colony, and 16.7% (1/6) was Uta Hick’s Bearded Saki
(Chiropotes utahickae) from the CPRJ colony. Among the marmosets, 66.6% (2/3) were
male, and 33.3% (1/3) were female. The marmosets were captured from free-ranging with no
previous history. Although it was not possible to determine their exact age, the individuals
exhibited sexual maturity. Fifty percent of the squirrel monkeys were male and 50% female
(1/2), with an average age of 6.5 year-old. The Uta Hick’s Bearded Saki was male and aged
10 years. The sex and age of each nonhuman primate in this study are shown in Table 1.
Clinical Assessment

Regardless of disease stage, weight loss, anorexia and lethargy were the main
clinical signs observed in the nonhuman primates with tuberculosis in this study. Clinical
respiratory signs were observed in 55.5% (5/9) of cases in OWM and 16.7% (1/6) of cases
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in NWM. The summary of clinical findings in each case and other relevant clinical
considerations are available in Table 1.
Gross findings

The changes and severity of macroscopic alterations of all nonhuman primates
(NHP) with tuberculosis are available in Table 2. Among the Old World Monkey (OWM)
group, 66.7% (6/9) of NHP, all rhesus monkeys, showed severe granulomatous pneumonia
with well-demarcated structures, sometimes elevated, firm yellow-white or grayish nodules
of different sizes, the typical gross pulmonary granulomas (Fig 1). In all cases, single or
coalescing nodules are seen in all pulmonary lobes, but the cranial lobes are most severely
affected. The lungs are diffusely firm, enlarged and reddish with multiple consolidations
areas. Sometimes, multiple cavitation areas of different sizes are seen on the airways (Fig 1,
inset). Ghon’s complex presents all six cases with granulomatous pneumonia, with the
mediastinal lymph node enlarged in different degrees.

In all cases of tuberculosis in OWM, typical granulomas were seen in at least one
organ. The gastrointestinal, lymphatic, musculoskeletal, urinary and nervous systems showed
multiple granulomas of variable size and severity and are the most affected systems of
multisystemic tuberculosis presentation. In one case (NHP 6), a rhesus monkey presents
multiple granulomas of the variable size seen in the brachial plexus nerves (Fig 4). In this
group, granulomatous lymphadenitis and granulomatous hepatitis (Fig 2) were seen in 66.7%
(6/9) cases, followed by granulomatous splenitis (Fig 3) in 44.44% (4/9) of cases, and
granulomatous myositis in 33.3% (3/9) of the cases.

A female rhesus monkey (NHP 2) with no pulmonary involvement showed many
granulomas in the trachea, lymph nodes, mesentery, duodenum, pancreas, liver and spleen.
In addition to the mesenteric granulomas, this rhesus female presents multifocal variable-
sized dark-red cystic masses extending from the uterus to the abdominal wall and serosa of
multiple intestine segments, which contained a large amount of dark-red fluid on the cut
section. These dark-red cystic masses also are found in multiple abdominal surface organs of
a cynomolgus monkey (NHP 9) with considerable enlargement of the mediastinal lymph
node and diffuse replacement of tissue architecture by amorphous white areas, multifocal to
coalescent yellowish granulomas.

About the New World Monkeys (NWM), the typical pulmonary granulomas were
seen in 16.7% (1/6) of the cases, in the Uta Hick’s Bearded Saki. The main gross change
observed in the NWM was moderate lung increase volume with marked edema in 83.3%
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(5/6) of the cases, followed by different degrees and severity of pulmonary consolidation
with irregular multifocal red-dark areas 66.7% (4/6) of the cases. In two marmosets (NHPs
10 and 11) has been noted evidence of the hepatic lobular pattern with an increase of the
lumen diameter of biliary ducts and gallbladder.

Granulomatous changes were seen in 50% (3/6) of the NWM cases. A marmoset
(NHP 12) presented granulomatous myositis, periostitis, and pleuritis (Fig 5). The squirrel
monkey (NHP 14) showed granulomatous hepatitis, with many granulomas in the liver
parenchyma. In one case, multisystemic granulomatous change was observed in the Uta
Hick’s Bearded Saki (NHP 15). In this case, the pulmonary granulomas were multifocal and
well-delimited structures, sometimes encapsulated, with different sizes in all pulmonary
lobes. Some areas of pulmonary lobes creaked when cut (Fig 6). Furthermore, this nonhuman
primate presents extrapulmonary spread into the lymph nodes, liver (Fig 7), spleen and
kidney (Fig 8).

Histopathological and immunohistochemical findings

In this study, 66.7% (6/9) of Old World Monkeys (OWM) and 83.3% (5/6) of New
World Monkeys (NWM) showed pulmonary changes at histology. A severe multifocal to
coalescent granulomatous pneumonia was seen in all six rhesus monkeys with pulmonary
changes and 16.7% (1/6) of NWM tuberculosis cases. In 66.7% (4/6) of NWM tuberculosis
cases, different degrees of diffuse foamy interstitial pneumonia were observed with no
evidence of necrosis or pulmonary granuloma formation. The pulmonary changes of all
nonhuman primates with tuberculosis are summarized in Table 3.

At histology, lung evaluation of the OWM revealed multiple areas with typical
caseous granulomas, solid-cellular granuloma (non-necrotizing), and suppurative granuloma
in each of the six rhesus monkeys. The caseous granulomas present an acellular center with
a large amount of amorphous hypereosinophilic material and pyknotic debris surrounded
mainly by epithelioid macrophages, multinucleated giant cells (Langhans and Foreign body
giant cells), and a variable number of lymphocytes, neutrophils and rarely foam cells. In the
periphery of the caseous granulomas, often were observed solid-cellular granulomas
composed of epithelioid macrophages and multinucleated giant cells. In 66.7% (4/6) of cases
was observed variable bronchial epithelium ulceration and neutrophils infiltration (NHPs 1,
4, 5, and 7) with the formation of multiple cavities into the major airways (Fig 9).

Besides the lungs, caseous granulomas and solid-cellular granulomas were also

found in different severities within multiple organs of these rhesus monkeys. In NHPs 1, 3,
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4,5, 6, and 7 a severe replacement of the lymph node architecture by numerous caseous and
solid-cellular granulomas was observed. The liver (Fig 10) (NHPs 1, 3, 4, 5, and 7), spleen
(NHPs 3,4,5, and 7), pleura (NHPs 1, 3, 5 and 7), skeletal muscle (NHPs 4, 5 and 6),
esophagus (NHP 1), stomach (NHP 4), pancreas (NHP 4), duodenum (NHP 4), kidney (NHP
1), adrenal (NHP 1), joints (NHP 6), brain (NHP 1), and nerves (NHP 6) also presented
multiple granulomas in different severities.

In 50% (3/6) of OWM cases with granulomatous pneumonia, it was possible to
visualize straight or slightly curved bacilli, with 1 to 5 um long and 0.2 to 0.8 um wide into
the areas of necrosis or inside the cytoplasm of macrophages, epithelioid macrophages and
multinucleated giant cells using the Zieh-Neelsen technique (Fig 11). Immunohistochemistry
with anti-Mycobacterium tuberculosis showed intact and degenerated bacilli amidst the
necrotic areas and intracytoplasmic in multinucleated giant cells, macrophages and
epithelioid macrophages, all six cases of granulomatous pneumonia analyzed (Fig 12).

A rhesus monkey (NHP 2) with no pulmonary changes showed multifocal to
coalescent typical caseous granulomas in the trachea, lymph nodes, mesentery, duodenum,
pancreas, liver and spleen. The dark-red cystic masses of the abdomen wall (Fig 13) and
mesenteric nodules at the histological evaluation, in addition to the tuberculosis granulomas,
a moderately cellular proliferation composed of columnar and ciliated endometrial cells with
a moderate amount of clear eosinophilic cytoplasm and round nuclei. Multifocally, there are
areas with a moderate amount of free red blood cells (hemorrhage), accompanied by
macrophages with abundant intracytoplasmatic brown pigments (hemosiderophages). These
findings are compatible with endometriosis (Fig. 14).

A cynomolgus monkey (NHP 9) without any pulmonary impairment also presented
endometriosis. Moreover, this cynomolgus presents a multifocal to coalescent granulomatous
lymphadenitis with intense replacement of the typical architecture of the lymph node by
severe caseous granulomas formation. In a rhesus monkey (NHP 8), histological changes
were observed just in the cardiac ganglia. The neuronal cell bodies of the ganglia are
expanded by a few multinucleated giant cells of foreign body type. Adjacent to that areas and
expanding the epicardium were seen well-demarcated multifocal areas with necrotic center
and dystrophic mineralization.

Out of three New World Monkeys that present histopathological pulmonary
changes, two (66.7%) marmosets and one squirrel monkey (NHP 13) presented different
degrees of the proliferation of foamy macrophages that thicken the alveolar septa and
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infiltrate the air space (Fig. 15). These macrophages exhibit ample foamy cytoplasm and
often concentric and lateralized nucleus. Although few giant cells were seen in one marmoset
(NHP 10), no evidence of necrosis or granuloma formation was noted in lung sections or any
other organ on this NWM.,

A squirrel monkey (NHP 14) showed multifocal granulomatous hepatitis with a
large number of solid-cellular granulomas and few caseous granulomas surrounded mainly
by some epithelioid macrophages, multinucleated giant cells, and lymphocytes. The
marmoset (NHP 12) presents a granulomatous pleuritis with a large caseous granuloma in
the intercostal muscle adjacent to the pleura. A mild diffuse interstitial pneumonia with the
predominance of lymphocytes was observed in this marmoset. That was the only case with
pneumonia in this group.

A significant number of lymphocytes and eosinophils are seen around the ectatic
ducts, and several fibroblastic proliferation and multifocal areas increased in the number of
bile ducts (biliary hyperplasia). Two marmosets of the early activation stage group (NHPs
10 and 11) showed a severe lymphocytic and eosinophilic proliferative cholangitis at
histology, with multiple free eggs and structures compatible with adult trematodes inside and
obstructing partially the lumen of biliary ducts, that were often ecstatic. These adult
trematodes have prominent oral and ventral suckers, a thin outer integument covering a
somatic musculature, a parenchymatous matrix, a digestive tract with paired ceca, vitellaria,
and a uterus with numerous, oval, yellow-brown singly operculated, thick eggs with
miracidia.

In the only case of granulomatous multifocal to coalescent bronchopneumonia in
the NWM, the Uta Hick's Bearded Saki showed a large number of well-demarcated and
encapsulated mineralized granulomas with variable sizes in the pulmonary parenchyma (Fig
16). These granulomas are often surrounded by a significant number of foamy macrophages
with abundant cytoplasm, epithelioid macrophages, lymphocytes and a few multinucleated
giant cells and neutrophils. Adjacent to those areas, the alveolar space showed a severe
amount of amorphous eosinophilic material (edema). Sometimes, multifocal fibroblastic
proliferation in the alveolar wall is seen in the lung sections. A great number of foamy
macrophages infiltrated multifocally, the airways and the bronchial and bronchiolar lumen.

Through the evaluation using the Ziehl-Neelsen technique, a few bacilli,
predominantly intracellular in foamy cells of the marmosets and extracellularly in the
necrosis areas of the Uta Hick’s Bearded Saki (Fig 17), were visualized in 83.3% (5/6) of the
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cases. There was evidence of intracellular bacilli in all cases, mainly in the airways and
intrabronchial foamy macrophages (Fig 18). The Ziehl-Neelsen and immunohistochemical
results of each case of NHP with tuberculosis are available in Table 4.

Molecular findings

The molecular analysis was performed in fourteen of fifteen cases of the nonhuman
primates in this study. In the molecular detection with oligonucleotides INS1 and INS2,
64.28%(9/14) were positive, while with oligonucleotides TB11 and TB12, 14.28%(2/14)
were positive and submitted to sequencing, confirming the diagnosis for CMTB. The
GeneXpert® system was able to detect the presence of tuberculosis complex species DNA in
all analyzed samples. Additionally, all samples were identified as sensitive to the antibiotic
rifampicin, amplifying the genes rpoB1, rpoB2, rpoB3, and rpoB4. The molecular results of
each case are available in Table 4.

Bacterial culture

The bacterial culture was performed in six of fifteen cases of the nonhuman primates
in this study. In all cases was observed the growth of Mycobacterium tuberculosis complex
bacteria. The bacterial culture results of each case are available in Table 4.

Tuberculosis stage classification

Based on clinical, morphological, immunohistochemical, and, when possible
molecular and bacteriological results, the nonhuman primates are classified in different
tuberculosis stages (Table 5). Out of nine Old World Monkeys (OWM), 66.7% six cases were
classified as active-chronic tuberculosis stage. Among these primates, typical pulmonary
granulomas were seen in all cases in this group and clinical respiratory signs in 83.3% (5/6)
of cases. In 33.3% (3/9) OWM cases, the stage was classified as extrapulmonary due to the
absence of gross or histologic granulomatous pneumonia. Extrapulmonary tuberculosis was
seen in two cynomolgus monkeys (M. fascicularis) and one rhesus monkey (M. mulatta). In
this group, respiratory signs were observed in 33.3% (1/3) of the cases.

In the New World Monkeys (NWM), 50% (3/6) of the cases were classified as the
early-activation stage, 33.3% (2/6) as extrapulmonary stage and 16.7% (1/6) as latent-
reactivation tuberculosis stage. In the early-activate group, 66.7% (2/3) of the primates were
marmosets (Callithrix sp.), and 33.3% (1/3) were squirrel monkeys (S. ustus). In none of the
early activation cases, pulmonary granulomas were observed, and only the squirrel monkey
showed clinical respiratory signs. The extrapulmonary stage group was composed of one
marmoset (Callithrix sp.) and one squirrel monkey (S. ustus). No clinical respiratory signs
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were observed in the NWM of the early-activate stage. The latent-reactivation stage was
observed in the Uta Hick’s Bearded Saki (C. utahickae). This primate had typical latent
pulmonary granulomas, and no clinical respiratory signs were observed.

Discussion

Prior studies with experimental infections of Mycobacterium tuberculosis Complex
(MTBC) in nonhuman primates (NHPs) have described the morphological heterogeneity of
tuberculosis (Capuano et al., 2003; Lin et al., 2014; Cadena et al., 2017). In humans,
pulmonary granuloma formation is considered the pathological hallmark of tuberculosis
(Wadee and Wadee, 2021). In NHPs infected with MTBC, a large spectrum of lesions can
be seen within and between monkeys of the same stage classification as well described in
humans (Capuano et al, 2003; Lin et al, 2009; Flynn and Klein 2011). Although the typical
tuberculosis presentation was observed in some cases, the absence of pulmonary granuloma
did not exclude the tuberculosis occurrence of extrapulmonary impairment or early
pulmonary changes in NHPs of the Old and New World naturally infected with MTBC. We
believe that the main differences between the tuberculosis pathology in NHPs are due to the
stage disease presentation.

We observed predominance of the chronic-active tuberculosis stage in OWM,
especially in rhesus monkeys (Macaca mulatta), compared to the cynomolgus monkey (M.
fascicularis). Presumably, this fact occurs because the rhesus macaques are more susceptible
to the M. tuberculosis infection than cynomolgus macaques (Langermans et al., 2001;
Maiello et al., 2018). This fact may have favored the activation stage of the disease in rhesus
monkeys. In this natural occurrence of chronic-active tuberculosis in rhesus monkeys, all
nonhuman primates present changes compatible with descriptions of experimental infectious
tuberculosis in this species (Zhang et al., 2011; Zhang et al., 2014). In our study, all rhesus
monkeys of chronic-active tuberculosis present a full spectrum of histopathological changes
with different granulomas types in the same individual, as well seen in humans (Capuano et
al., 2003).

Extrapulmonary tuberculosis refers to TB involving potentially any organ other than
the lungs, and reports of this presentation in macaques are scarce in the literature (Stockinger
etal., 2011; Lee 2015). According to Capuano et al., (2003), the extrapulmonary spread was
variable among nonhuman primates, and when the disease is advanced, the nonhuman
primates can exhibit extrapulmonary dissemination. The macroscopic and histopathological
granulomatous lesions in several organs of a M. mulatta, lymph nodes and heart of M.
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Fascicularis, liver of the S. ustus, skeletal muscle and parietal pleura of Callithrix sp. show
the plasticity of MTBC to cause different changes in multiple organs in infectious individuals
even when pulmonary changes were absent. Due to these findings, we suspect that the
systemic involvement has resulted from the hematogenous spreading of the MTBC bacilli
after the initial infection.

Hematogenous dissemination within organs can occur in tuberculosis infectious.
Despite wide dissemination of Mtb during primary infection, the majority of infected, but
otherwise healthy, individuals resolve these lesions without becoming symptomatic
(Sakamoto, 2012). Nonhuman primates exposure to M. tuberculosis results in a wide range
of outcomes (Scanga and Flynn, 2014). Unlike the granulomatous changes in many organs,
our extrapulmonary results suggest a possible pulmonary resolution due to an absence of
clinical respiratory signs in the mostly nonhuman primates with this stage presentation. None
factor was associated as a cause of the high prevalence of extrapulmonary tuberculosis in
nonhuman primates of this study. The concomitance of endometriosis and
abdominoperitoneal tuberculosis were described in humans, especially in infertile women
(Sharmaet al., 2017). These condition can co-exist in nonhuman primates without previously
described mechanism. We suggest further studies to determine the pathogenesis of
concomitance.

The formation of foam cells is a manifestation of maladaptive responses occurring
during many inflammatory conditions (Hotamisligil, 2017). In humans, there is a wide
literature detailing the presence of foamy macrophages in tuberculosis granulomas (Hunter
etal., 2007; Peyron et al., 2008). Although the occurrence of foam cells is typically associated
with necrotic granulomas (Peyron et al., 2008), the absence of necrosis, granulomatous
changes or interstitial fibrosis in the early-activation tuberculosis stage can indicate that
foamy macrophages seemed to be a key component in the initial activation pathogenesis of
tuberculosis in nonhuman primates.

The lesions of early pulmonary tuberculosis can develop along several pathways
(Hunter, 2011). In the early-activation stage, we observed diffuse interstitial foamy
pneumonia. Although lipidic pneumonia was associated with post-primary tuberculosis
(Hunter et al., 2007), no evidence of endobronchial tuberculosis producing bronchial
obstruction, necrosis, or cavitation was found in the NHPs lungs with early-activation stage
in this study. In one marmoset of the early-activation lung stage, we observed a great number
of interstitial foamy macrophages and few multinucleated giant cells without necrosis. That
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can be an initial fact associated with tuberculosis granuloma formation. Presumably, the
initial granuloma formation mechanism, especially in NWM needs to be better elucidated in
further studies.

Studies have proposed that intracellular macrophage bacilli overproduce Mtb lipids;
these lipids consolidate in the internal vesicles in the multivesicular body and are
subsequently exocytosed into the extracellular medium (Beatty et al., 2000; Beatty et al.,
2001). It was demonstrated that foam cell formation is induced explicitly by oxygenated
forms of mycolic acid, such as oxygenated ketomycolic and hydroxyl-mycolic acids
synthesized by pathogenic mycobacterial species such Mtb (Peyron et al., 2008; Russel et al.,
2009). In our study, the presence of bacilli in the foamy macrophages was confirmed through
de acid-fast stain and immunohistochemistry technique.

As in humans, tuberculosis in nonhuman primates can be stably maintained,
spontaneously reactivate, or reactivate in response to some immune suppression (Lin et al.,
2009; Lin and Flynn, 2010). Did not possible to determine an immunosuppression factor
associated with the latent-reactivation stage in Uta Hick’s Bearded Saki in this study, and
that appears to have spontaneously reactivated a latent infection. We observed an intense
intracytoplasmatic immunolabelling to anti-Mycobacterium tuberculosis on foamy
macrophages of the latent-reactivation stage. This fact also indicates the foam cells formation
due to an active M. tuberculosis replication. Besides the necrotizing granulomas, this monkey
showed nonnecrotizing granulomas in the lung tissues that have not been observed in latent
infection in nonhuman primates (Lin et al., 2009).

This study shows that clinical respiratory signs should not be considered solely for
the clinical suspicion of tuberculosis in nonhuman primates. Coughing is infrequent in
nonhuman primates with tuberculosis but may occur (Mansfield and Fox, 2019), like in the
three cases of rhesus monkey and one squirrel monkey (S. ustus) from this survey. In our
study, weight loss, lethargy and anorexia were the most frequent clinical signs in nonhuman
primates with tuberculosis in according to described by Simmons and Gibson (2012) and Via
et al. (2003).

The tuberculosis diagnosis in the nonhuman primates in this study was made based
on the association of pathological, immunohistochemical, molecular, and when possible
bacteriological culture findings. The presence of mycobacterial antigens and tissue
morphology can be evaluated together using the immunohistochemistry technique (Karimi
et al., 2014). Due to the high sensitivity of this technique compared to the acid-fast stain, we
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recommend for routine diagnostic its use even in cases without typical tuberculosis
microscopic changes. The molecular analysis presents high sensitivity and specificity for the
discrimination of microorganisms belonging to the M. tuberculosis Complex (Neshani et al.,
2018). Although ampicillin resistance was not diagnosed in any case in the present study, we
suggest using GeneXpert® as a surveillance tool for bacterial resistance to antibiotics.

All nonhuman primates of this study were naturally infected with Mycobacterium
tuberculosis Complex, although reports stated that the Old World Monkeys are more
susceptible than New World Monkeys (Brack, 1987; Montali, 2001; Blanchard and Russell-
Lodrigue 2012). No predisposing factors were observed in Old World nonhuman primates
compared to New World primates. The occurrence of TB in free-ranging nonhuman primates
is considered uncommon (Rocha et al, 2011). We believe that all nonhuman primates under
human care with direct contact with humans are susceptible to M. tuberculosis infection. Due
to the natural occurrence of MTBC infection in this study was not possible to determine the
route, strain, infectious dose and time of evolution of the tuberculosis infection.

Complete and specific exams for the antemortem tuberculosis diagnosis must be
carried out constantly in the nonhuman primates colonies, even when clinical respiratory
signs are not evident. Due to the possible retransmission from monkeys to man (Métz-
Rensing et al, 2015), the occurrence of tuberculosis in nonhuman primates offers a potential
health risk for other staff members. Owing to the inherent risk a nonhuman primate infected
with tuberculosis poses to the colony and staff, it is recommended that monkeys infected with
or suspected of being infected with tuberculosis be euthanized (National Research Council,
2003; Bushmitz et al., 2009).

In conclusion, we observe a wide spectrum of morphological features comparing
the nonhuman primates diagnosed with different tuberculosis stages. Classical
granulomatous pneumonia was observed in the chronic-active and latent-reactivation stages
but not in the extrapulmonary and early-activation stages. The early-activation stage in
primates is characterized by foamy interstitial pneumonia without typical tuberculosis
granulomas. Due to this fact, tuberculosis should be included as a cause of foamy interstitial
pneumonia in nonhuman primates, especially in the New World species. Experimental
studies need to be realized to elucidate the exact role of the foamy macrophage in the early
stage of tuberculosis. We recommend the addition of immunohistochemistry as a diagnostic
tool of tuberculosis even when typical macroscopic or histologic changes are not observed.
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Tables

Table 1 — Clinical evaluation of New and Old World Monkeys with tuberculosis

Old World Monkeys

New World Monkeys

General Parameters

Respiratory Parameters

NHP Species Sex Age* Other considerations
Anorexia Weight Loss Lethargy = Cough Sneeze Dyspnea Tachypnea

1 Macaca mulatta M 4 ++ ++ +++ ++ - + + -

2 Macaca mulatta F 9 + ++ +++ - - +++ +++ -

3 Macaca mulatta F 9 - - - - - - - Unknown previous clinical history.

4 Macaca mulata M 3 ++ +++ +++ +++ - +++ +++ -

5 Macaca mulatta M 4 ++ +++ ++++ +++ - - - -

6 Macaca mulatta M 9 ++ +++ +++ - - ++ ++ Severe lameness in the left pelvic limb

7 Macaca mulatta M 3 - - - - - - - Unknown previous clinical history.

8 Macaca fascicularis F 20 - - - - - - - Diarrhea and severe dehydration

9 Macaca fascicularis F 14 - - - - - - - Euthanasia due to endometriosis

10 Callithrix spp. E Adult ot it ot ] ] ] ] Proliferative cholangitis due to adults
trematodes.

1 Callithrix spp. M Adult ot it ot ] ] ] ] Proliferative cholangitis due to adults
trematodes

12 Callithrix spp. M Adult ++ +++ +++ - - - - -

13 Saimiri ustus M 10 +++ +++ +++ +++ +++ +++ +++ -

14 Saimiri ustus F 3 - - - - - - - Unknown previous clinical history

15 Chiropotes utahickae M 10 +++ +++ +++ - - - - -
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Table 2 — Gross findings of tuberculosis in New and Old World Monkeys

Old World Monkeys New World Monkeys
Gross finding Macaca mulatta (n=7) Macaca fascicularis (n=2) Callithrix spp. (n=3) Saimiri ustus (n=2)  Chiropotes utahickae (n=1)
Amount/Severity Amount/Severity Amount/Severity Amount/Severity Amount/Severity

Lung

Edema 6/ +++ 2/ + 3/ +++ 1/ ++ 1/ +++

Consolidation 6/ +++ - 2/ + 1/++ 1/ +++
Granulomatous pneumonia

Cranial lobes 6/ +++ - - - 1 +++

Caudal lobes 6/ ++ - - - 1U++
Granulomatous pleuritis 4] +++ - 1/ +++ - -
Granulomatous lymphadenitis

Mediastinal lymph node 6/ +++ - - - 1/ +++

Mesenteric lymph node 3/ +++ - - - 1 +++

Others lymph nodes 5/ ++ 1/ +++ - - 1 +++
Granulomatous tracheitis 1/ +++ - - - 1 +++
Granulomatous esophagitis 1/ +++ - - - -
Granulomatous gastritis 1/ +++ - - - -
Granulomatous pancreatitis 2/ +++ - - - -
Granulomatous duodenitis 1/ +++ - - - -
Granulomatous hepatitis 6/ +++ - - 1/ ++ 1/ +4++
Granulomatous splenitis 4] +++ - - - -
Granulomatous nephritis 1/ +++ - - - -
Granulomatous epicarditis - 1/ ++ - - 1/ +++
Granulomatous encephalitis 1/ +++ - - - -
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Granulomatous neuritis 1/ +++

Granulomatous arthritis 1/ +++
Granulomatous myositis 3/ +++
Others

Endometriosis 1/ +++

Chronic Proliferative

Cholangitis by trematoda

1/ +++

1/++

(-) Absent; (+) Mild; (++) Moderate; (+++) Severe.
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Table 3— Pulmonary histopathological findings of tuberculosis in New and Old World Monkeys

Distribuition of Granulomas Inflammatory cells
NHP Species pneumonia/ Caseous ~ Fibrous Epithelioid Foamy )
. _ Mineralization CavitationGiant cells LymphocytesNeutrophils
severity Necrosis capsule Macrophages Macrophages
1 Macaca mulatta MTC/+++ +++ - + + + ++ + ++ +++
2 Macaca mulatta - - - - - - - - - -
3 Macaca mulatta MTC/+++ +++ - +++ - ++ ++ + ++ -
€ 4 Macaca mulatta MTC/+++ +++ - +++ +++ +++ +++ - +++ +
(]
X
S 5 Macaca mulatta MTC/+++ +++ - ++ + + ++ - 4+ +4+
]
= 6 Macacamulatta MTC/+++ +++ - ++ - + ++ + +++ +
(@)
= 7 Macacamulatta MTC/+++ +++ - ++ ++ +++ ++ - ++ +H+
=]
© g Macaca
fascicularis
Macaca
fascicularis
10  Callithrix spp. ID/+++ - - - - + - +++ +++ --
g 11 Callithrix spp. ID/+++ - - - - - - ++ ++ -
()
X
§ 12  Callithrix spp. ID/+ - - - - - - - +4++ -
=
2 13 Saimiri ustus ID/++ - - - - - -- ++ + -
o
i 14 Saimiri ustus - - - - - - - - - _
[<5]
z Chiropotes
15 . MTC/+++ +++ +++ + - + + +++ +++ +
utahickae

Mtc= Multifocal to coalescent; ID= Interstitial difuse; (-) Absent; (+) Mild; (++) Moderate; (+++) Severe.
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Table 4 — Methods applied to diagnostic of tuberculosis in New and Old World Monkeys

Old World Monkeys

New World Monkeys

Evaluation of bacilli in histology sections Molecular analysis
MTBC? culture
Ziehl-Nielsen Anti-Mtb” PCR Xpert™
NHP Species Intracellular  Extracellular Intracellular Extracellular INS1e2 HSP :8811:11(/) Lung Lymph node Liver Spleen
1 Macaca mulatta +@ ++28 +++ 8 +48 pa N pa P P P
2 Macaca mulatta +e +e 48 ++¢ pa N pa P P NP p
3 Macaca mulatta +2 +2 ++2 - pe N p2 P NP NP N
4 Macaca mulata ++2 +2 ++2 +++2 pe pa p2 P P N P
5 Macaca mulatta - - +2 +2 pa N pa N NP P
6 Macaca mulatta - - +2 - pa pa pa P P N N
7 Macaca mulatta - - +42 ++2 N N pea NP NP NP NP
8 Macaca fascicularis - - +b - pb N NP NP NP NP NP
9 Macaca fascicularis + - +++ € +¢ NP NP NP NP NP NP NP
10 Callithrix spp. +3 +2 +++2 +3 pa N pa NP NP NP NP
11 Callithrix spp. +8 +2 +8 - NP NP pa NP NP NP NP
12 Callithrix spp. +8 +2 +++ 2 +2 pc N pa NP NP NP NP
13 Saimiri ustus - - +2 - NP NP pa NP NP NP NP
14 Saimiri ustus +d - ++0 - NP NP pd NP NP NP NP
15 Ch'm_pOtes +a IR bt ++2 NP NP NP NP NP NP NP
utahickae

(-) Absent; (+) Mild; (++) Moderate; (+++) Severe; (P) Positive; (N) Negative; (NP) Not performed; " Polyclonal antibody anti-Mycobacterium tuberculosis (Bioscience Inc®,

San Diego, CA, USA); # Mycobacterium tuberculosis Complex;? Lung; ® Heart; ¢ Pleura and striated muscle; ¢ Liver; ¢ Lymph node.
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Table 5 — Stage of tuberculosis in New and Old World Monkeys

Old World Monkeys

New World Monkeys

Stage of Respiratory  Typical Lung granuloma Extrapulmonary
NHP Species
tuberculosis Signs Gross Microscopic involvement
1 Macaca mulatta Active-chronic + + + Multisystemic
2 Macaca mulatta Extrapulmonary + - - Multisystemic
3 Macaca mulatta Active-chronic - + + Multisystemic
4 Macaca mulata Active-chronic + + + Multisystemic
5 Macaca mulatta Active-chronic + + + Multisystemic
6 Macaca mulatta Active-chronic + + + Multisystemic
7 Macaca mulatta Active-chronic - + + Multisystemic
8 Macaca fascicularis Extrapulmonary - - - Heart
9 Macaca fascicularis Extrapulmonary - - - Lymph node
10 Callithrix spp. Early activation - - - -
11 Callithrix spp. Early activation - - - -
12 Callithrix spp. Extrapulmonary - - - Multisystemic
13 Saimiri ustus Early activation + - - -
14 Saimiri ustus Extrapulmonary - - - Liver
15 Chiropotes utahickae  Latent-reactivation - + + Multisystemic

(-) Absent; (+) Present.
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Figure caption

Figures 1-4. Gross findings of rhesus monkey (Macaca mulatta) with chronic-active tuberculosis stage. Figure 1.

Multifocal to coalescent granulomatous pneumonia. with well-demarcated structures, sometimes elevated, firm
yellow-white or grayish nodules of different sizes. The lungs are diffusely firm, enlarged and reddish with multiple
consolidations areas. Inset: multiple cavitation areas of different sizes on the airways Figure 2. Multifocal
granulomatous hepatitis. Inset: hepatic cut surface with multifocal granulomas of variable size on parenchyma
Figure 3. Multifofcal granulomatous splenitis. Figure 4. Multifocal granulomatous neuritis. There is a great
number of granulomas adhered on the nerves sheets.

52



YA/ )\ cm

Figures 5-8. Gross findings of New World Monkeys with different tuberculosis stages. Figure 5. Under the
parietal pleura and skeletal muscle, multifocal areas of granulomas formation in a Callithrix sp. with
extrapulmonary tuberculosis. Figure 6. Lung cut surface of an Uta Hick’s Bearded Saki with latent-reactivation
tuberculosis stage. Note the multifocal areas with well demarked yellow-wish areas n the airways. Figure 7.
Systemic granulomatous spread of an Uta Hick’s Bearded Saki with latent-reactivation tuberculosis stage. Note
granulomatous hepatitis and mesenteric granulomatous lymphadenitis. Figure 8. Multifocal granulomatous

nephritis of an Uta Hick’s Bearded Saki with latent-reactivation tuberculosis stage.
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Figures 9-12. Microscopic findings of Rhesus Monkey (Macaca mulatta) with chronic-active tuberculosis stage.
Figure 9. Granulomatous severe pneumonia. The airways are replaced by epithelioid macrophages, multinucleated
giant cells (Langhans and Foreign body giant cells), a variable number of lymphocytes, neutrophils and rarely
foam cells. There is a focal area of ulceration of bronchial epithelial cells and cavitation to the airways (arrow).
There are multifocal areas of necrosis with a great number of pyknotic debris and hyperosinophilic amorphous
material. (HE, Obj 2,5x). Figure 10. Granulomatous hepatitis with a central large caseous granuloma. (HE, Obj.
5x). Figure 11. Few acid-fast bacilli into the cytoplasm of giant cell multinucleated (arrow) and in the extracellular
medium. (Ziehl-Neelsen, Obj. 40x). Figure 12. Intense intracytoplasmic imunolabeling anti-Mycobacterium
tuberculosis in the giant cells multinucleated with evidence of intact and degenerated bacilli in the cytoplasm.
Besides, note the great number of bacilli into the extracellular medium (IHC anti-Mycobacterium tuberculosis,
Obj. 40x).
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Figures 13-14. Pathological findings of Rhesus Monkey (Macaca mulatta) with conconmitant extrapulmonary
tuberculosis and endometriosis. Figure 13. Gross finding of abdominal wall with granulomatous white nodules
(arrow) and dark-red cystic masses (arrowhead). Figure 14. Concomitance of endometrial cystic proliferation and
a caseous granuloma (asterisk) (HE, Obj. 2,5x). Inset: moderately cellular proliferation composed of columnar and
ciliated endometrial cells with a moderate amount of eosinophilic cytoplasm and round nuclei. (HE, Obj. 40x).
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Figures 15-18. Microscopic findings of New World Monkeys with different tuberculosis stages. Figure 15.
Interstitial foamy pneumonia in a Callithrix sp. with early-activation tuberculosis. The septa are distended by a
great number of foamy macrophages and lymphocytes. (HE, Obj 40x). Inset: Intense intracytoplasmic
imunolabeling anti-Mycobacterium tuberculosis in foamy macrophages with evidence of intact and degenerated
bacilli in the cytoplasm. (IHC anti-Mycobacterium tuberculosis, Obj. 40x). Figure 16. Multifocal solid-cellular
and mineralized granulomatous with some areas of caseous necrosis in the lung of Uta Hick’s Bearded Saki
(Chiropotes utahickae) with latent-reactivation tuberculosis stage (HE, Obj. 2,5x). Figure 17. Acid-fast bacilli
into the extracellular medium (arrow) of a caseous lung granuloma of an Uta Hick’s Bearded Saki (Chiropotes
utahickae) with latent-reactivation tuberculosis stage. (Ziehl-Neelsen, Obj. 40x). Figure 18. Intense
intracytoplasmic imunolabeling anti-Mycobacterium tuberculosis in the intrabronchial foamy macrophages with
evidence of intact and degenerated bacilli in the cytoplasm. Besides, note the great number of bacilli into the intra

and extracellular medium at the submucosa of bronchi (IHC anti-Mycobacterium tuberculosis, Obj. 40x).
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