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RESUMO
Os primatas neotropicais sdo hospedeiros naturais e acidentais de varias doengas,
inclusive zoonoses com grande importancia na satide publica, e, devido a antropizagdo e
fragmentacdo do seu habitat, estes animais sdo altamente expostos a inumeros fatores
antropicos com impacto direto na sua sobrevivéncia. Estudos com foco em patologia de
primatas ndo-humanos de cativeiro, principalmente de laboratérios, sdo comumente
observados. Contudo, os estudos sobre as doengas que acometem as populacdes de vida
livre sdo escassos. Neste contexto, este estudo objetivou investigar as doengas que afetam
primatas neotropicais de vida livre da Mata Atlantica Brasileira, incluindo regides
periurbanas a urbanas e unidades de conservagdo, e que morreram naturalmente no
periodo de janeiro de 2017 a junho de 2019. Fragmentos de 6rgdos, predominantemente
figado, baco, pulmdo, rim e encéfalo, foram coletados nas necropsias dos primatas
realizadas pelo Instituto Municipal de Medicina Veterinaria Jorge Vaitsman do Estado do
Rio de Janeiro (IJV/RJ) e foram avaliados por histopatologia, imuno-histoquimica,
microscopia eletronica de transmissdo e analises moleculares de acordo com os achados
histopatologicos observados e as suspeitas etiologicas. Portanto, neste estudo foi possivel
identificar e caracterizar os achados histopatologicos associados aos 6bitos de PNM de
vida-livre, com a identificacdo de importantes zoonoses como raiva, febre amarela e
toxoplasmose. Foram também detectadas, pela primeira vez, infec¢do por S. capitis, S.
sanguinus, Moraxella sp. e PIV-1 e 3. Adicionalmente, foram caracterizados os aspectos
epidemioldgicos e patoldgicos da platinossomiase e toxoplasmose em saguis (Callithix
spp.) de vida-livre; e foi realizada uma descri¢cdo detalhada das doengas traumaticas em
PNM de vida-livre, ressaltando o impacto do trauma nessas populagdes de vida-livre e
com a descricdo inédita de émbolos ndo-tromboéticos pulmonares causados por tecido
hepatico e nervoso. Por fim, foram apresentados resultados preliminares de doenca renal
em PNM de vida-livre com alta prevaléncia, identificagdo de imunomarcagao glomerular

para IgM e IgG e associagdo com maior frequéncia de hematopoiese extramedular.

Palavras-chave: Patologia. Animais selvagens. Primatas. Sagui. Bugio. Macaco-prego.



ABSTRACT

Neotropical primates are natural and accidental hosts for many infectious diseases,
including zoonosis with high importance in public health; and, due to anthropization and
fragmentation of their habitat, these animals are also highly exposed to innumerous
anthropized factors that directly impact their survival. Studies focusing on pathology of
captive, especially laboratory non-human primates are common. However, studies on
diseases that affect wild populations are scarce. This study aimed to investigate the
diseases that affect free-ranging neotropical primates of the Brazilian Atlantic Forest,
including peri-urban to urbanized regions, and conservation units, that died naturally from
January 2017 to June 2019. Tissues, mainly liver, spleen, lung, kidney and brain, were
sampled during necropsies of primates at Municipal Institute of Veterinary Medicine
Jorge Vaitsman of Rio de Janeiro State (IJV/RJ) and were evaluated by histopathology,
immunohistochemistry, transmission electronic microscopy and molecular analyzes
according to the histopathological findings and the suspected etiology. Therefore, we
were able to identify the main pathological findings associated with death in free-ranging
NWP with detailed histopathological features and immunophenotypic, ultrastructural and
molecular characterization, detecting important zoonotic infections, such as rabies, YF
and toxoplasmosis. Also, it was described for the first time in free-ranging NWP infection
by S. capitis, S. sanguinus, Moraxella sp. and PIV-1 and 3. Additionally, we characterized
the epidemiological and pathological aspects of platynosomiasis and toxoplasmosis
infection in free-ranging marmosets (Callithrix spp.), both diseases with high importance
in these animals. We also performed a detailed description of traumatic injuries in free-
ranging NWP describing for the first time NTPE by liver and lung tissue in marmosets
and highlighting the impact of trauma in free-ranging NWP population. Finally, we
presented preliminary results of a high prevalent renal disease in free-ranging NWP with
IgG and IgM glomerular immunolabelling and associated with high frequency of

extramedullary hematopoiesis.

Keywords: Pathology. Wild animals. Primates. Marmoset. Howler-monkey. Capuchin.



FIGURE LIST

CHAPTER1

Figure 1.1 Parasitic diseases observed in free-ranging marmosets (Callithrix

] 0010 T 82
Figure 1.2 Bacterial diseases observed in free-ranging marmosets (Callithrix

] 001 T 83
Figure 1.3 Bacterial diseases observed in free-ranging marmosets (Callithrix

] 0010 T 84
Figure 1.4 Non-infectious histopathological findings observed in free-ranging marmosets
(CAllT R IX SPP. ) e ettt et e e e e et e e et 86
Figure 1.5 Non-infectious histopathological findings observed in free-ranging marmosets
(CAllT R IX SPP. ) ettt e e e e e e e 88
Figure 1.6 Pulmonary intravascular histiocytosis observed in free-ranging marmosets

(@777 7y o) o B T 89
Figure 1.7 Multinucleated hepatocytes observed in free-ranging marmosets (Callithrix

] 001 1 90
Figure 1.8 Pathological findings observed in free-ranging capuchins (Sapajus spp.)........ 97
Figure 1.9 Pathological findings observed in free-ranging titi-monkeys (Callicebus spp.). 99
CHAPTER II

Figure 2.1 Distribution of Platynosomum sp. cases in free-ranging marmosets from the

State of Rio de Janeiro (Brazil) from January 2017 to July 2019............ccooiiiiiiiin. 119
Figure 2.2 Pathological findings in the liver of the free-ranging marmosets parasitized by
PlatynoSOmMUI SP......o.oi e e 122
Figure 2.3 Biliary lithiasis in the liver associated with Platynosomum sp. infection in free-
TANZING MATINIOSEES . .. ettt ettt et ettt et ettt et et et e e et ettt e e et eaenaeneens 123
Figure 2.4 Secondary bacterial infection due to parasitic cholangiohepatitis caused by
Platynosomum sp. in free-ranging marmoSetS. ... ....o.uuuuiiuiititeii it aiiiiaiianieaneanan, 124
CHAPTER III

Figure 3.1 Distribution of toxoplasmosis cases in free-ranging marmosets from Rio de
Janeiro state from January 2017 to July 2019........oiiiiiiii e 136
Figure 3.2 Frequency of intralesional 7. gondii zoites per organ evaluated by
histopathology (HE) and immunohistochemistry (IHC)..............coooiiiiiiiiii 137
Figure 3.3 Pathological findings associated with toxoplasmosis in free-ranging marmosets
(CAllTERFIX SPP.) e ettt e e 143
Figure 3.4 Transmission electron microscopy from the formalin-fixed paraffin-embedded

lung of an infected MATMOSEL. .. ...ttt 144
CHAPTER 1V

Figures 4.1 Non-thrombotic pulmonary embolism composed of hepatic tissue, lung,
INATIIIOSEE. L.ttt ettt ettt e 162
Figure 4.2 Non-thrombotic pulmonary embolism composed of brain tissue, lung,
IATIIIOSEL. L.ttt ettt ettt et e 162
Figure 4.3 Non-thrombotic pulmonary embolism composed of bone marrow tissue, lung,
ik a s T S T 162
CHAPTER V

Figure 5.1 Renal diseases (RD) in free-ranging NWP............cooiiiiiiiiiiiiiiin, 173
Figure 5.2 Grades of renal disease (RD) in free-ranging NWP.......................o. 174
Figure 5.3 Anti-IgM and Anti-IgG glomerular immunolabeling in the kidney of NWP.... 176



TABLE LIST

LITERATURE REVIEW

Table 1. List of bacterial, viral, protozoan and fungal pathogens reported in free-ranging

BN A S PPN 48
CHAPTER1

Table 1.1 Details about the primary antibodies used for immunohistochemistry............ 70
Table 1.2 Profile of free-ranging neotropical primates from the Brazilian Atlantic Forest

found dead during January 2017 to July 2019 and included in this study..........c.cccecerruerennnee. 74
Table 1.3 Pathological findings in free-ranging marmosets (Callithrix spp.) from the
Brazilian Atlantic Forest found dead during January 2017 to July 2019........................ 75
Table 1.4 Infectious agents detected in the free-ranging NWP from the Brazilian Atlantic

Forest found dead during January 2017 to July 2019..........cooiiiiiiiiiiie, 81
Table 1.5 Pathological findings in free-ranging howler monkeys (4/louatta spp.) from the
Brazilian Atlantic Forest found dead during January 2017 to July 2019........................ 92
Table 1.6 Pathological findings in free-ranging capuchins (Sapajus spp.) from the
Brazilian Atlantic Forest found dead during January 2017 to July 2019........................ 95
CHAPTER II

Table 2.1 Pathological findings in the liver of free-ranging marmosets parasitized by
PlatynoSOMUI SP.....oouo e 120
Table 2.2 Morphological and immunolabeling features of the bacteria detected intraductal

1N PArasitized MAMIOSELS. . ... ...ttt ettt et e et e e eaaaaas 124
CHAPTER III

Table 3.1 General data and pathological findings of free-ranging marmosets (Callithrix

spp.) from the State of Rio de Janeiro (Brazil) with toxoplasmosis from January 2017 to

JULY 2000 e aans 138
CHAPTER IV

Table 4.1 Primary antibodies and protocols used for immunohistochemistry in this

110 T | O 154
Table 4.2 Types and distribution of gross traumatic lesions identified in the period of
January 2017 to July 2019 in five different genera of free-ranging NWP..................... 157
Table 4.3 Epidemiological data from the cases with gross traumatic lesions identified in

the period of January 2017 to July 2019 in five genera of free-ranging New World

01000 11 158
Table 4.4 Epidemiological and anatomopathological data from the ten cases of pulmonary
embolism in free-ranging New World primates, associated with traumatic injuries in the

period of January 2017 to July 2010, ... . ittt 159
CHAPTER V

Table 5.1 Histopathological criteria used for grading glomerular, tubular, and interstitial

renal lesions adapted from Yamada etal., 2013...........coiiiii 170
Table 5.2 Immunolabeling score of anti-IgM and anti-IgG in the glomeruli of free-ranging
Callithrix spp., Alouatta spp., and Sapajus spp. in the different grades of renal disease

(R e 177



SUMMARY

INtroduction....cccoieiieiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiiicieti et etriie et eeeeen e aens 14
Literature RevVIeW....oocviieiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiicietiiitcietietcnessscsnnennes 15
1. Neotropical primates (New World Primates - NWP) ... 15

2. Diseases affecting free-ranging NWP ..., 16

2.1 INfeCtiOUS AISEASES. .. v uuetttit ettt et e 17

N T U 2 107 1<) o - P 17

2 1.2 VATUSES . ettt et et e e e e e e e et e et e 28

2.1.3 Parasites (Protozoan) .............ccooiiiiiiiiiiiii i 40

2.1.4 Parasites (MEtaZOan) .........couuiiuiiintiit ettt e e 44

2 LS FUNGI o 45

2.2 NoN-InfeCtious dISEASES ... ...euuinteneettit ettt et eaeeeaeaeas 46

22,1 TTAUINA « ettt e 46

2.2 2 NEOPIASIA ..ttt e 47
REfOTONCES. ...t 53

Chapter I: Pathology and disease investigation of free-ranging New World Primates

from the Brazilian Atlantic FOreSt...eeeeeuuiiiiieeeeeiiiieeereeeenesseeeeeescecseesessssssssssessses 67

SUMIMIATY . . ..t et e e e et e e 67
Lo ItrOdUCHION. ..ot 68
2. Material and Methods..........o.ouiiiiii i 69
3 RESUIES. .t 73
4. DISCUSSION. .. ettt ettt et e ettt e et et et 99
REfOTONCES. ...ttt 106

Chapter II: Prevalence of Platynosomum sp. infection and its association with biliary

lithiasis and secondary bacterial infections in free-ranging marmosets (Callithrix

spp.) of the Brazilian Atlantic Forest........cccvviiiiiiiiiiiiiiniiiiiiiiiiiiiiiiiiieiecnnn 115
SUMMIATY . . .o e e e e e e et e e e 115
Lo ItrOdUCHION. ..ot 116
2. Material and Methods.........co.ouiiuiiii i 117
3 RESUIES. .t 118
R I 11011 1] 10 s U PP 125

R O ENCES. .o oo e 128



Chapter III: Pathology and epidemiology of fatal toxoplasmosis in free-ranging

marmosets (Callithrix spp.) from the Brazilian Atlantic Forest............c.cccceueee.. 132
ADSTIACE. .. ettt 132
Lo ItrOdUCHION. ..ot 133
2. Material and Methods..........o.ouiiiiii i 134
3 RESUIES. e 136
R 11011 1] 10 s U Pt 145
REfCTONCES. . ...ttt 148

Chapter IV: Non-thrombotic pulmonary embolism by brain, liver or bone marrow

tissues associated with traumatic injuries in free-ranging neotropical primates...... 151
ADSTTACE. .. et 151
Lo IrOdUCHION. ..ot 152
2. Material and Methods..........o.ouiiiiii i 153
3 RESUIES. . 154
L 11011 1] 10 s U P 163
RETCTONCES. ...t 165

Chapter V: Pathological and immunophenotypical characterization of

glomerulopathy and interstitial nephritis in free-ranging neotropical primates from

the Brazilian Atlantic Forest - preliminary results..........ccoovvevvveeiiiiiiiniiinieinnnnns 168
ADSTIACE. ..ttt 168
Lo ItrOdUCHION. ..ot 169
2. Material and Methods... ... ..o 169
3 RESUIES. .t 172
R 11011 1] 10 s U P 177
RETCTONCES. ..ttt 180

L0 1 T L1 13 1 1 Pt 182



14

INTRODUCTION

Neotropical primates (New World primates - NWP) are represented by five large
families: Callithrichidae (tamarins and marmosets), Cebidae (capuchins and squirrel
monkeys), Aotidae (owl monkeys), Pitheciidae (sakis, titi monkey and uakaris) and
Atelidae (howler monkey, woolly monkey, muriqui and spider monkey), totalizing 204
species and sub-species (Rylands et al., 2011; Verona and Pissinatti, 2014). These
groups have animals with variable sizes and weights, such as the small pigmy (Cebuella
pigmaea) weighting 100 g and muriquis (Brachyteles arachnoides) weighting 14 kg
(Shostell and Ruiz-Garcia, 2016). They have arboreal behavior and diversified eating
habits, with species that consume predominantly fruits and leaves, while other species
have diets based on invertebrates and small mammals (Verona and Pissinatti, 2014).
These animals represent about 40% of all Amazon mammalian biomass, and its
frugivorous behavior, together with other frugivorous animals, are responsible for the

maintenance of about 80% of the neotropical plants (Shostell and Ruiz-Garcia, 2016).

All NWP are included in the Convention on International Trade in Endangered
Species of Wild Fauna and Flora (CITES) indicating some degree of vulnerability of
these species (Verona and Pissinatti, 2014). The Brazilian Atlantic Forest itself holds 24
species of NWP, being 20 endemic and nine critically endangered, according to [IUCN
Red List (Hirsh et al., 2006). There are many factors associated with this threatening,
such as habitat loss and degradation, anthropization, illegal trade, hunting and emerging
infectious diseases (Shostell and Ruiz-Garcia, 2016; Wilson et al., 2021; Ehlers et al.,
2022). Importantly, NWP are natural and accidental hosts of various infectious agents,
and due to the phylogenetic proximity with humans, these animals may often be
considered reservoir and sentinels of important zoonoses, as exemplified in yellow fever

(YF) outbreaks (Leite et al., 2008; Moreno et al., 2013).

Identification of diseases that affects free-ranging NWP, as well as the
understanding of their pathogenesis, aids, in addition to the recognition of sentinels and
potential reservoirs of infectious agents, also in the development of public health and in
situ and ex situ conservation programs. Therefore, this study aimed to identify and
characterize the pathological findings of free-ranging NWP that died from January 2017
to June 2019 in the state of Rio de Janeiro, through histochemical, ultrastructural,

immunohistochemical and molecular techniques.
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LITERATURE REVIEW

1. Neotropical primates (New World Primates - NWP)

NWP, also known as platyrrhines, are species from Primates Order with wide
distribution in the Central and South America. These species differ from Old-World
primates (OWP), or catarrhines, due to its flat nose and lateral nostrils (Verona and
Pissinatti, 2014). There are some discussions in the literature about the taxonomy of the
Platyrrhini Parvorder: some authors divide this group in five Families (Callithrichidae,
Cebidae, Aotidae, Pitheciidae and Atelidae) (Rylands et al., 2011; Verona and
Pissinatti, 2014); and others in three Families (Cebidae, Atelidae and Pitheciidae)
(Verona and Pissinatti, 2014; Dumas and Mazzoleni, 2016), with 20 genus and 152
species (Rylands et al., 2011). In this study will be use the taxonomy described by
Rylands et al. (2011).

Callithrichidae have seven genera, being four named as marmosets (Callithrix,
Cebuella, Callibella, and Mico) and three as tamarins (Saguinus, Leontopithecus, and
Callimico). This Family have the smallest primate’s specie of the world, the 100 g-
weight small pigmy (Cebuella pigmaea) and differ from the other Platyrrhini families
due to its claws, instead of nails, useful to climb and access sap from the threes, an
important feature from its diet; and due to the number of molars, two rather than three in
each side of mandibular and maxillae. Also, the animals from this family usually have
head ornaments such as tufts, crests, manes, and whiskers, and a long non-prehensible
tail, are mainly arboreal, diurnal, and omnivorous, feeding from sap to insects and small
vertebrates, according to availability (Verona and Pissinatti, 2014; Shostell and Ruiz-
Garcia, 2016). Tamarins and marmoset are extensively used in biomedical research,
being the common marmoset (Callithrix jacchus) the most widely NWP used in
experimental laboratories, due to its small size, easy breeding and well adaptation to

captivity (Whitney, 1995).

Cebidae holds two to three genera of monkeys: capuchins — Cebus and Sapajus;
and squirrel monkeys - Saimiri (Verona and Pissinatti, 2014; Shostell and Ruiz-Garcia,
2016). The existence of Sapajus as a different genus from Cebus is still questionable
(Shostell and Ruiz-Garcia, 2016). Capuchins are medium-size monkeys with 2.5 to

5 kg, with a semi prehensile tail and thick molars (Shostell and Ruiz-Garcia, 2016).
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Squirrel monkeys are smallest than capuchins, weighting 900 g to 1 kg and have a white
mask around their eyes (Shostell and Ruiz-Garcia, 2016). Capuchins and squirrel

monkeys are also commonly used in laboratorial facilities (Whitney, 1995).

Atelidae have the largest monkeys from the Neotropics with four genera (Ateles,
Brachyteles, Alouatta, and Lagothrix). They all have a prehensile long tail with mostly
arboreal habitat and frugivorous diet. Alouatta has a very developed laryngeal and hyoid
processes, significantly increasing its vocalization potential (Verona and Pissinatti,
2014; Shostell and Ruiz-Garcia, 2016). Species from the Atelidae and Pitheciidae
families, are not well adapted to captivity, being hardly used in biomedical research
(Whitney, 1995). In wildlife, populations of Alouatta have being giving more attention
due to their high susceptibility to YF virus (YFV) infection, being considered an
important sentinel to that disease (Santos et al., 2020).

Pitheciidae have four genera (Cacajao, Callicebus, Chiropotes and Pithecia).
These animals do not have a prehensile tail and its diets vary from fruits and leaves to

insects (Shostell and Ruiz-Garcia, 2016).

Aotidae have only one genus, Aofus, known as night monkey or owl monkey.
These animals have big eyes and lack of a prehensile tail, weighting 570 g to 1.6 kg.
They are the only nocturnal primate from de Neotropics, being more active at dawn and
dusk. Their diet is based on fruits, flowers, leaves and insects and they are widely
distributed throughout the rain forest areas of South America (Whitney, 1995; Shostell
and Ruiz-Garcia, 2016). Owl monkeys became very important for research in
antimalarial drug development and to immunological and ocular studies (Whitney,

1995).

2. Diseases affecting free-ranging NWP

NWP have been commonly raised in captivity through the past years, both in
laboratory facilities and zoological gardens around the world. This high frequency in
captivity leads to a rich supply of information available in the literature on the
management, husbandry, and health of many of these animals (Méitz-Rensing and
Lowenstine, 2018). However, information about free-ranging NWP is very scarce,

especially focusing on its health, being the vast majority of reports associated with
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serological diagnoses and outbreak events, mostly focusing on specific and pre-defined
infectious agents (Bueno et al., 2017; Wilson et al.,, 2021; Wilson et al., 2022).
Additionally, free-ranging animals usually deals with a greater environmental challenge,
being extremally influenced by anthropic factors (Range-Negrin et al., 2014; Bueno et
al., 2017; Correa et al., 2018; Ehlers et al., 2022; Wilson et al., 2021). These factor leads
to a different profile of diseases between captive and free-ranging animals, even from
the same species. Therefore, this review will focus especially on the diseases that occur

or potentially occur in free-ranging populations of NWP.

2.1 Infectious diseases

Table 1 summarizes bacterial, viral, protozoan and fungal pathogens reported in

free-ranging NWP.

2.1.1 Bacteria

Among all the infectious diseases, the ones caused by bacteria are the most
commonly reported in free-ranging NWP (Ehlers et al., 2022), and it is often associated
with history of trauma, which is an important predisposing factor or a consequence of it

(Silva et al., 2020a; Ehlers et al., 2022).

2.1.1.1 Gram-positive cocci

Staphylococcus spp. are Gram-positive cocci with zoonotic potential, being a
part of the microbiota, but considered opportunistic pathogens. Staphylococcus aureus
is the species most commonly reported. The infection usually starts as a skin lesion,
evolving to cellulitis, lymphangitis, and bacteremia. Once bacteremia is established,
suppurative inflammation with intralesional bacterial colonies can be found in multiple
organs, causing suppurative pneumonia, hepatitis, meningitis, endocarditis, and
nephritis (Métz-Rensing and Lowenstine, 2018). Reports of infections in free-ranging
NWP are rare. Molina et al. (2019a) described a single case of suppurative
meningoencephalitis in an infant golden-headed lion tamarin (Leontopithecus
chrysomelas), that, although was rescue from wildlife, stayed at a captive environment
for 33 days before developing clinical signs. Diagnosis in that case was performed by
the visualization of Gram-positive cocci by histopathology and was confirmed by

bacterial culture.
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Streptococcus pneumoniae is a Gram-positive coccus carried by asymptomatic
animals and humans and transmitted by aerosol. Infections are enhanced by stressful
factors and starts in the respiratory tract quickly progressing to bacteremia and multiple
organs infections, being meningitis and arthritis a common consequence in NWP
(Verona and Pissinatti, 2014; Métz-Rensing and Lowenstine, 2018). Other species of
Streptococcus have also been described in NWP, such as Streptococcus pasteurianus
causing endocarditis and sepsis in a puerperal tamarin (Saguinus imperator) (Oliveira et
al., 2022b) and Streptococcus equi subsp. zooepidemicus responsible for outbreaks in
colonies of marmosets after being exposed by horse meat or keepers in contact with
horses (Schiller et al., 1989; Mitz-Rensing et al., 2009). Diagnostic is performed based
on identification of Gram-positive cocci at histopathology, confirmed by bacterial
culture or PCR (Schiller et al., 1989; Mitz-Rensing et al., 2009; Métz-Rensing and
Lowenstine, 2018; Oliveira et al., 2022b). There is no information about the prevalence

of Streptococcus species in free-ranging NWP.

2.1.1.2 Enterobacteriacea and others Gram-negative bacillus and coccobacillus

Salmonella enterica is a Gram-negative bacillus that causes salmonellosis, a
zoonotic disease, usually asymptomatic for NWP, but responsible for sporadic
outbreaks in captive primates (Verona and Pissinatti, 2014). In cases of symptomatic
infection, affected animals usually progress rapidly to death (Maétz-Rensing and
Lowenstine, 2018). The main clinical sign is watery to bloody diarrhea and
histopathology shows necrotizing and suppurative enterocolitis with sepsis and systemic
dissemination of the bacteria, often causing a suppurative to pyogranulomatous hepatitis
and splenitis (Verona and Pissinatti, 2014; Mitz-Rensing and Lowenstine, 2018). The
serovars frequently identified in NHP are Enteritidis and Typhimurium (Mitz-Rensing
and Lowenstine, 2018). In wildlife, this bacterium is rarely described with one single
report of Salmonella-induced enterocolitis in a free-ranging howler monkey (Ehlers et
al., 2022). Usually, this organism is identified by histopathology, with Gram stain, and
by IHC, being usually confirmed by bacterial culture and/or by DNA amplification and
sequencing (Ehlers et al., 2022).

Escherichia coli is a Gram-negative bacillus associated with self-limiting to
lethal diarrhea in NHP colonies, mainly of marmosets and tamarins (Thomson and

Scheffler, 1996; Mansfield et al., 2001; Hayashimoto et al., 2016; Métz-Rensing and
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Lowenstine, 2018). The disease can be caused by enteropathogenic (EPEC),
enterotoxigenic (ETEC), enterohemorrhagic (EHEC), enteroinvasive (EIEC) and
diffusely adherent (DAEC) serotypes (Mitz-Rensing and Lowenstine, 2018). However,
EPEC is the most reported serotype in enzootic infections of captive NHP, frequently
characterized by acute hemorrhagic diarrhea (Thomson and Scheffler, 1996; Mansfield
et al., 2001; Hayashimoto et al., 2016; Métz-Rensing and Lowenstine, 2018).

Histopathology shows neutrophilic colitis with hyperplasia of the intestinal crypt
epithelium, increased mitotic index, loss of goblet cells, crypt abscesses and Gram-
negative rods attached to the apical portion of the mucosal lining epithelium (Mansfield
et al., 2001; Métz- Rensing and Lowenstine, 2018). The identification of E. coli adhered
to the intestinal epithelium is an important feature for the confirmation of the disease
and can be performed by routine histological stains, hematoxylin and eosin, Gram stain
and toluidine blue, or by electron microscopy (Ludlage and Mansfield, 2003). Besides
enterocolitis, E. coli has been described as an important cause of septicemia for captive
NWP (Ehlers et al., 2022). E. coli was identified as a cause of enterocolitis in one free-
ranging howler monkey and was also associated with suppurative bronchopneumonia in

free-ranging animals from this species (Ehlers et al., 2022).

Diagnosis is performed by bacterial culture, histopathology and THC (Mitz-
Rensing and Lowenstine, 2018; Ehlers et al., 2022). Molecular techniques, such as PCR
of fecal samples, are important to monitoring the disease in a given population, since
bacterial culture can underestimate the number of carrier animals (Mansfield et al.,
2001). Importantly, E. coli is a commensal bacterium of digestive tract from healthy
NHP, therefore, in cases of identification by PCR, it is extremely important to perform
phylogenetic typification to assess the pathogenicity of the identified agent (McCoy et
al., 2021). Additionally, Vasquez-Aguilar et al. (2020) detected antimicrobial resistance
genes in E. coli isolates from free-ranging howler monkeys (4. pigra) and domestic
animals (cattle, sheeps and horses) in a Mexican Fragmented Rainforest, confirming
that wild animals exposed to anthropized environment are also susceptible to resistant

bacteria, enhancing the impact of indiscriminate use of antibiotics.

Shigella spp. is a Gram-negative bacillus that causes shigellosis, a severe
zoonotic disease of the large intestine (cecum and colon) of all primates, including

humans, but which is rarely described in NWP (Mansfield and Fox, 2019). Four
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serogroups are identified: Shigella flexneri, Shigella dysenteriae, Shigella boydii, and
Shigella sonnei (Mitz-Rensing and Lowenstine, 2018). Microscopically, infection is
usually associated with ulcerative and necrotizing colitis/typhlitis with crypt abscesses,
herniation of intestinal crypts into the intestine-associated lymphoid tissue, and
exudation of neutrophils on the mucosal surface (Mitz-Rensing and Lowenstine, 2018).
In OWP, S. flexneri is also associated with a linear ulcerative gingival syndrome (Mitz-
Rensing and Lowenstine, 2018), with no reports in NWP. The diagnosis is confirmed
through bacterial culture (Mitz-Rensing and Lowenstine, 2018), but it is usually
difficult to distinguish from E. coli isolates, so the use of PCR becomes essential for
accurate identification of this bacteria (Mansfield and Fox, 2019). There are no reports

of Shigella infection in free-ranging NWP.

Yersinia enterocolitica and Yersinia pseudotuberculosis are Gram-negative
coccobacilli that cause yersiniosis, a disease frequently reported causing outbreaks in
NWP colonies with high morbidity and mortality (Bakker et al., 2007; Nakamura et al.,
2010; Métz-Rensing and Lowenstine, 2018). Wild birds and rodents are the reservoir
and the source of infection, transmitting the bacteria through its feces, contaminating
the water and food offered to these animals in captivity (Verona and Pissinatti, 2014;
Mitz-Rensing and Lowenstine, 2018). Grossly, there is an ulcerative enterocolitis with
multiple small yellowish nodules at liver and spleen, microscopically characterized by
necro-suppurative enteritis, hepatitis and splenitis, with big intralesional colonies
(Nakamura et al.,, 2010; Mitz-Rensing and Lowenstine, 2018). Diagnostic can be
performed by histopathology and IHC, confirmed by bacterial culture (Bakker et al.,
2007; Nakamura et al., 2010; Mitz-Rensing and Lowenstine, 2018). Co-infection with
E. coli was recently described in nine wild caught marmosets (Callithrix penicillata)
presenting diarrhea and 100% of lethality (Lemos et al., 2021). Although this disease is
high relevant in captive NWP, the importance in free-ranging animals is unknown, with

no reports in the literature.

Klebsiella pneumoniae is an encapsulated Gram-negative bacillus implicated in
outbreaks in captive NWP, especially in marmosets, howler monkeys and tamarins,
with lethal course, causing bacteremia with marked sinusoidal leukocytosis, suppurative
splenitis, interstitial pneumonia, necrotizing adrenalitis, necrotizing myocarditis,

peritonitis, and neutrophilic enteritis (Pisharath et al., 2005; Guerra et al., 2016; Anzai
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et al., 2017; Métz-Rensing and Lowenstine, 2018; Guerra et al., 2020). Intralesional and
intravascular small bacilli surrounded by a clear halo can be observed. Transmission
occurs via oral or respiratory secretions and the disease is associated with stress and
debilitating co-infections, being infants and juveniles more susceptible (Mitz-Rensing
and Lowenstine, 2018). Diagnoses is performed by bacterial culture, IHC and PCR
(Pisharath et al., 2005; Mitz-Rensing and Lowenstine, 2018; Guerra et al., 2020), being
important to identify the phenotype at bacterial culture, once hypermucoviscosity
(HMV) phenotype are highly pathogenic and infective (Anzai et al.,, 2017; Métz-
Rensing and Lowenstine, 2018; Guerra et al., 2020).

Although it seems to be an important cause of sepsis and death in captive NWP,
the incidence and importance of K. pneumoniae in free-ranging animals is unknown.
One free-ranging tamarin from a translocation program developed a Klebsiella-induced
pneumonia and septicemia during the 30-days-quarantine, when it was housed for
clinical examination with other tamarins from the same group. In this case, the animal
was prior negative for Klebsiella in fecal and blood samples, but another healthy contact
tamarin was positive, being considered the reservoir and source of the infection (Bueno
et al., 2015). Importantly, Klebsiella was observed as part of intestinal microbiota of
healthy free-ranging tamarins, confirming that these animals can act as a natural carrier,

developing the disease in stressful situations (Iovine et al., 2014).

Pasteurella spp. is a Gram-negative bacillus responsible for necro-suppurative
bronchopneumonia in captive NWP with reports of Pasteurella multocida co-infection
with K. pneumoniae in some of these cases (Mitz-Rensing and Lowenstine, 2018).
Pasteurella spp. was also identified causing suppurative bronchopneumonia in free-
ranging NWP with history of dog attack (Silva et al., 2020a; Ehlers et al., 2022).
Interestingly, Pasteurella sp., especially Pasteurella canis, is a commensal bacterium
from the oral cavity of healthy dogs, being also reported in humans involved with dog
accidents, such as biting and scratching (Bath et al., 2015). Diagnosis can be performed

by bacterial culture and PCR for speciation (Silva et al., 2020a; Ehlers et al., 2022).

Pseudomonas spp. is a Gram-negative bacillus associated with septicemia in
humans and animals, being Pseudomonas aeruginosa the most pathogenic strain
described. In NWP, Pseudomonas simae was reported as cause of death of a captive

marmoset (Callithrix geofroyi) causing an acute bronchopneumonia and bacteremia
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(Vela et al., 2006). In this case, in addition to bacterial culture, PCR and DNA
sequencing have been performed to have a phylogenetic characterization of the isolate.
Menezes-Costa et al. (2013) detected by blood PCR four phylotypes of Pseudomonas
spp. in free-ranging howler monkeys and capuchins from different regions of Brazil,
confirming the circulation of this bacterium in a wild population. Although
Pseudomonas spp. is poorly described in captive or free-ranging NWP, it is one of the

differential diagnoses for septicemia in primates.

Bordetella bronchiseptica is a Gram-negative coccobacillus that causes
bordetellosis, a respiratory disease commonly reported in NWP colonies (Verona and
Pissinatti, 2014; Mitz-Rensing and Lowenstine, 2018). B. bronchiseptica has an affinity
to the respiratory tract, attaching to the ciliary epithelium of the airways, causing a
necro-suppurative bronchopneumonia that is usually trigged by a stressful event (Matz-
Rensing and Lowenstine, 2018). Diagnosis can be confirmed by bacterial culture and
PCR. Although it is very prevalent in captive NWP, the frequency and impact in free-

ranging population have not been reported.

2.1.1.3 Anaerobic bacteria

Clostridioides difficile (previously known as Clostridium difficile) is a Gram-
positive anaerobic bacillus from commensal microbiota of healthy mammals, including
NWP, being considered an opportunistic pathogen. The disease occurs when a
disruption of the microbiota happens and the C. difficile starts to overgrow, producing
high concentrations of cytokine, responsible to induce a severe pseudomembranous
colitis (Métz-Rensing and Lowenstine, 2018). Usually, histopathology shows multifocal
areas of fibrin and necrotic debris erupting from the intestinal mucosa, forming a
characteristic “volcano” aspect, evolving to a diffuse pattern with a thick layer of fibrin,
mucus, cell debris and neutrophils (Armstrong et al., 2019). However, in a case of lethal
acute diarrhea associated with C. difficile toxin A and B in a bufty-tufted-ear marmoset
(Callithrix aurita) it was observed just a mild neutrophilic colitis (unpublished data),
warning that even with mild lesions, C. difficile must be considered in the differential

diagnosis of diarrhea cases in NWP.

Stress, hospitalization, and prolonged use of antibiotics are the main

predisposing factors (Keel and Songer et al., 2006; Métz-Rensing and Lowenstine,
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2018; Armstrong et al., 2019). Although there is no report of the disease in free-ranging
NWP, it could potentially happen in wildlife, especially in free-ranging animals
submitted to a high anthropogenic environment and translocation programs. The
diagnose of C. difficile can be tricky, once the identification of the bacteria in IHC or
bacterial culture is not enough to confirm that the agent is causing the disease. C.
difficile toxins, such as CDT, TcdA, and TcdB, must be identified by cytokine
neutralization assays, ELISA, or PCR, to establish a cause-effect association (Keel and

Songer et al., 2006; Armstrong et al., 2019).

Clostridium tetani is an obligated anaerobic Gram-positive spore-forming
bacillus that causes tetanus, a disease that affect must of mammal species. OWP and
NWP are susceptible to this disease, developing characteristic clinical signs such as
triad of trismus, opisthotonos and status epilepticus. Diagnosis is based on history and
clinical signs, but to confirm is necessary to identify the neurotoxin tetanospasmin,
produced by C. tetani (Verona and Pissinatti, 2014; Mitz-Rensing and Lowenstine,
2018). Once this bacterium is found in the soil and infection occurs by the
contamination of skin wounds, it can potentially happen in free-ranging animals, even

not being described yet. Importantly, pathological findings in this case are non-specific.

Clostridium botulinum is anaerobic Gram-positive spore-forming bacillus that
causes botulism by producing a neurotoxin (A, B, C, D, E, F, and G) in the host
organism that will cause a flaccid paralysis by inhibition of acetylcholine release from
the presynaptic motor neuron terminal (Rao et al., 2021). Diagnosis is performed based
on clinical signs and confirmed by the identification of the neurotoxin (Rao et al.,
2021). Although botulism is a rarely reported disease in NHP, there are few reports of
C. botulinum causing outbreaks in captive OWP and NWP (Lewis et al., 1990; Petit,
1990). Silva et al. (2018) described an outbreak of botulism in a rural area of Minas
Gerais, Brazil, affecting chickens, dogs and one free-ranging marmoset (C. penicillata).
In this outbreak all the species involved were found in the same region presenting
flaccid paralysis progressing to death, and type C neurotoxin was identified in the
stomach content and serum of two chickens and one dog by mouse neutralization test.

Pathological findings are absent or non-specific (Rao et al., 2021).
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2.1.1.4 Spirochete bacteria

Leptospira spp. is an important zoonotic bacterium responsible for leptospirosis.
It is uncommon to observe natural infections in captive NWP (Mitz-Rensing and
Lowenstine, 2018), and it have been rarely described in free-ranging animals, with
studies focusing mainly in serological and molecular evidence (Molina et al., 2014;
Bueno et al.,, 2017; Molina et al., 2019b; Aliaga-Samanez et al., 2021). In two
serological study of a free-ranging NWP population none of the animals showed
positive serology anti-Leptospira by microagglutination test (MAT): the first study
evaluated anti-Leptospira serology in 20 howler-monkeys (4. caraya) and 48
marmosets (C. penicillata) (Molina et al., 2014); and second in 48 capuchins (S. flavius)
(Bueno et al., 2017). Also, in another study with 593 free-ranging tamarins (L.
chrysomelas) using MAT, only two tamarins were positive (Molina et al., 2019b).
Contrasting with the other previous studies, Aliaga-Samanez et al. (2021) found a high
prevalence (43.3% to 61.5%) of Leptospira sp. antibodies in asymptomatic free-ranging
tamarins (L. weddelli and S. imperator) from Peru. This high prevalence was also
observed in a free-ranging capuchin (S. apella nigritus) population from Sao Paulo,
Brazil, with 78% (39/50) of reactiveness by MAT (Girio et al., 2020). Together, these
data suggest a difference of susceptibility and exposure between those studied species

and confirms that Leptospira spp. circulates in the wild NWP population.

There are only two reported cases of leptospirosis-induced death in a free-
ranging NWP, one in a howler monkey (Alouatta guariba) from Rio Grande do Sul,
Brazil (Ehlers et al., 2022), and the other one in a black-tufted marmoset (C. penicillata)
from Brasilia, Brazil (Wilson et al., 2021). Pathological findings reported by Wilson et
al. (2021) were icterus, interstitial pneumonia with hemorrhage, edema, and fibrin
exudation, interstitial nephritis with tubular degeneration and necrosis and hepatocyte
cord dissociation and necrosis with sinusoid leukocytosis. Diagnosis in this case was
based on observation of spirochetes through Warthin-Starling stain, specific anti-
Leptospira THC and real-time PCR targeting the lipL32 gene. Importantly, in this case,
a great number of spirochetes were observed in the renal tubules, raising the possibility
that marmosets may be important in the transmission of this zoonosis, especially
because marmosets are well-adapted in urban environments increasing human-

marmoset interactions (Wilson et al., 2021).
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Borrelia sp. is another spirochete that causes disease in humans and animals
with an important zoonotic impact. In humans it is usually associated with Lyme
disease and Brazilian Lyme-like disease, caused mainly by Borrelia burgdorferi, and
transmitted to humans by ticks. NHP are used as experimental models for Lyme disease,
reproducing all the three phases of the infection: localized, disseminated, and persistent;
and developing persistent characteristic lesions, such as myocarditis (Cadavid et al.,
2004; Crossland et al., 2018). B. burgdorferi was identified by PCR in 16% (32/200)
free-ranging golden-headed lion tamarin (L. chrysomelas) from Rio de Janeiro, Brazil,
confirming that this bacterium circulates in this region and suggesting that these
tamarins may play a role in transmission of this pathogen to other animals or human

beings (Santos et al., 2018).

Helicobacter pylori is a spiral bacterium (spirochete), commensal of the
stomach, and associated with mild to moderate proliferative and erosive gastritis in
immunosuppressed patients. Silver stain, such as Warthin-Starry impregnation method,
and IHC are used to identify the bacteria in the tissue (Métz-Rensing and Lowenstine,
2018). Although, Helicobacter spp. has been naturally identified in the stomach of
marmosets, no association with specific pathological findings was observed (De Mello
et al, 2005; Shen et al., 2015). There is no information on Helicobacter spp. in free-

ranging NWP.

2.1.1.5 Mycobacterium tuberculosis complex (MTBC)

MTBC is a group of Mycobacterium species, such as Mycobacterium
tuberculosis, Mycobacterium africanum, Mycobacterium bovis, Mycobacterium
canettii, and Mycobacterium microti, with the potential to cause tuberculosis, a zoonotic
disease, in humans and other mammals. In captive primates this infection is usually
associated with the proximity of these animals with humans, being considered an
important anthropozoonosis (Métz-Rensing and Lowenstine, 2018; Ehlers et al., 2020).
In NHP this disease is mainly associated with M. tuberculosis and, although well
described in captive primates, NWP seems to be more resistant to the infection, being
uncommon in captive NWP and considered non-existent in free-ranging NWP with no
human contact (Montali et al., 2001; Marieke et al., 2015; Maitz-Rensing and
Lowenstine, 2018). Rosenbaum et al. (2015) found molecular evidence of M.

tuberculosis complex in NWP, mainly from Atelidae and Cebidae family, from different
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captive origin (pet, market, and zoological animals) in Peru. In that study, oral swabs
were obtained from 220 individuals, with 13.6% of positive DNA amplification. Market
origin had 5% (5/72) of positive animals. This group was represented by animals that
were capture in wildlife and sold in the illegal market, being the closest reference of
prevalence in free-ranging NWP described in the literature. In the contrast the
prevalence in zoo primates was 22% (22/100), in agreement with the notion that this

disease is highly associated with human contact.

Diagnosis is performed with necropsy and histopathology, with the identification
of typical granulomas in multiples organs, but especially in the lungs, associated with
variable amount of intralesional alcohol-acid resistant bacilli (Métz-Rensing and
Lowenstine, 2018; Ehlers et al., 2020). Typical tuberculosis granulomas are
characterized by well-delimited nodules with a mineralized necrotic center surrounded
by epithelioid macrophages, lymphocytes, plasma cells and multinucleated giant cells,
usually of the Langham’s-type (Méitz-Rensing and Lowenstine, 2018). This typical
presentation is often observed in OWP, however, in NWP, it is also described a poorly
delimited presentation with multifocal to coalescent granulomatous inflammation
without central necrosis (Montali et al., 2001; Ehlers et al., 2020). IHC and PCR can be
performed to confirm the intralesional agent (Ehlers et al., 2020). Bacterial culture,
although confirmative, must be performed in a biological safety cabinet class 3, being
not always accessible. Besides MTBC, Mycobacterium avium complex, M. avium
paratuberculosis and Mycobacterium leprae also infects captive NHP, however NWP
are extremally less susceptible than OWP (Mitz-Rensing and Lowenstine, 2018), and

there are no reports of infections in free-ranging NWP.

2.1.1.6 Hemotropic bacteria

Bartonella spp. is a facultative intracellular Gram-negative bacillus that infect
erythrocytes and endothelial cells in a prolonged bacteremia. Bartonella henselae is
responsible for the “cat scratch” disease, a zoonosis that has the cat as the most
important reservoir and is transmitted by cat bite and scratches or by vectors (fleas or
ticks). In humans it is responsible for causing endocarditis and other angioproliferative
lesions, being associated to angiomatosis and hepatic/splenic peliosis (Psarros et al.,
2012). Bartonella spp. has been poorly described in captive and free-ranging NHP
(O’Rourke et al., 2005; Huang et al., 2011; Li et al., 2013). Bonato et al. (2015)
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investigated Bartonella infection in 112 free-ranging capuchins and tamarins from Sao
Luis, Brazil, by blood gPCR, but no positive animal was found. The authors, however,
believes that the negative results may be due to a low bacteremia, once the animals from
the study were all asymptomatic. Also, bartonellosis was investigated by PCR, Warthin-
Starling stain and IHC in two cases of hepatic peliosis in captive owl monkeys (4.

infulatus), but no evidence of bacteria was found (Souza et al., 2021).

Mpycoplasma spp. (hemoplasmas or hemotropic mycoplasmas) are bacteria
that infect the surface of erythrocytes of a broad range of hosts, including primates,
leading to hemolytic anemia by intra and extravascular hemolysis. Hemoplasmas have
been detected in captive OWP and NWP, with new identified bacterial species, such as
Candidatus Mycoplasma kahanei from squirrel monkeys (Saimiri sciureus) and
Candidatus Mycoplasma aoti from owl monkeys (Aaotus trivirgatus) (Neimark et al.,
2002; Baker et al., 2011; Sashida et al., 2014; Melo et al., 2019). There are some studies
detecting hemoplasmas in free-ranging NWP as well (Santos et al., 2013; Bonato et al.,

2015; Cubilla et al., 2017).

A free-ranging howler monkey was diagnosed with Candidatus M. kahanei-
related hemoplasma by blood PCR and presented a regenerative anemia with low red
blood cell count (RBC) and high mean corpuscular volume (MCV) (Santos et al., 2013).
Another study investigating 112 healthy free-ranging NWP had molecular evidence of
hemoplasmas in 35.7% of the evaluated animals, being represented by capuchins,
squirrel monkeys and tamarins (Bonato et al., 2015). Cubilla et al. (2017) detected, by
blood smears cytology and blood PCR, 20% to 25% (8-10/40), respectively, of
hemoplasma-infected capuchins and howler monkeys. In this study, the authors also
observed that wild-borne animals were more likely to test positive than captive-born
animals and howler monkeys were 45 times more likely to test positive than capuchins

and marmosets, presenting mild anemia when infected.

Erlichia canis is an obligate intracellular Gram-negative a-proteobacterium, that
infects leukocytes and causes the canine monocytic ehrlichiosis, a potentially zoonotic
disease that affects dogs and is transmitted by Rhipicephalus sanguineus bites (Vieira et
al., 2011). E. canis was detected by blood PCR in one of 19 healthy free-ranging
marmosets (Mafra et al., 2015). Interestingly, the genotype of the E. canis sequenced
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from this marmoset was very similar to other genotypes identified in domestic dogs,

indicating the overlap of habitats between these animals.

2.1.1.7 Brucella spp.

Brucella spp. is a facultative intracellular Gram-negative coccobacillus, that
causes brucellosis, a recognize zoonotic disease, with high importance in public health,
and a broad range of infected hosts, being the most important: Brucella melitensis
(small ruminants), Brucella abortus (bovine), Brucella suis (swine),, and Brucella canis
(canine) (Olsen and Palmer, 2014). Brucella spp. gained attention in NHP after being
isolated a new species, named Brucella papionis, from stillbirth and retained placenta of
two wild-caught baboons (Papio sp.) (Schlabritz-Loutsevitch et al., 2009; Whatmore et
al., 2014). However, studies searching for serological evidence of this bacteria in free-
ranging NWP had negative results, even in regions with brucellosis endemic herds
(Ricciardi et al., 1976; Molina et al., 2014; Bueno et al., 2017), questioning the real
important of this disease for an NWP population.

2.1.2 Viruses

There are many well-known viruses that cause disease in captive NWP,
however, most of them are not reported in wildlife or were only observe in experimental
conditions (Métz-Rensing and Lowenstine, 2018). Viral diseases in free-ranging NWP
are usually associated with outbreaks, and the main viruses described are the

Herpesvirus simplex type I (HSV-I) and the yellow fever virus (YFV).

2.1.2.1 Human herpesvirus — HSV-I and 11

HSV-I and II are alpha herpesvirus that have the human as primary host with
high morbidity and mild or absent clinical signs. The virus is latent in the trigeminal and
lumbosacral ganglia, with intermittent reactivation and viral shedding in periods of
stress. In the primary host, lesions associated to viral infection consist of vesicles and
ulcers on the oral (type I) or genital (type II) mucosa, sometimes associated with
conjunctivitis, with rare cases of disseminated infections, usually associated with
immunosuppression (Métz-Rensing and Lowenstine, 2018). Histopathology shows a
necrotizing and ulcerative lesion with multinucleated syncytial cells on the edge and

eosinophilic intranuclear viral inclusion bodies (Métz-Rensing and Lowenstine, 2018).
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OWP can also be infected, developing a similar disease observed in humans. NWP are
highly susceptible and usually develops fatal disseminated disease with high morbidity
and high mortality (Juan-Sallés et al., 1997; Métz-Rensing et al., 2003; Schrenzel et al.,
2003; Hatt et al., 2004; Costa et al., 2011; Casagrande et al., 2014; Barnes et al., 2016;
Wilson et al., 2022). Interestingly, the NWP that survives the outbreak develops a
prolonged antibody response that last for at least four years, but do not extend to the

offspring (Hatt et al., 2004), indicating that these outbreaks could have a cyclic pattern.

In free-ranging NWP populations, this disease has been reported mainly in peri-
urban marmosets and it is usually associated with lethal outbreaks with monkey-to-
monkey transmission after the virus has been introduce by the contact with secretions of
the infected human host, and neurological signs are frequently reported (Bruno et al.,
1997; Longa et al., 2011; Costa et al., 2011; Wilson et al., 2022). Pathological findings
in NWP are similar to the ones described in humans, however, they are more severe and
disseminated. Usually, is observed ulcerative and necrotizing lesions at mucocutaneous
junctions with syncytial epithelial cells and nuclear viral inclusions, necro-ulcerative
glossitis, and an acute marked encephalitis, characterized by mononuclear inflammation
with variable amounts of neutrophils and severe necrosis, hemorrhage and vasculitis
(Métz-Rensing et al., 2003; Costa et al., 2011; Casagrande et al., 2014; Barnes et al.,
2016; Wilson et al., 2022). Necrotizing hepatitis and conjunctivitis, although less
common, is also observed (Wilson et al., 2022). Nuclear inclusions are also observed in
neurons and astrocytes. Although the pathological findings are very characteristic of the
HSV infection, PCR, electron microscopy and IHC are usually performed to confirm
the diagnosis (Métz-Rensing et al., 2003; Costa et al., 2011; Barnes et al., 2016; Wilson
et al., 2022). Importantly, in a study with 16 cases of HSV in free-ranging marmosets,
only HSV-type I was detected (Wilson et al., 2022).

There is one single report of a possible HSV-type II transmission from an
asymptomatic infected howler monkey (4. guariba) to a human. After being bitten by
the monkey, the human patient started to present a recurrent vesicular skin lesion in the
site of the bite, being isolated HSV-II from the vesicle secretion (Lyra et al., 2018).
Once HSV is a latent virus, it is possible that the howler monkey from this case got

infected after being exposed to virus by a human source, and surprisingly did not die
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with the initial infection, becoming a carrier and transmitting it to a human host, in an

unusual monkey-to-human transmission.

2.1.2.2 Saimiriine Herpesvirus (SaHV-1 and 2)

SaHV-1 is an alpha herpesvirus that causes a disseminated necrotizing disease in
NWP and SaHV-2 is a gamma herpesvirus T-lymphotropic related to Kaposi’s sarcoma-
associated herpesvirus (HHV-8) (Wachtman and Mansfield, 2012; Méitz-Rensing and
Lowenstine, 2018). Both viruses are enzootic in captive squirrel monkeys, considered
the primary host for these viruses, therefore, infected animals are usually asymptomatic.
However, there is one report associating a leukemic histiocytic sarcoma with SaHV-2 in
a squirrel monkey that was also infected with Saimiri sciureus lymphocryptovirus 2 and
Squirrel monkey retrovirus, although it is difficult to establish a correlation between
viral infection and the sarcoma (Buchanan et al., 2020). When transmitted to another
susceptible NWP, such as tamarins, owl monkeys and marmoset, SaHV will lead to a
systemic and lethal disease (Wachtman and Mansfield, 2012; Miétz-Rensing and
Lowenstine, 2018). SaHV-1 causes a disseminated necrotizing disease affecting skin,
oral mucosa, and parenchymal organs, with syncytial cells and nuclear inclusion bodies
(Wachtman and Mansfield, 2012); and SaHV-2 causes an acute lymphoproliferative
disorder, with CD3-CDS8 positive T-lymphocytes proliferation in multiple organs,
including GI tract, spleen, liver and kidney and leukemia (Maétz-Rensing and

Lowenstine, 2018).

Others gammaherpesviruses have been described in NWP as well, such as
herpesvirus ateles from spider monkeys and Callitrichine herpesvirus 3 (CalHV-3), that
was isolated from spontaneous lymphoma in captive marmosets (Melendez et al., 1972;
Albrecht, 2002; Ramer et al., 2000). Gammaherpesvirus was also detected by blood
PCR in free-ranging golden-handed tamarin (Saguinus midas), white-faced saki
(Pithecia pithecia), and squirrel monkey (S. sciureus), all from Lymphocryptovirus
genus (Thoisy et al., 2003). Those studies brought a lot of contribution describing novel
herpesvirus in NWP; however, little is known about the impact of these viruses in the

health of those animals and the pathological features associated with these infections.
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2.1.2.3 Flaviviruses

Yellow fever virus (YFV) is an arbovirus transmitted by mosquitos belonging
to the genera Sabethes and Haemagogus, in the sylvatic cycle, and 4edes, in the urban
cycle. This virus causes the yellow fever (YF), a disease of high importance in public
health and NWP conservation. YF usually occurs as 10 years cyclic outbreaks in non-
endemic regions with low vaccine coverage, and it usually starts in NWP population in
the wild, extending to the adjacent human population, therefore NWPs are considered
YF sentinels and important public health tools for the control and prevention of this

disease (Litvoc et al., 2018).

The classic pathological findings of YF in NHP are jaundice with an enlarged
and yellow liver characterized in histopathology by marked midzonal to massive
hepatocellular necrosis with apoptotic hepatocytes (Councilman-Rocha Lima bodies),
steatosis, and hemorrhage (Leal et al., 2016; Mitz-Rensing and Lowenstine, 2018;
Fernandes et al., 2021a; Fernandes et al., 2021b). Official diagnosis is performed by
liver histopathological evaluation with intracytoplasmic antigen immunolabeling in
hepatocytes by IHC, confirmed by RT-qPCR (Giovanetti et al, 2020; Fernandes et al.,
2021b). Viral isolation and immunofluorescence can also be performed, but is unusual

(Almeida et al., 2012).

Santos et al. (2020) analyzed the histopathological findings of 57 positive NWP,
including howler monkeys, marmosets, and capuchins. In this study the authors
identified that there were differences in the pattern of liver injury of YFV-infected
among different species of neotropical primates, being the howler monkey, the genus
with the most aggressive pattern, characterized by the classic YFV histological features
(Santos et al., 2020). In contrast, infected marmosets had unspecific findings, such as
mild inflammatory infiltrate and occasional glycogenosis. This anatomopathological
profile is compatible with the viral load identified in the tissues of those animals, where
howler monkeys have a high viral load, proving to be good indicators of the disease,
capuchins have a median viral load and marmosets have a low viral load (Fernandes et
al., 2021b). Titi-monkeys (Callicebus spp.) is also highly susceptible to YFV,
developing a massive necrotizing hepatitis with high viral loads (Fernandes et al.,

2021a). Importantly, this high susceptibility of YFV in howler monkeys reflects directly
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in its wild population that drastically decreases during YF outbreaks (Moreno et al.,

2015).

The last outbreak happened in the Brazilian Southeast region, started by the end
of 2016, and finished in 2019 and was considered the most severe over the past 80
years, with introduction of the virus in regions that it has never been reported before
(Giovanetti et al, 2020; Jesus et al., 2020; Silva et al., 2020b). During this period there
were more than 2,000 human cases with approximately 30% of lethality (Giovanetti et
al, 2020). The wild population of NWP was extremally impacted by YFV, with
thousands of positive lethal cases and an important reduction in its density, directly
affecting conservation programs of species already threatened (Dietz et al., 2019; Strier
et al.,, 2019). During this outbreak was also detected by RT-qPCR YFV-positive
marmosets from urbanized regions of Sdo Paulo, Brazil, increasing concern about the
development of the urban cycle of the disease, which has not occurred in Brazil since
1942 (Cunha et al., 2020; Fernandes et al., 2020). In one non-autochthonous case the
marmoset, raised as pet, presented clinical signs, such as fever, vomit, diarrhea,
jaundice, difficulty in walking and loss of movement of pelvic members, for nine days
before death. Considering this extremely fearful scenario, efforts have been made to use
the human YF vaccine (17DD) in captive and free-living NWPs, with promising results

observed in captive howler monkeys (Fernandes et al., 2021c).

Zika virus (ZIKV) was also investigate in free-ranging NWP from Brazil, and
there was evidence of viral infection by RT-qPCR in marmosets and capuchins from
peri-urban regions during YF outbreak (Terzian et al., 2018; Favoretto et al., 2019),
suggesting that these species could play a role as a sylvatic reservoir of ZIKV,
contributing to the maintenance of this virus in the environment (Han et al., 2019).
Histopathology from 16 of the 32 positive animals revealed only nonspecific findings,
such as pneumonia, cholangiohepatitis, splenic lymphoid reactive hyperplasia,
interstitial nephritis, and myocarditis (Terzian et al., 2018). Squirrel monkeys,
marmosets, and owl monkeys have been used as experimental models for ZIKV
infections, being susceptible to the disease, with significant viremia and reproducing the
congenital abnormalities and abortions commonly observed in humans (Alcantara et al.,

2021).
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Others flaviviruses have being investigated in wild NWP populations
(Contigiani et al., 2000; Svoboda et al., 2014; Rocha et al., 2015; Loza-Rubio et al.,
2016; Morales et al., 2017; Terzian et al., 2018; Dolz et al., 2019; Chaves et al., 2021).
NWP are susceptible to most of flavivirus infections with human and veterinary
importance in experimental conditions, being used as models to study this disease

(Métz-Rensing and Lowenstine, 2018; Alcantara et al., 2021).

However, little is known about the importance of the NWP as a reservoir of
those viruses in wildlife and the real impact of these diseases in natural infections.
Studies with NWP population from Costa Rica and Argentina observed molecular
evidence and neutralizing antibodies for dengue virus (DENV), Saint Louis encephalitis
virus (SLEV) and West Nile virus (WNV) in asymptomatic howler monkeys
(Contigiani et al., 2000; Morales et al., 2017; Dolz et al., 2019; Chaves et al, 2021).
DENV was also identified in free-ranging capuchins and squirrel monkeys from Costa
Rica (Dolz et al., 2019; Chaves et al, 2021) and there is one report of positive serology
for Equine eastern encephalitis virus (EEEV) in on spider monkey from Bolivia (Karesh
et al., 1998). At Brazil, SLEV was observed in one free-ranging howler monkey and
eight capuchins from Porto Rico County region, between the states of Parand and Mato
Grosso do Sul (Svoboda et al., 2014). Ilheus virus (ILHV) and Bussuquara virus
(BSQV) was also detected in one free-ranging howler monkey from Argentina (Morales

et al., 2017), although these two viruses have less importance in human medicine.

2.1.2.4 Rabies virus (RABYV)

The rabies virus (RABV) is a Lyssavirus that causes rabies, a zoonosis with
100% of lethality that infects a wide range of mammal hosts and is transmitted by
infected animal saliva. In Brazil RABV has been controlled by preventive vaccination
programs focusing on domestic animals. However, currently, wild animals, especially
vampire bats (Desmodus rotundus), are the main source of human infections. The role
of NWP in the rabies cycle increased in the past years, mainly associated wild
populations of common marmoset (C. jacchus) from Brazilian Northeast and Southeast
regions, with 91 human exposures to infected common marmoset in the past 12 years
(2008-2020) (Favoretto et al., 2001; Machado et al., 2012; Kotait et al., 2018; Moutinho
et al., 2020; Benavides et al., 2022). Interestingly, outbreaks of RABV were initially

concentrated in the states of Ceard and Pernambuco (up to 2012) but now extended to
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other states, such as Piaui (since 2013), Bahia (2017), and Rio de Janeiro (2019)
(Benavides et al., 2022).

A juvenile infected marmoset, that died with neurological signs, was recently
reported in urbanized area from Nitero6i, Brazil (Moutinho et al., 2020). In this case the
sequenced viral DNA showed characteristic of hematophagous bats Desmodus rotundus
RABYV strain (AgV3), similar to the one detected in the cases from Bahia. C. jacchus
antigenic RABV strain was also identified in 20 reported cases from the Brazilian
Northeast (Benavides et al., 2022). Capuchins (Sapajus sp.), although less frequent than
marmosets, were also identified as a potential reservoir for RABV (Machado et al.,
2012) with a confirmed symptomatic lethal case (Kobayashi et al., 2013). In this
symptomatic case, the capuchin bitted a horse and had an aggressive and isolated
behavior. The phylogenetic analysis from this case also showed a viral strain

Chiroptera-related (Kobayashi et al., 2013).

Classical pathological finding is the non-suppurative encephalitis with round
intracytoplasmic eosinophilic inclusion bodies (Negri-bodies) observed mainly in
neurons including Purkinje cells (Méitz-Rensing and Lowenstine, 2018). Official
diagnosis is performed by immunofluorescence and mouse inoculation test, but

histopathology is highly indicative of the disease (Moutinho et al., 2020).

2.1.2.5 Parvoviruses

Parvoviral infections in NHP have being poorly described in free-ranging and
captive OWP (Sharp et al., 2010; Adlhoch et al., 2012; Simon, 2008). Its relevance and
role as a zoonotic agent in NWP is poorly known, especially in a wild environment.
Chaves et al. (2020) investigated by blood PCR the prevalence of three parvovirus
groups (Bocaparvovirus-HBoV, Erythroparvovirus-B19 and Tetraparvovirus-PARV4)
in captive and free-ranging howler monkeys (4louatta palliata), white-face monkeys
(Cebus imitator), spider monkeys (Ateles geoffroyi) and squirrel monkeys (Saimiri
oerstedii) from Central America for 15 years. In this study they found evidence of
PARV4 infection, both in captive and free-ranging animals, in howler monkeys,
capuchins and spider monkeys. HBoV and B19 were identified only in howler monkeys
and capuchins, both from wildlife. The authors discussed that the identification of these

viruses in the blood could indicate an active infection with viremia and the similarity
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between the human and NWP strains from these cases may indicate a cross-species

transmission with a zoonotic potential (Chaves et al., 2020).

In humans PARV4 is responsible for influenza-like symptoms, encephalitis,
transient rash, hepatitis, and fetal hydrops; HBoV is also found in the respiratory tract,
being associated respiratory diseases and B19 is a common cause of myocarditis, being
also responsible for arthritis, glomerulonephritis and myelosuppression leading to
anemia (Chaves et al, 2020). In OWP is described a macaque parvovirus
(erythroparvovirus) that is also associated with anemia with identification of
intranuclear inclusions in erythroid precursors in bone marrow (Métz-Rensing and

Lowenstine, 2018).

2.1.2.6 Simian foamy virus (SFV)

SFV are a complex zoonotic exogenous retrovirus that naturally infect OWP and
NWP, with occasional reports in humans that have close contact with these primates
(Muniz et al., 2015; Muniz et al., 2017; Pinto-Santini et al., 2017; Santos et al., 2019). It
has been recently reported in free-ranging NWP, being the only known exogenous
retrovirus naturally infecting this group and it is apparently non-pathogenic (Ghersi et
al., 2015; Pinto-Santini et al., 2017; Muniz et al., 2018; Miranda et al., 2019; Santos et
al., 2019), although co-infections with simian immunodeficient virus (SIV) accelerated
SIV immunodeficiency-induced death (Pinto-Santini et al., 2017; Santos et al., 2019).
SFV is transmitted through bites and grooming and is latent in red blood cells. It is
believed that SFV primary infection occurs in blood and migratory cells, such as
macrophages or leukocytes, carrying the virus to the basal epithelium of oropharyngeal
tissues, with subsequent replication in differentiated epithelial cells (Santos et al., 2019).
T lymphocyte differentiation and monocyte activation was observed in humans

chronically infected with SFV (Gessain et al., 2020).

In captive NWP the prevalence ranges from 23% to 61%, being detected by
serology and molecular evaluation (Muniz et al., 2015; Santos et al., 2019). SFV was
detected in 34.8% (32/92) recently wild-caught tamarins from Rio de Janeiro, Brazil, by
qPCR of saliva, with similar prevalence between sex and age (Miranda et al., 2019).
Importantly, prevalence increased in animals with more than 7 months in captivity. This

same profile was observed in NWP from Peru, where captive animals had a prevalence
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of 47%, contrasting with 19% in free-ranging animals (Ghersi et al., 2015). Two distinct
lineages of SFV co-circulating in this groups of tamarins, SFVIem-1, known as
infective for Cebiade family, and SFVlcm-2, infective for capuchins (Sapajus

xanthosternos) and marmosets (C. jacchus) (Miranda et al., 2019).

2.1.2.7 Adenoviruses (AdV)

AdV are DNA viruses that infect most vertebrate animals, including humans and
NHP. AdV infections in NWP have been described since 1970, when it was first
detected by serology in captive squirrel monkeys and owl monkeys. Since then, this
virus has been associated with asymptomatic to fatal infections, dependent of age and
immunological status (Chen et al., 2011; Rogers et al., 2020). Although AdV is usually
specie-specific, there are reports of cross-infection between different NHP species and
even between NHP and humans, being considered a zoonotic pathogen (Chen et al.,
2011; Yu et al., 2013). Importantly, free-ranging and captive marmosets and capuchins
also showed neutralizing antibodies for human AdV in Brazil (Ersching et al., 2010)
and Adv was detected by PCR in 17.9% (12/67) fecal samples of free-ranging howler
monkeys (Alouatta pigra) from Mexico (Argiiello-Sanchez et al., 2018). Pathological
findings may be systemic with necrotizing lesions in the liver, intestine, pancreas, and
spleen, but interstitial pneumonia is the main feature observed in NWP, causing
fulminant respiratory outbreaks with high morbidity and lethality (Chen et al., 2011;
Rogers et al., 2020). Intranuclear inclusion bodies can be observed in epithelial cells
present in the borders of the necrotizing lesions (Rogers et al., 2020). AdV is eliminated
in the feces. Therefore, PCR with template DNA extracted from fecal samples can be a

good tool to detect a viral infection in primate colonies (Rogers et al., 2020).

2.1.2.8 Hepatitis A virus (HAV)

HAYV was investigated by serology in 419 free-ranging and captive NWP from
Brazilian Southeast region, and the results showed positive serology only in captive
animals with a frequency of 5.2% (Setzer et al., 2014), contrasting with the high
frequency of 22% to 37% observed in free-ranging OWP (Coursaget et al., 1981; Burke
et al,, 1984). In a free-ranging population of howler monkeys and capuchins was
observed a similar prevalence of anti-A hepatitis antibodies (4.5% - 5/107), assessed by

ELISA, and detected exclusively in capuchins (Svoboda et al., 2016). HAV is a
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picornavirus, RNA that is transmitted by fecal-oral route and has the primates as the

only natural host.

Clinical manifestations of symptomatic HAV infection in humans vary from
mild, anicteric illness to fulminant hepatitis (Fiore, 2004). Naturally and experimental
infections are reported in OWP and NWP, being described natural disease in owl
monkeys, marmosets, and tamarins (Cullen and Lemon, 2018). Histopathology of the
liver from infected marmosets and tamarins showed hepatitis with hepatocellular
necrosis, ballooned hepatocytes, portal inflammation with piecemeal necrosis and
proliferation of small-caliber bile ductules (Cullen and Lemon, 2018). Importantly,
NHP HAVs are potentially zoonotic, and primates can become infected with human

strains (Métz-Rensing and Lowenstine, 2018).

2.1.2.9 Hepatitis B virus (HBV)

HBYV is a hepadnavirus, being the major cause of hepatitis in humans and is
transmitted by infected blood, saliva, and semen, leading to a persistent infection that
causes chronic hepatitis and induces the development of hepatocellular carcinoma
(Métz-Rensing and Lowenstine, 2018). OWP are susceptible, especially cynomolgus
monkeys, and the disease can be transmitted by humans. Pathological findings are
periportal inflammation with lymphocytic cell infiltration progressing to cirrhosis
(Métz-Rensing and Lowenstine, 2018). A specific hepadnavirus was isolated from a
captive wooly monkey (Lagothrix sp.) with a lethal fulminant hepatitis and nine others
from the same institution tested positive by PCR, being seven also positive for anti-
HBYV serology (Lanford et al., 1998). This is the only report in NWP, with no data about

this virus in wildlife.

2.1.2.10 Measles virus

Measles virus is a morbillivirus from the Paramyxoviridae family that have
humans as primary hosts, but NHP are highly susceptible. Pathological findings in
OWP are initially rash (maculopapular exanthema) progressing to a severe interstitial
pneumonia rich in giant multinucleated syncytial cells with intranuclear and
intracytoplasmic inclusions. In NWP the disease is more characterized by necrotizing

gastroenteritis with multinucleated syncytia in various tissues including lymph nodes.
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Once measles virus is strongly immunosuppressive, opportunistic co-infections are

often observed (Mitz-Rensing and Lowenstine, 2018).

No evidence of measles virus in free-ranging NWP has been reported, however,
measles virus was controlled by high vaccine coverage in human populations for years,
reducing the circulation of the virus in most of countries. Over the last two decades the
number of measles cases has been progressively increasing and, since 2018, vaccination
coverage has been falling worryingly with high number of human cases, including in
Brazil (Measles & Rubella Initiative, 2021). The COVID-19 pandemic has further
undermined measles vaccination coverage, with vaccination levels reducing by up to
40% in the past two years (Silva et al., 2021; Shet et al., 2022). These data raise
concerns regarding the re-emergence of a disease that can be controlled with vaccine in
the human population and at the same time alerts about the possibility of infection of

susceptible NWP that live in areas of high human density, such as marmosets.

2.1.2.11 Orthopoxvirus

Seroprevalence of vaccinia virus (VACV) in free-ranging capuchins and howler
monkeys from Brazilian Amazon detected 25.3% (68/269) and 48.1% (13/27) of
positive animals, respectively, indicating that this virus circulates in an NWP population
in natural conditions (Abrahao et al., 2010). VACYV is an Orthopoxvirus, closely related
to cowpox virus, a virus that captive NWM, especially callitrichids, seems to be highly
susceptible to infection (Méitz-Rensing and Lowenstine, 2018). Infection in NWP
usually have lethal course and is characterized by vesicular and hemorrhagic to erosive-
ulcerative dermal and mucous-cutaneous lesion with eosinophilic intracytoplasmic
inclusion bodies in epithelial cells. Necrotizing lesions may be observed in multiple
organs, such as liver, spleen, lymph nodes, stomach, and intestines. PCR and IHC can

be performed to confirm the viral infection (Métz-Rensing et al., 2006).

2.1.2.12 Oropouche virus (OROV)

OROV is an arbovirus from the family Bunyaviridae, which also comprises the
genera Hantavirus, and is responsible to cause the Oropouche fever, a human disease
that causes epidemics in Amazon region, being characterized by fever, headaches,

chills, myalgia, arthralgia, retroocular pain, and, in a few cases, non-suppurative
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meningitis or meningoencephalitis (Bastos et al., 2012). OROV have a sylvatic and
urban cycle, depending on the vector. NWP are considered to play a role in the
maintenance of this virus in the sylvatic cycle, with evidence of viral circulation in free-
ranging capuchins and howler monkeys with positive serology to anti-OROV antibodies

(Gibrail et al., 2016).

2.1.2.13 Papillomaviruses (PV)

PV are DNA viruses that infects epithelium and mucosa of a wide range of
vertebrates, including humans, with 429 types, where 218 are found exclusively in
humans (HPV). In humans and OWP, infections have been associated with dysplasia
and neoplasia, being the most common cause of uterine cervical carcinoma in humans
and causing typical papillomas with acanthosis and koilocytes in OWP (Koéhler et al.,
2011; Miétz-Rensing and Lowenstine, 2018). PV infection in NWP is scarcer, with
reports in asymptomatic captive marmosets, squirrel monkeys, howler monkeys, spider
monkeys and titi monkeys (Silvestre et al., 2016; Chen et al., 2018; D’arc et al., 2020).
In wildlife PV was detected by PCR in oral swabs of two free-ranging NWP, one
capuchin and one howler monkey, both from Argentina (Sanchez-Fernandez et al.,
2022). HPV was investigated by IHC in a case of multicentric cutaneous
keratoacanthomas in a free-ranging marmoset, but no viral antigen was detected (Diaz-

Delgado et al., 2018b).

2.1.2.14 Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

SARS-CoV-2 is an RNA virus responsible for the COVID-19 pandemic that
started on December 2019 and is characterized by an acute respiratory syndrome with
systemic inflammatory reaction. NHP, including common marmosets (C. jacchus) has
been extensively used as experimental models for SARS-COV-2 and others respiratory
coronavirus (MERS-COV and SARS-COV), reproducing the disease that is observed in
human patients (Greenough et al., 2005; van Doremalen et al., 2015; Lu et al., 2020;
Rockx et al., 2020; Singh et al., 2021). Therefore, two studies were performed searching
for evidence of SARS-COV-2 in free-ranging NWP populations from the genera
Callithrix, Callicebus, and Alouatta, all from hotspots for COVID-19 in Brazil (Abreu
et al., 2021; Sacchetto et al., 2021). A total of 111 NWP was evaluated by RT-qPCR of
oral and nasal swabs, blood and/or tissues and by PRNT, but no SARS-CoV-2 positive
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samples were detected, regardless of NWP species or biome tested (Abreu et al., 2021;
Sacchetto et al., 2021), raising questions about the susceptibility of these animals to
SARS-COV-2 under natural conditions. However, there is a recent case of natural
infection in a free-ranging black-tailed marmoset (Mico melanurus). This animal
developed an interstitial pneumonia with identification of the viral spike protein in the
lung tissue by IHC. Nasopharyngeal and oropharyngeal swabs were also positive to RT-
PCR (Pereira et al., 2022).

2.1.2.15 Other viruses

Molina et al. (2019b) investigated by PCR hundreds free-ranging golden headed
lion tamarin (L. chrysomelas) from Rio de Janeiro, Brazil, searching for hepatitis E
virus genotype 3 (HEV-3), rotavirus A and norovirus GI and GII, but no positive

animals was identified.

2.1.3 Parasites (Protozoan)

2.1.3.1 Toxoplasma gondii

Toxoplasmosis, caused by 7. gondii, is an important and lethal disease for
almost all NWP species, being frequently reported in captive animals, usually
associated with outbreaks and an acute lethal evolution with sudden death (Paula et al.,
2020; Santana et al., 2021). Animals are infected by ingesting food contaminated with
infective oocysts, which are released in the feces of domestic and wild felines,
considered the definitive hosts (Mitz-Rensing and Lowenstine, 2018). Pathological
findings are represented by random necrotizing lesions in many organs, especially at
liver, lungs, spleen, and brain, associated with intralesional tachyzoites, that are better
observed by IHC (Grumann et al., 2017; Santos el al., 2017; Maitz-Rensing and
Lowenstine, 2018; Paula et al., 2020; Santana et al., 2021). Another important feature of
the 7. gondii infection in NWP is the severe pulmonary edema and hemorrhage, in some
cases associated with diffuse alveolar damage, characterized by alveolar hyaline
membrane (Nishimura et al., 2019; Santana et al., 2021). There are only few reported
cases of death by toxoplasmosis in free-ranging NWP, being three howler monkeys (4.
guariba) (Ehlers et al., 2022) and one southern muriqui (B. arachnoides) (Santos et al.,

2017). In both cases, intralesional tachyzoites were observed in multiple organs,



41

highlighted by IHC. Molecular studies are important to characterize the genotype of the
T. gondii, which may play a role in the pathogenicity of the disease (Santos et al., 2017,
Santana et al., 2021).

In captive, due to its acute lethal course, NWP usually dies from the infection
before developing an immunological response (Paula et al., 2020), making serology a
poorly efficient tool to evaluate the presence of the disease in these animals. This profile
was also observed by Molina et al. (2017) in a serosurvey for toxoplasmosis in a free-
ranging population of tamarins (L. chrysomelas) from Niteroi, Brazil, where 126
animals were tested by MAT and all were negative. However, some serological studies
showed evidence of antibody anti-7.gondii in free ranging capuchins, howler monkeys
and marmosets (Molina et al., 2014; Silva et al., 2014; Bueno et al., 2017; Nichaus et
al., 2020), which indicate that some free-ranging NWP, although exposed to 7. gondii,
were able to survive to the acute phase. The severity of clinical toxoplasmosis in NWP
may be associated with the protozoan (eg, inoculum, infective stage, genetic
characteristics of the strain), host (eg, immune response, feeding behavior), and
environment (eg, parasitic burden in soil and water) (Ajzenberg et al., 2004; Catdo-Dias
et al., 2013), justifying this contrasting results. In fact, it is known that capuchins are
more resistant to infection than others NWP, even in similar exposure environment

(Catao-Dias et al., 2013; Paula et al., 2020; Santana et al., 2021).
2.1.3.2 Leishmania spp.

Leishmaniosis, caused by Leishmania spp., has been reported in captive NWP
from endemic regions with serology and molecular detection in asymptomatic animals,
with few symptomatic cases, sometimes resulting in death (Malta et al., 2010, Lima et
al., 2012; Lombardi et al., 2014; Oliveira et al., 2019; Santos and Oliveira, 2019).
Pathological findings in a lethal case of a captive titi-monkey (Callicebus nigrifrons)
infected by L. infantum were marked emaciation, severe pulmonary edema and
hemorrhage, moderate splenomegaly, and lymphadenopathy, hepatic microgranulomas
and lymphoplasmohytiocytic interstitial nephritis with macrophages containing
amastigotes in all organs evaluated (Malta et al., 2010). IHC was performed to better
visualize the amastigotes and PCR from the tissues confirmed the diagnosis. The other

symptomatic NWP case reported in the literature was from a captive spider monkey (4.
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paniscus) that presented weight loss and pale mucous membranes and blood PCR

detected Leishmania amazonensis (Lima et al., 2012).

In wildlife there are serologic and molecular evidence of Leishmania infantum,
Leishmania mexicana, Leishmania shawi, L. amazonensis and Leishmania braziliensis
in a wide range of NWP from endemic areas (Herrer et al., 1976; Lainson et al., 1988;
Lainson et al., 1989; Acardi et al., 2013; Rovirosa-Hernandez et al, 2013; Bueno et al.,
2017; Trueb et al., 2018; Medkour et al., 2019; Paiz et al., 2019; Santos and Oliveira,
2019; Candido et al., 2021), but no symptomatic animals were identified. These
findings could represent a public health concern once some species of NWP were
competent in transmitting L. infantum to the invertebrate vector Lutzomyia longipalpis
(Oliveira et al., 2019; Santos and Oliveira, 2019), being a potential reservoir of this

parasite contributing to its maintenance in the environment.

2.1.3.3 Trypanosoma spp.

Trypanosoma cruzi is a mammal parasite, being the etiological agent of Chagas
disease in humans, endemic throughout Latin America and transmitted by feces of
blood-sucking triatomine bugs (Minuzzi-Souza et al., 2016). Pathological findings
associated to Trypanosoma infections, especially for 7. cruzi, are better known in
captive primates, mainly reported in OWP. For 7. cruzi, usually, it is observed a severe
lymphoplasmacytic myocarditis with variable number of protozoan cysts filled with
amastigotes in the cytoplasm of cardiomyocytes. Inflammation and amastigotes can be
observed in other tissues, such as testis, but it is uncommon (DeLorenzo et al., 2019).
Importantly, sometimes the amastigotes are not easily observed in the tissue, therefore
IHC and ISH are important tools to confirm the diagnosis (DeLorenzo et al., 2019).
PCR is also frequently use and is important to differentiate from Leishmania sp. and

others Trypanosoma species (Candido et al., 2021).

Serological evidence of 7. cruzi was identified in 16% (8/48) of a free-ranging
capuchin (S. flavius) population from the Brazilian Northern region, being five of these
positive animals, also positive for Leishmania sp. (Bueno et al., 2017). Free-ranging
populations of golden lion tamarin (L. rosalia) from Rio de Janeiro, Brazil, had a high
prevalent (> 50%) and persistent (> five years) parasitemia, with identification of 7.

cruzi genotype II by hemoculture and serological assays, with no evidence of clinical
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signs, being considered the most important wild reservoir for that genotype (Lisboa et
al., 2004). However, mild cardiac alterations by electrocardiogram and
hypergammaglobulinemia were identified by others studies in golden lion tamarin
T.cruzi-infected, suggesting that, although difficult to identify, tamarins may have
clinical signs and pathological disturbance similar to infected humans (Monteiro et al.,
2006; Monteiro et al., 2010). Xenodiagnosis performed in two free-ranging squirrel
monkeys (Saimiri sp.) infected by 7. cruzi detected trypanosomes in the gut and
salivary gland of the exposed triatomine (Ziccardi et al., 1997) and a study with captive
NWP identified positive primates and bugs in the same enclosure (Minuzzi-Souza et al.,
2016). Together, these data highlight the role of NWP in the trypanosome transmission,
with direct impact in the public health, being an important key to the transmission and

maintenance of this agent in wildlife.

Serology, blood smears cytology and blood PCR also detected 7. cruzi and
others Trypanosoma species in wild populations of marmosets (Callithrix sp. and Mico
melanurus), howler monkeys (4loautta pigra, Alouatta caraya, and A. palliata), spider
monkeys (4. geoffroyi), tamarins (Saguinus bicolor) and capuchins (Sapajus apella)
(Silva et al., 2008; Rovirosa-Hernandez et al, 2013; Martinez et al., 2016; Coimbra et
al., 2020; Candido et al., 2021; Rovirosa-Hernandez et al, 2021). In some of those
studies, besides 7. cruzi, Trypanosoma minasense and/or Trypanosoma rangeli were
confirmed by DNA sequencing. These two species are primitive Trypanosoma species
considered of low pathogenicity in vertebrates, but with a constant low parasitemia in
NWP (Coimbra et al., 2020; Candido et al., 2021). No symptomatic animals were

identified in those studies.

2.1.3.4 Plasmodium spp.

Plasmodium spp. is extremally studied due to its importance on public health,
being the causative agent of malaria, the deadliest human vector disease in the world.
The species associated with this disease are Plasmodium vivax and Plasmodium
falciparum, with cases of mixed infections (Rondon et al., 2019). There are 29 species
of Plasmodium that parasitize NHP, with reports in free-ranging NWP of P. falciparum,
Plasmodium brazilianum and Plasmodium simium, closely related to P. vivax and

identified in human malaria outbreaks. P. brazilianum was also detected in humans,
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being classified as quartan malaria parasite, which is considered harmless but have been

associated with the development of renal disease (Lalremruata et al., 2015).

Free-ranging howler monkeys (4. guariba clamitans) are considered de main
reservoir of malaria in the Atlantic Forest. Studies using blood and stool PCR have
shown high prevalence (30 to 70%) of Plasmodium in free-ranging populations from
fragmented and peri-urbanized areas, in some cases coinciding with human malarian
outbreaks (Costa et al., 2014; Abreu et al., 2019; Nunes et al., 2019; Rondon et al.,
2019; Chaves et al., 2022). Animals were infected with P. simium, P. falciparuim, and
P. brazilianum, and at hematological and biochemical analysis the infected animals
presented lymphocytosis, hypoalbuminemia, and high levels of ALT, that were even
higher in mixed infections (Abreu et al., 2019; Nunes et al., 2019; Rondon et al., 2019).
One symptomatic case presented inappetence, weakness, apathy, intermittent muscle
tremors, dry and pale mucous membranes, mild dehydration and loss of muscle mass
and body weight, with severe thrombocytopenia, anemia, and uremia (Costa et al.,
2014). In another study, histopathology revealed hemozoin pigment at the spleen of the
infected animals (Abreu et al., 2019).

In wildlife, from Amazon to Atlantic Forest, a wide range of NWP has been
detected with Plasmodium spp., such. as capuchins (Sapajus sp., Sapajus flavius, and
Cebus vesicolor) (Figueiredo et al., 2015; Bueno et al., 2017; Rondon et al., 2019;
Chaves et al., 2022), spider monkeys (Ateles sp. and Ateles hybridus) (Rondon et al.,
2019; Chaves et al., 2022), titi monkeys (Callicebus dubius and Callicebus caligatus)
(Bueno et al., 2013), sakis (Pithecia sp.) (Bueno et al., 2013) and squirrel monkeys (S.
scireus) (Chaves et al., 2022). Therefore, studied have been demonstrating the
importance of NWP as potential reservoir of malaria parasite. However, studies about

the impact of these parasites on the health of NWP are still scarce.

2.1.4 Parasites (Metazoan)

There are many studies of helminth fauna in free-ranging NWP, most of them
evaluating feces from wild animals during capture and some performed during
necropsies (Tavela et al., 2013; Solorzano-Garcia et al., 2017; Rondon et al., 2017,
Pereira et al., 2020a; Rondon et al., 2021; Catenacci et al., 2022; Zarate-Rendon et al.,

2022). Free-ranging animals are usually parasitized and asymptomatic (Tavela et al.,
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2013; Rondon et al., 2021; Catenacci et al., 2022). However in cases of any disturbance
in the organism homeostasis, this balance is broken, and the animal may progress to
clinical signs and death (Oliveira et al., 2017). Some parasites, such as Platynosomum
sp. and Prosthenorchis sp., are well described in captive NWP, being extremally lethal
and difficult to control (Sousa et al, 2008; Silva et al, 2012; Oliveira et al., 2021), but its

impact in free-ranging animals is still unknown.

In general, the diagnostic of metazoan parasites is usually performed based on
morphological features of the adult parasite and/or its eggs found in the feces and
tissues of the animals. Unfortunately, there are only few studies focusing on molecular
characterization of these parasites, therefore, there is scarce information on genomic
database, making this a difficult tool to use in routine studies (Zarate-Rendon et al.,

2022).

2.1.5 Fungi

Fungal infections in NWP have been rarely described, even in captive animals

(Miétz-Rensing and Lowenstine, 2018).

2.1.5.1 Aspergillus spp.

Aspergillus sp. is a commensal fungus from NWP mucosa and is considered an
opportunistic pathogen (Méitz-Rensing and Lowenstine, 2018). Guerra et al. (2021)
described one single report of an 4. fumigatus pulmonary infection in a free-ranging
howler monkey infected by YFV. In this case the animal developed a necrosuppurative
bronchopneumonia with angioinvasive fungal hyphae. CISH was performed to highlight
the fungi in the tissue and PCR with DNA sequencing confirmed the diagnosis (Guerra
et al., 2021).

2.1.5.2 Dermatophytosis

Dermatophytosis was investigated in 232 free-ranging tamarins (L. chrysomelas)
with isolation of Microsporum cookie in one young healthy female (Neves et al., 2017).
The diagnosis was performed by fungal culture on Sabouraud dextrose agar and
phenotype identification. Malassezia spp. was isolated from 32.8% of a free-ranging

tamarin population, being more frequently isolated from the haircoat than the ear canals
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of these animals (Neves et al., 2017). No superficial cutaneous lesions or signs of
external otitis were observed in the infected animals, indicating that Malassezia spp.

may be part of the normal microbiota of its skin.

2.2 Non-infectious diseases

2.2.1 Trauma

Traumas are the main cause of death in free-ranging NWP (Ehlers et al., 2022),
especially in NWP from periurban area, representing 20 to 90% of the cause of deaths
(Ehlers et al., 2022; Oliveira et al., 2022). These traumas are usually due to roadkill,
interspecific aggressions, and electrocutions (Lucena et al., 2017; Fernandes et al.,
2019; Pereira et al., 2020b; Ehlers et al., 2022). Interspecific aggressions are mainly
represented by dog and human attack, being the last one enhanced during the YF
outbreak (Lucena et al., 2017; Fernandes et al., 2019; Ehlers et al., 2022; Oliveira et al.,
2022).

Callithrix spp. (marmosets) are the main genus affected by traumatic events with
blunt and sharp trauma representing more than 90% of the cases, and the head was the
most affected site (Oliveira et al., 2022). NWP belonging to the Callithrichidae family,
especially Callithrix spp., have a high ability to survive in urbanized fragmented
habitats, adapting well to anthropogenic changes (Goulart et al, 2010). However, this
also make them more exposed to anthropic traumatic risks factors, such as
electrocution, roadkill, dog attack, and direct human aggression (Lucena et al., 2017;
Teixeira et al., 2018; Fernandes et al., 2019; Pereira et al., 2020b). Electrocution was the
main cause of death in marmosets from Brasilia, DF, Brazil, being mainly associated
with electrified cables of urban regions. Besides the direct and more evident
pathological features of trauma, such as bone fractures, skin injuries and marked
hemorrhage, there are some secondary pathological findings associated to these
traumatic cases, like non-thrombotic pulmonary embolization (Oliveira et al., 2022),
pigmentary nephrosis caused by myoglobinuria (Fernandes et al., 2019) and secondary
bacterial infections (Ehlers et al., 2022), interfering with a successful recovery of these

animals.
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2.2.2 Neoplasia

Neoplasia is usually described in captive NWP (Mitz-Rensing and Lowenstine,
2018). However, in free-ranging animals it is extremally rare, with few reports, such as:
an intestinal lymphoma in a brown howler monkey (4. guariba clamitans) in a
retrospective study with 59 animals (Ehlers et al., 2022), a retroperitoneal liposarcoma
in a juvenile golden-headed lion tamarin (L. chrysomelas) (Diaz-Delgado et al., 2019), a
hepatocellular carcinoma in a marmoset (Callithrix sp.) with liver flukes (Diaz-Delgado
et al., 2018a), a multicentric cutaneous keratoacanthomas in a marmoset (Callithrix sp.)
(Diaz-Delgado et al., 2018b) and a pulmonary adenosquamous carcinoma in a black

capuchin monkey (Sapajus nigritus) (Diaz-Delgado et al., 2018c).



Table 1. List of bacterial, viral, protozoan, and fungal pathogens reported in free-ranging NWP.
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Pathogen

Agent

Host genus

Host origin

Pathological findings

Diagnostic tools

References

Bacteria

Escherichia coli

Pasteurella spp.

Pseudomonas spp.

Klebsiella
pneumoniae

Staphylococcus
aureus
Leptospira spp.

Borrelia burgdorferi

Clostridium botulinum
type C toxin

Mycoplasma spp.
(hemoplasmas)

Alouatta'*°

Alouatta', Mico®

Alouatta®, Cebus™!

Leontopithecus®’

Leontopithecus’

Alouatta', Ateles®,
Callithrix'°,
Leontocebus",
Leontopithecus'?,
Saguinus®®, Sapajus*®

Leontopithecus"!
Callithrix*

Alouatta®™*® | Saimiri**,
Saguinus*®, Sapajus**

Brazil!, Mexico*
b

Brazil®

Brazil*!

Brazil”’

Brazil’

Bolivia®’,
Brazil 11246 Pery!®

Brazil'!

Brazil*

BraZil43,44,45

Suppurative pneumonia’
NP40

Suppurative pneumonia'®
Systemic leukocytosis®

NP41

Fibrinosuppurative bronchopneumonia?’
Fibrinosuppurative pericarditis?’

Splenic lymphoid depletion®’
Diffuse hepatic degeneration?’

Suppurative meningoencephalitis’

Interstitial pneumonia with hemorrhage,

edema, and fibrin exudation!®

Interstitial nephritis with tubular

degeneration and necrosis'®

Hepatocyte cord dissociation and necrosis

with sinusoid leukocytosis!®
NDI NP12,19,37,46

NPI 1
NP42

NP#3:44.45

N', HP', IHC', BC'#

N1,8 HPI,S Bcl,8
PCR®

Blood-PCR*!

N27 HP27 Bc27

N7, HP?, BC?

NI,IO HP],IO IHclO
gPCR!, PCR'%,
MAT12,19,37,46

Nested-PCR!!
MNT#

Blood-PCR*#4443,
Blood-smears
cytology®

Vasquez-Aguilar et al.,
2020*, Ehlers et al., 2021'

Ehlers et al., 2021', Silva et
al., 20208

Menezes-Costa et al., 2013%!

Bueno et al., 201577

Molina et al., 20197

Karesh et al., 1998%”, Molina
etal., 2019b'2, Girio et al.,
2020, Aliaga-Samanez et
al., 2021'°, Ehlers et al.,
2021', Wilson et al., 2021'°

Santos et al., 2018'!
Silva et al., 2018%?

Santos et al., 2013%, Bonato
et al., 2015*, Cubilla et al.,
20174



Herpes simplex virus
(HSV)

Gammaherpesvirus

Yellow fever virus
(YFV)

Dengue virus (DENV)

Zika virus (ZIKV)

Callithrix®284748

Saguinus®, Saimiri®,
Pithecia®!
Alouattal,9,25,50, 51,52,53’
Ateles’’,
Callicebus®™,
Callithrix®->93152,
Leontopithecus®,
Sapajus*>>!

Alouatta'>'%1,
Cebus'®, Saimiri"

Callithrix'3*,
Sapajus'®>*

BraZi16,28,47,48

French Guiana®

Bolivia®’, Brazi
25,49, 50, 51, 52, 53

Costa Rica!®!3,
Argentina'

Brazil'®*

1

11,9,

Erosive and ulcerative lesions at skin and
mucocutaneous junctions, conjunctivitis,
nuclear inclusion bodies in epithelial cells
that surrounds the vesicles or
erosions®28:47:48

Ulcerative glossitis with syncytial cells and
nuclear inclusion bodies?*’

Necrotizing hepatitis with nuclear
inclusion bodies?®

Lymphoplasmacytic to neutrophilic
encephalitis with nuclear inclusion
bodiesé,28,47,48

Lymphocytic adrenalitis, nephritis, and
lymphoid hyperplasia®?®

NP61

Midzonal to diffuse hepatocellular necrosis
with apoptotic bodies, mild mononuclear
infiltrate and lipidosis®2>4%!

Lymphoid depletion®
Acute renal tubular necrosis
NHFZS’SI, ND1,50,52,53’ NP37

49,51

NP13,14,15

NHFIS, NP18,54

6,28,47 6,28,47,48
NO2847 [p ,

THC?®47 Nested PCRS,
qPCR, TEM?48

Blood-PCR®!

1,9,25.49,51

N ,
1,9,25.49,51,53

HP ,

IHcl,9,25,49,50,51,53 RT-
qPCR9,25,49,50,52 {/153
IFAS3, ND¥’

PRNT!*!4 RT-PCR"

HP!8, RT-qPCR!$54,
PRNTS
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Bruno et al., 19974, Costa et
al., 2011°, Longa et al.,
2011%7, Wilson et al., 202228

Thoisy et al., 2003

Karesh et al., 1998%,
Almeida et al., 201133, Leal
etal., 2016°', Cunha et al.,
2020°°, Jesus et al., 202072,
Santos et al., 2020%°, Ehlers
etal., 2021, Fernandes et
al., 2021%°, Guerra et al.,
2021°

Morales et al., 20174, Dolz
et al., 2019'3, Chaves et al.,
20211

Terzian et al., 20188,
Favoretto et al., 2019°*



Saint Louis
encephalitis virus
(SLEV)

West Nile virus
(WNV)

Ilheus virus (ILHV)

Bussuquara virus
(BSQV)

Eastern equine
encephalitis virus
(EEEV)
Flavivirus
(undetermined)

Tetraparvovirus
(PARV4)
Bocaparvovirus
(HBoV)
Erythroparvovirus
(B19)

Rabies lyssavirus
(RABV)

Simian foamy virus

(SFV)

Hepatitis A virus
(HAV)

Ateles’’
Alouatta'>'16:17
Sapajus'’

Alouatta”’”’”

Alouatta™

Alouatta™

Ateles®

Alouatta'>1, Cebus®,
Saimiri®
Alouatta*, Cebus®*,

Ateles*
Alouatta*, Cebus*

Alouatta*, Cebus*

Callithrix*?!,
Sapajus**

Aotus®S, Ateles’®,
Cebus’®, Lagothrix>®,
Leontopithecus™,
Pithecia®

Sapajus®’

Argentina!*!6,
Bolivia*’, Brazil"”

Costa Rica'?

Costa Rica!>!3,
Argentina'

Argentina'

Argentina'

Bolivia®’

Costa Rica!>??

Costa Rica*, El
Salvador*
Costa Rica*, El
Salvador*
Costa Rica*, El

Salvador*
Brazj|202122.23.24

155

Brazil®’, Peru’®

Brazil®’

NP13,14,16,17,37

NP13,14,15

NP14
NP14

NP37

NP13,15

NP*
NP*

NP*

NP20,2 1,22,23,24

NPSS,S()

NP57

PRNT13,14 H116’17
MNT,ND¥

PRNT!*!4 RT-PCR"

PRNT™
PRNT™

ND37

PRNT!, ELISA'

Blood-PCR*
Blood-PCR*
Blood-PCR*
DIF20212224

MIT20’22’24, RT-
PCR20,2 1 ,22,24’ RFFITB

EIA®, WB
qPCR’SS,SG ’

ELISAY

50

Karesh et al., 1998%,
Contigiani et al., 200016,
Svoboda et al., 20147,
Morales et al., 2017,
Chaves et al., 2021"3

Morales et al., 20174, Dolz
etal., 2019'5, Chaves et al.,
20211

Morales et al., 2017

Morales et al., 20174
Karesh et al., 199837,

Dolz et al., 2019'°, Chaves et
al., 202113

Chaves et al., 2019*
Chaves et al., 2019*
Chaves et al., 2019*
Favoretto et al., 2001?!,
Machado et al., 2012%,
Kobayashi et al., 2013%2,

Kotait et al., 2018%,
Moutinho et al., 2019%°

Ghersi et al., 2015°°,
Miranda et al., 2019

Svoboda et al., 20167



Protozoan

Papillomavirus (PV)

Adenovirus (AdV)

Vaccinia virus
(orthopoxvirus)
SARS-COV-2

T. gondii

Leishmania sp.

Alouatta®, Sapajus®

Alouatta®®, Callithrix®,

Cebus®°

Alouatta®, Sapajus®

Mico®

Alouatta' 26545,
Brachyteles®,
Callithrix®, Cebus®,
Sapajus®

Alouatta’76,
30,66,67,70

Aotus R

Callithrix""7?,

Chiropotes®®, Mico*,

Saguinus®53-%,
Sapajus>*°

Argentina®

160

Brazil®, Mexico®

Brazil®?

Brazil®

Brazil 1,2,26,63,64,65

Argentina’®"4,
Brazil230.6869.71.72,
French Guiana’?,
Mexico’,
Panama®®-%

NP58

NPSQ, 60

NP62

Interstitial pneumonia®’

Necrotizing hepatitis, splenitis,
lymphadenitis and nephritis®

Non-suppurative meningoencephalitis®
Observation of intralesional tachyzoites
and bradyzoites in multiple organs

NP2,26,64,65
NP2,30,66,67,68,69,70,7 1,72,73,74,76

1,63

PCR3®

Stool-PCR%, PRNT®

PRNT®?

RT-PCR%; [HC®

N1,63 HP1,63 IHcl,63
MA’I’*2,26,64,65’ PCR63’

ELISA?%7>76 Blood-
PCR3O’71’72’73, Skin—
PCR">7 PCR-
R_FLP70’74, P166,67,68,69’
WB7S, IFA76

51

Sanchez-Fernandez et al.,
202138

Ersching et al., 2010,
Argtiello-Sanchez et al.,
2018%

Abrahdo et al., 2010

Pereira et al., 2022%

Ehlers et al., 2021!, Molina
etal., 2014%, Silvaetal.,
2014%, Bueno et al., 20172,
Santos et al., 2017%,
Niehaus et al., 2020%

Herrer et al., 1976%7, Lainson
etal., 1988%, Lainson et al.,
19899, Acardi et al., 20137,
Rovirosa-Hernandez et al,
201376, Bueno et al., 20172,
Trueb et al., 20187,
Medkour et al., 201973, Paiz
etal., 201972, Martinez et al.,
20207, Candido et al.,
20213



Fungal

agent

Trypanosoma sp.

Plasmodium spp.

Entamoeba

Aspergillus fumigatus

Microsporum spp.

Malassezia spp.

Alouatta”™7%7,
Ateles™, Callithrix®,
Mico®,
Leontopithecus
Saguinus®!, Saimiri>®,
Sapajus>*°

32,33,34
b

Alouatta39,78,79,81,83

b
Ateles™%,
Callicebus®, Cebus’,
Pithecia®, Saimiri®,
Sapajus>*5

Alouatta®*

Alouattd®

Leontopithecus®

Leontopithecus®

Argentina’’, Brazil®

5,30,31,32,33,34,35
b

Mexico’>7¢

+12,39,79,80.,81,82
Brazil ,
Colombia’®, Costa
Rica®

Mexico®*

Brazil®

Brazil®

Brazil®

NP2,5,30,31,32,33,34,35,75,76,77

Hemozoin pigment intracytoplasmic in
macrophages at red pulp from the spleen®

NP2,78,79,80,81,82,83

NP84

Necrosuppurative bronchopneumonia with

angioinvasive fungal hyphae’

NP29
NP29

ELISA7>76, TESA-
blot?, Blood-
PCR5’30’31’75’77, qPCR-
HRM?", Blood-smears
cytology®3132,
IFA32,33,34,76, HC32,33,35,
Xenodiagnosis®

HP¥, Blood-smears
cytology**-8%82 Blood-

PCR2’39’80’81’82’83, Stool-

PCR’®7, Nested-
PCR?, [FA®

FPE®, PCR®

N°, HP®, CISH?, PCR®

Fc29
P1?, cytology®
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Ziccardi et al., 1997%,
Lisboa et al., 200432,
Monteiro et al., 2006*, Silva
et al., 2008%', Monteiro et
al., 2010*, Rovirosa-
Hernandez et al, 20137,
Martinez et al., 201677,
Bueno et al., 20172, Coimbra
et al, 2020°, Candido et al.,
20213°, Rovirosa-
Hernandez et al, 202175

Bueno et al., 2013%°, Costa et
al., 2014%, Figueiredo et al.,
2015%2, Bueno et al., 20172,
Abreu et al., 2019%°, Nunes
etal., 20197, Rondon et al.,
201978 Chaves et al., 20228%3

Villanueva-Garcia et al.,
20173

Guerra et al., 2021°

Neves et al., 2017%°
Neves et al., 2017%°

BC: bacterial culture, CISH: chromogenic in situ hybridization, DIF: direct immunofluorescence test, DPI: direct parasitological identification, EIA: enzyme immunoassay,
FC: fungal culture, FPE: fecal parasitological examination, HC: hemoculture, HI: hemagglutination inhibition, HP: histopathology stained by hematoxylin and eosin, IFA:
indirect immunofluorescence assay, IHC: immunohistochemistry, MIT: mouse inoculation test, MNT: mouse neutralization test, N: necropsy, ND: not described, NP: not
performed, NHF: nonspecific histopathological findings, PI: parasite isolation, PRNT: plaque reduction neutralization test, RFFIT: rapid fluorescent focus inhibition test,
TEM: transmission electron microscopy, VI: viral isolation.
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CHAPTERI!

PATHOLOGY AND DISEASE INVESTIGATION OF FREE-RANGING NEW
WORLD PRIMATES FROM THE BRAZILIAN ATLANTIC FOREST

SUMMARY

The recent COVID-19 pandemic raised a high concern in the society and scientific field
about the impact of the emerging and re-emerging infectious diseases. Neotropical
primates (New World primates - NWP) are natural and accidental hosts of many
infectious agents and there is a scarce literature on the pathology and the diseases
affecting free-ranging NWP, being the vast majority of reports associated with
serological diagnoses and outbreak events. This study aimed to characterize through
histochemical, ultrastructural, immunohistochemical and molecular assays, the
pathological findings observed in free-ranging NWP from the Atlantic Forest biome at
Rio de Janeiro state, between January 2017 to July 2019. More than a thousand animals
were included in this study, covering species of the genera Callithrix, Alouatta, Sapajus,
Leontopithecus, and Callicebus with a systematic evaluation of FFPE samples from
brain, heart, lungs, liver, spleen, and kidneys. This study showed that free-ranging NWP
are hosts of several diseases, including important zoonoses, being valuable tools for the
development of strategies for disease control and prevention, both with a focus on
public health and conservation of these species. Additionally, the study of
histopathological alterations in these species may help recognizing specific and non-
specific alterations (background), thus improving the accuracy of the diagnosis in these

animals.

Keywords: marmoset; howler-monkey; capuchin; titi-monkey; tamarin; wildlife.

! Chapter formatted according to the guidelines of the Journal of Comparative Pathology.
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1. INTRODUCTION

The recent COVID-19 pandemic raised a high concern in the society and
scientific field about the impact of the emerging and re-emerging infectious diseases
and how to early identify and prevent these diseases to emerge and spread worldwide.
Most of the emerging infectious diseases are originally from wild animals, being
transmitted to humans due to spillover events, favored by the increasing proximity of
wild animal populations to domestic animals and humans (Bengis et al., 2004).
Therefore, the study of the diseases that circulates in wild environment is essential to

establish control strategies focusing on One Health and wildlife conservation.

Neotropical primates (New World primates - NWP) are natural and accidental
hosts of many infectious agents, including viruses, such as arbovirus (Moreno et al.,
2013; Favoretto et al., 2019; Santos et al., 2020); rabies virus (Favoretto et al., 2001),
and human herpesvirus (Casagrande et al., 2014; Wilson et al., 2022); bacteria, such as
Klebsiella sp. (Bueno et al., 2015), Mycobacterium spp. (Ehlers et al., 2020), and
Leptospira spp. (Wilson et al., 2021); protozoan, such as Toxoplasma gondii (Paula et
al., 2020), Plasmodium spp. (Figueiredo et al., 2017), and Leishmania spp. (Malta et al.,
2010; Oliveira et al., 2019); and a wide variety of helminths (Tavela et al., 2013),

among other agents of zoonotic potential and importance in public health.

The Brazilian Atlantic Forest holds more than 20 species of NWP, most of them
endemic of Brazilian territory (Hirsh et al., 2006). The increase in density of human
population associated with the reduction and fragmentation of wildlife habitats leads to
a overlap of habitats between humans and NWP, dramatically increasing the potential
for disease transmission (Gillespie et al., 2008; Aguirre, 2009; Brinkworth and
Pechenkina, 2013; Bueno et al., 2017; Wilson et al., 2021) and also highly exposing
these animals to innumerous anthropic threatens, such as illegal trade, hunting, roadkill,
inter-specific aggressions, poisoning, among others (Shostell and Ruiz-Garcia, 2016;

Ehlers et al., 2022; Wilson et al., 2021).

Diseases associated with captive NWP, mainly raised in experimental
laboratories, are widely studied, however, there is a scarce literature on the pathology
and the diseases affecting free-ranging NWP, being the vast majority of reports
associated with serological diagnoses and outbreak events, mostly focusing on specific

and pre-defined agents (Bueno et al., 2017). Herein, we aimed to characterize through
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histochemical, ultrastructural, immunohistochemical and molecular assays, the
pathological findings observed in a thousand free-ranging NWP from the Atlantic

Forest biome at Rio de Janeiro state, from January 2017 to July 2019.
2. MATERIAL AND METHODS
2.1 Study design

This is a retrospective study with free-ranging NWP that were found dead from
all mesoregions of the Rio de Janeiro state (RJ) and were necropsied at Instituto
Municipal de Medicina Veterinaria Jorge Vaitsman (IJV, Rio de Janeiro, Brazil) for
Yellow Fever (YF) surveillance, between January 2017 to July 2019. Animals were
previously tested for YF virus (YFV) and rabies virus (RABV) by the official Brazilian
diagnostic service. For YFV it was performed a quantitative reverse transcription
polymerase chain reaction (RT-qPCR) and immunohistochemistry (IHC) of fresh and
formalin-fixed paraffin-embedded (FFPE) liver samples by Fundacdo Oswaldo Cruz
(FIOCRUZ); and for RABV, fresh brain tissues were tested for direct fluorescent
antibody test (DFAT) and mouse inoculation test (MIT) by IJV-RJ. Data about
geographical origin, sex and age were collected by IJV. This study was authorized by
the government environmental agency (ICMBio - Brazil) under the SISBIO license
number 67014 and all procedures strictly adhered to humane care of animals and all
applicable laws and regulations, including registration in the national system for
management of genetic heritage and associated traditional knowledge by SISGEN code
A2743EA4.

2.2 Pathology

Animals were necropsied by veterinary pathologists from IJV and were
evaluated by general aspect of the carcass, being included in the study all the animals
necropsied and considered viable for histopathology. Samples of brain, heart, lung,
liver, spleen, and kidney were systematically collected, fixed in 10% buffered formalin,
and embedded in paraffin. Other organs such as adrenal, stomach, intestines, pancreas,
ovary, uterus, testicle, and prostate, were collected randomly in some cases, and
whenever it was observed gross alterations. FFPE tissue samples were sent to the
Universidade Federal de Minas Gerais (UFMG, Belo Horizonte, Brazil), where they
were sectioned (3—4 pm-thick) and stained with hematoxylin and eosin (HE) for further

microscopic evaluation. All tissues were analyzed and, according to the pathological
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findings, special histochemical stains were performed, such as Prussian blue, Gram,
Warthin-Starling (WS), Periodic acid—Schiff (PAS), Masson’s trichrome, Ziehl-

Neelsen, Congo Red and Grocott methenamine silver (GMS) stains.
2.3 Immunohistochemistry (IHC)

IHC was performed in FFPE tissues samples at UFMG and at the Infectious
Disease Pathology Branch, Centers for Disease Control and Prevention (IDPB-CDC,
Atlanta, USA). Primary antibodies used in the study and their specifications are
described at Table 1.1. Briefly, slides were deparaffinized, hydrated, exposed to
antigenic retrieval, followed by endogenous peroxidase and nonspecific protein binding
blockage, as needed, incubated in primary antibody and in the detection system and
revealed with 3,3'-Diaminobenzidine-DAB (Envision®) for peroxidase-based system
and Permanent Red (Cell Marque®) for phosphatase-based system. Slides were

counterstained with Mayer’s hematoxylin.

Table 1.1 Details about the primary antibodies used for immunohistochemistry.

Primary Clone/ Dilution Antigenic Detection Laboratory Cross- Institution
antibody Host retrieval  system (source) reactivity” (performed)
Adenovirus 20-11/ 1:2000 PKD? Mach4® CDC No detectable IDPB-CDC
Mouse cross-reactivity
CD3 F7.2.38/ 1:100 Heat; low  Mach4® DAKO NWPf IDPB-CDC
Mouse pH®
CD20 L26/ 1:200 Heat; Mach4® Leica NWpP! IDPB-CDC
Mouse high pH¢ Biosystems
CD163 10D6/ 1:50 Heat; low  Mach4® Leica NWPf IDPB-CDC
Mouse pH® Biosystems
E.coli H Pool Polyclonal/  1:50 Heat; low  Mach4® SSI Clostridium; IDPB-CDC
Rabbit pH® Diagnostica Shigella;
Enterobacter;,
Salmonella;
Serratia;
Proteus;
Moraxella.
Human Polyclonal/  1:2000 PKD? Mach4® CDC HSV-2; IDPB-CDC
herpesvirus 1 Rabbit Macacine
(HSV-1) herpesvirus 1;
Mycobacterium.
Human CS1-4/ 1:200 PKD? Mach4® DAKO No detectable IDPB-CDC
herpesvirus 4 Mouse cross-reactivity
(HHV-4)
Human DDGY & 1:25 Heat; low Mach4® DAKO No detectable IDPB-CDC
herpesvirus 5 CCH2/ pH® cross-reactivity
(HHV-5) Mouse
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Human PAb416/ 1:200 Heat; low Mach4® Calbiochem No detectable IDPB-CDC
polyomavirus Mouse pH® cross-reactivity
(SV40)
IBA-1 1022-5/ 1:50 Heat; Envision®  Santa Cruz NWP! UFMG
Mouse high pH¢ Biothecnology
Ki-67 MIB-1/ 1:50 Heat; low Envision® DAKO NWP! UFMG
Mouse pH®
Leishmania Polyclonal/  1:1000 Heat; low  Mach4® CDC Sarcocystis; T.  IDPB-CDC
Dog pH® cruzi; T. gondii;
Staphylococcus;
Histoplasma.
Myeloperoxidase A-5/ 1:100 Heat; Envision® Santa Cruz NWP! UFMG
(MPO) Mouse high pHY Biothecnology
Parainflueza Polyclonal/  1:200 Heat; low  Mach4® Meridian Life  Parainfluenza2 IDPB-CDC
(PIV) Goat pH® Sciences and 3
Staphylococcus Polyclonal/  1:500 PKD? Mach4® Biodesign Streptococcus;,  IDPB-CDC
Spp. Rabbit Haemophilus;
Bartonella.
Streptococcus 128-390/ 1:500 PKD? Mach4® ThermoFisher  Streptococcus; ~ IDPB-CDC
pneumoniae Mouse Haemophilus.
T. gondii Tp3/ 1:100 Heat; Envision® Santa Cruz No detectable UFMG
Mouse high pHY Biothecnology cross-reactivity

*Cross-reactivity shown in IDPB-CDC and UFMG lab tests; *PKD: proteinase K digestion (Roche
Diagnostics); "Mach 4 Universal Alkaline Phosphatase (AP)-Polymer Kit® (Biocare Medical); ‘Reveal
Decloaker (6.0 pH), Biocare Medical; ‘EDTA 9.0 pH buffer (1:50; DAKO); ¢ Envision®- Indirect
peroxidase polymeric detection kit (DAKO); fAnti-human antibody cross-reacting with NWP protein.

2.4 Molecular assays

Molecular analysis was performed at IDPB-CDC. First, FFPE tissues were
sectioned in one scroll of 16 um-thick, placed in a sterile 1.5 mL microtube and stored

at 4°C until extraction.

RNA Extraction and conventional RT-PCR assays for Enterovirus and
Flavivirus: RNA was extracted from FFPE heart tissues of myocarditis cases using an
optimized RNA extraction protocol as previously described (Bhatnagar et al., 2012).
Enterovirus and Flavivirus conventional RT-PCR assays were performed using a
QIAGEN OneStep RT-PCR Kit (Valencia, CA, USA) and 5 pL of RNA template,
according to the manufacturer’s instructions (Guarner et al., 2007; Bhatnagar et al.,
2012). PCR positive amplicons were identified by gel electrophoresis, extracted from
the gel, and directly sequenced by Sanger sequencing on a GenomeLab GeXP
sequencer (AB SCIEX LLC, Redwood City, CA, USA). The search for homologies to
known sequences was performed by using the BLAST nucleotide database

(http://blast.ncbi.nlm.nih.gov/Blast.cgi).
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RNA Extraction and quantitative RT-PCR assays for influenza A and B
viruses (IFV), human parainfluenza viruses (PIV) types 1-4 and respiratory
syncytial virus (RSV): fourteen cases from marmosets, that had had a moderate to
marked acute interstitial pneumonia and/or bronchopneumonia, with alveolar fibrin
deposition, were selected for this respiratory panel. RNA was extracted from FFPE lung
tissues specimens using the EZ1 RNA Tissue Mini Kit, EZ1 RNA card and the EZ1
Advanced XL (Qiagen). Quantitative RT-PCR assays for influenza A and B viruses,
human parainfluenza viruses (PIV) types 14 and respiratory syncytial virus (RSV)
were performed using previously published primers and probes (Denison et al., 2011;
Weinberg et al., 2013) and the Invitrogen Superscript III Platinum One-Step qRT-PCR
Kit (ThermoFisher Scientific) on the Stratagene Mx3005P QPCR System (Agilent

Technologies).

DNA extraction and PCR assays: DNA was extracted from FFPE tissue
samples, using the QIAamp Ultra Clean Production (UCP) Pathogen DNA Mini Kit
(Qiagen). According to the suspicious pathogen, samples were evaluated by: specific-
qPCR assays for S. pneumoniae targeting the piaB gene, for methicillin-resistant
Staphylococcus aureus; and for methicillin-sensitive S. aureus, as described previously
(Trzcinski et al., 2003; Paddock et al., 2012); specific-PCR assays for E. coli targeting
the wuidA gene (Heininger et al., 1999) and for Salmonella, targeting invA gene
(Shanmugasamy et al., 2011); and a rapid specific-seminested PCR for virulent Shigella
sp. targeting the ipaH gene (Theron et al., 2001). Wide range 16S rRNA, 23S rRNA,
and Streptococcus spp. PCR assays, followed by Sanger sequencing were also
performed, as previously described (Harris and Hartley, 2003; Imrit et al., 2006;
Paddock et al., 2012; Moore et al., 2013). For human herpesvirus-4 (HHV-4), extracted
DNA was sent to be tested by the Division of Viral Diseases, CDC, Atlanta.

2.5 Transmission electron microscopy (TEM)

TEM was performed at IDPB-CDC. For TEM, areas of interest from FFPE
blocks were selected based on results from HE and IHC. Samples for EM were removed
from paraffin blocks using a 1-2 mm biopsy punch, deparaffinized using xylene,
rehydrated using a decreasing ethanol series, and post-fixed in 2.5% glutaraldehyde.
Samples were then post-fixed with 1% osmium tetroxide, en-bloc stained with 4%
uranyl acetate, dehydrated using an increasing ethanol series and acetone, and

embedded in Epon-Araldite resin. Samples were then ultrathin sectioned (~50 nm
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thick), stained with uranyl acetate and lead citrate, and examined on a Tecnai Biotwin

electron microscope.
2.6 Statistical analysis

Data were analyzed using the GraphPad Prism software (version 9.0).
Descriptive statistics with 95% of confidence interval was used for general analysis.
Frequency of histopathological lesions and other variables, such as age, sex and

geographical distribution, were compared using Fisher’s exact test.
3. RESULTS

A total of 1,078 NWP was included in this study, being 1,001 marmosets
(Callithrix spp.), 43 howler-monkeys (4louatta spp.), 29 capuchins (Sapajus spp.), three
lion tamarins (Leontopithecus spp.), and two titi-monkeys (Callicebus spp.). Data about
sex, age and origin are detailed at Table 1.2. For all species the frequency of adults
necropsied was higher than juveniles, varying from 66.7% to 100%. Frequency of males
and females varied according to the species of the study, being equally distributed in
marmoset, 46.2% each (463/1,001; 43.2-49.3%), and with higher frequency of males in
howler monkeys (32/43; 74.4%; CI 59.8-85.0%) and capuchins (21/29; 72.4%; CI 54.3-
85.3%). According to geographical origin, marmosets and capuchins came more
frequently from the Metropolitan region, 82.2% and 89.6%, respectively, while the
origin of howler-monkeys, lion tamarin, and titi-monkey were mainly from the other

mesoregions of RJ (Table 1.2).
3.1 Pathological findings in free-ranging marmosets

The main pathological findings observed in the necropsied marmosets were pulmonary
edema (560/1,001; 56%; CI 52.8-59.0%), pulmonary hemorrhage (540/1,001; 54%; CI
50.8-57.0%), pneumonia (428/1,001; 42.8%; CI 39.7-45.8%), interstitial nephritis
(381/1,001; 38.1%; CI 35.1-41.1%), splenic lymphoid hyperplasia (271/715; CI 37.9%;
34.4-41.5%), portal hepatitis (359/1,001; 35.9%; CI 32.9-38.9%), diffuse hepatocellular
glycogen degeneration — DHGD (308/1,001; 30.8%; CI 28.0-33.7%), pulmonary
anthracosis (200/1,001; 20%; CI 17.6-22.6%), hepatic portal fibrosis (191/1,001;
19.1%; CI 16.8-21.6%), and bile duct hyperplasia (186/1,001; 18.6%; CI 16.3-21.1%).
Table 1.3 summarizes all the pathological findings observed in the free-ranging

marmosets.



Table 1.2 Profile of free-ranging NWP from the Brazilian Atlantic Forest found dead during January 2017 to July 2019 and included in this

study.

NWP species % (CI)
DATA Marmoset

(n = 1,001)
SEX
Female 46.2 (43.2-49.3)
Male 46.2 (43.2-49.3)*
No information 7.5 (6-9.3)
AGE
Adult 78.2 (75.6-80.7)*
Juvenile 18.7 (16.4-21.2)
No information 3.1 (2.2-4.4)
GEOGRAPHIC ORIGIN
Metropolitan 82.2 (79.7-84.5)A
Others 17.8 (15.5-20.3)

Howler-monkey
(n=43)

18.6 (9.7-32.6)
74.4 (59.8-85)8
7.0 (2.4-18.6)

76.7 (62.2-86.8)*
23.3 (13.1-37.7)

9.3 (3.7-21.6)
90.7 (78.4-96.3)

Capuchin
(n=29)

24.1(12.2-42.1)
72.4 (54.3-85.3)B
3.4(0.2-17.2)

79.3 (61.6-90.1)
10.3 (3.6-26.4)
10.3 (3.6-26.4)

89.6 (73.6-96.4)A
10.3 (3.6-26.4)

Lion-tamarin
(n=3)

33.3 (1.7-88.1)
66.7 (11.8-98.3)

66.7 (11.8-98.3)
33.3 (1.7-88.1)

33.3 (1.7-88.1)
66.7 (11.8-98.3)

Titi-monkey
(n=2)

100.0 (17.8-100.0)

100.0 (17.8-100.0)

100.0 (17.8-100.0)

Total
(n=1,078)

44.6 (41.7-47.6)
48.0 (45.1-51.0)
7.3 (5.9-9.0)

78.2 (75.6-80.6)
18.6 (16.4-21.1)
3.1(2.3-4.3)

79.2 (76.7-81.5)
20.8 (18.5-23.3)

A, B: Different letters indicate statistically significant differences between species of NWP (Fisher’s exact test, p < 0.05); NWP: New World primate; CI: Confidence interval;

n: number of samples.
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Table 1.3 Pathological findings in free-ranging marmosets (Callithrix spp.) from the Brazilian Atlantic Forest found dead during January 2017 to

July 2019.
Organ (N) Pathological findings % (CI) Intensity %
Mild Moderate Severe
Brain (794) Encephalitis/ Meningoencephalitis 4.5 (3.3-6.2) 77.8 (28/36) 22.2 (8/36) -
Non suppurative 4.0 (2.9-5.6) 78.1 (25/32) 21.9 (7/32) -
Suppurative 0.5 (0.2-1.3) 75.0 (3/4) 25.0 (1/4) -
Hemorrhage 44 (3.2-6.1) 57.1 (20/35) 34.3 (12/35) 8.6 (3/35)
Meningitis 1.0 (0.5-2.0) 50.0 (4/8) 37.5(3/8) 12.5 (1/8)
Non suppurative 0.8 (0.3-1.6) 50.0 (3/6) 50.0 (3/6) -
Suppurative 0.2 (0.0-0.9) 50.0 (1/2) - 50.0 (1/2)
Choroiditis 1.0 (0.5-2.0) 62.5 (5/8) 37.5(3/8) -
Gliosis 0.4 (0.1-1.1) 66.7 (2/3) 33.3(1/3) -
Thrombosis 0.2 (0.0-0.9) 50.0 (1/2) 50.0 (1/2) -
Extramedullary hematopoiesis 0.2 (0.0-0.9) 50.0 (1/2) 50.0 (1/2) -
Heart (1,001) Myocarditis 14.3 (12.2-16.6) 79.7 (114/143) 20.3 (29/143)
Lymphohistioplasmacytic 8.3 (6.7-10.2) 86.7 (72/83) 13.3(11/83) -
Mixed 4.7 (3.5-6.2) 70.2 (33/47) 29.8 (14/47) -
Neutrophilic 1.2 (0.7-2.1) 66.7 (8/12) 33.3 (4/12) -
Granulomatous 0.1 (0.0-0.6) 100.0 (1/1) - -
Fibrosis 3.0(2.1-4.2) 73.3 (22/30) 26.7 (8/30) -
Necrosis 2.6 (1.8-3.8) 92.3 (24/26) 7.7 (2/26) -
Hemorrhage 1.8 (1.1-2.8) 55.5(10/18) 44.5 (8/18) -
Thrombosis 0.4 (0.2-1.0) 100.0 (4/4) - -
Arteriosclerosis 0.4 (0.2-1.0) 100.0 (4/4) - -
Lung (1,001) Alveolar edema 56.0 (52.8-59.0) 28.7 (161/560) 50.7 (284/560) 20.6 (115/560)
Alveolar hemorrhage 54.0 (50.8-57.0) 26.1 (141/540) 52.2 (282/540) 21.7 (117/540)
Pneumonia 42.8 (39.7-45.8) 49.3 (211/428) 44.6 (191/428) 6.1 (26/428)
Interstitial pneumonia 40.6 (37.6-43.6) 50.0 (203/406) 45.8 (186/406) 4.2 (17/406)
Bronchopneumonia 1.7 (1.1-2.7) 29.4 (5/17) 23.5 (4/17) 47.1 (8/17)
Granulomatous pneumonia 0.5 (0.2-1.2) 60.0 (3/5) 20.0 (1/5) 20.0 (1/5)
Anthracosis 20.0 (17.6-22.6) 71.5 (143/200) 27.0 (54/200) 1.5 (3/200)
Perivasculitis 18.5 (16.2-21.0) 70.8 (131/185) 26.5 (49/185) 2.7 (5/185)
Extramedullary hematopoiesis 8.4 (6.8-10.3) 77.4 (65/84) 22.6 (19/84) -
Alveolar fibrin deposition 8.2 (6.6-10.0) 52.4 (43/82) 35.4 (29/82) 12.2 (10/82)

Thrombosis

3.8(2.8-5.2)

60.5 (23/38)

39.5 (15/38)



Liver (1,001)

Spleen (715)

Intravascular histiocytosis
Non-thrombotic embolism
Pleuritis

Osseus metaplasia

BALT hyperplasia
Arteriosclerosis

Bronchitis/ Bronchiolitis
Multicentric B-cell lymphoma
Nodular lymphoid hyperplasia

Hepatitis

Portal

Random
Diffuse glycogen degeneration
Portal fibrosis
Bile duct hyperplasia
Necrosis

Random

Individual

Massive

Centrilobular
Lipidosis

Diffuse

Random
Sinusoidal leukocytosis
Multinucleated hepatocytes
Cholangiohepatitis
Extramedullary hematopoiesis
Iron storage (hemosiderosis)
Portal granuloma
Hemorrhage
Megalocytosis
Cholestasis
Thrombosis
Biliary lithiasis
Multicentric B-cell lymphoma
Glycogen intranuclear inclusion

Lymphoid hyperplasia
Extramedullary hematopoiesis

3.7 (2.7-5.0)
0.9 (0.5-1.7)
0.7 (0.3-1.4)
0.7 (0.4-1.4)
0.5 (0.2-1.2)
0.4 (0.2-1.0)
0.2 (0.0-0.7)
0.1 (0.0-0.6)
0.1 (0.0-0.6)

59.6 (56.5-62.5)
35.9 (32.9-38.9)
23.7(21.1-26.4)
30.8 (28.0-33.7)
19.1 (16.8-21.6)
18.6 (16.3-21.1)
17.2 (15.0-19.4)
13.0 (11.0-15.2)
2.9 (2.0-4.1)

1.0 (0.5-1.8)

0.3 (0.1-0.9)
16.8 (14.6-19.2)
9.4 (7.7-11.4)
7.4 (5.9-9.2)
15.4 (13.3-17.7)
13.0 (11.0-15.2)
12.4 (10.5-14.6)
6.5 (5.1-8.2)

5.1 (3.9-6.6)
2.9 (2.0-4.1)
2.4 (1.6-3.5)
2.0 (1.3-3.1)

1.5 (0.9-2.5)

1.4 (0.8-2.3)
0.6 (0.3-1.3)

0.1 (0-0.8)

0.1 (0-0.6)

37.9 (34.4-41.5)
12.4 (10.2-15.1)

5.5(2/37)
66.7 (6/9)
57.1 (4/7)
100.0 (7/7)
80.0 (4/5)
100.0 (4/4)
50.0 (1/2)

74.5 (444/596)
69.3 (249/359)
82.3 (195/237)
36.4 (112/308)
37.7 (72/191)
69.9 (130/186)
53.5(92/172)
50.8 (66/130)
89.6 (26/29)

66.1 (111/168)
63.8 (60/94)
68.9 (51/74)
48.0 (74/154)
87.7 (114/130)
34.7 (43/124)
40.0 (26/65)
70.6 (36/51)
100.0 (29/29)
56.0 (14/25)
60.0 (12/20)
66.7 (10/15)
85.7 (12/14)
66.6 (4/6)

52.4 (142/271)
64.0 (57/89)

56.7 (21/37)
33.3 (3/9)
42.9 (3/7)

20.0 (1/5)
50.0 (1/2)

100.0 (1/1)

23.6 (141/596)
28.4 (102/359)
16.4 (39/237)
41.9 (129/308)
57.6 (110/191)
26.3 (49/186)
33.1 (57/172)
40.8 (53/130)
10.4 (3/29)

33.3(1/3)
28.0 (47/168)
26.6 (25/94)
29.7 (22/74)
42.9 (66/154)
11.5 (15/130)
56.4 (70/124)
46.1 (30/65)
23.5 (12/51)

32.0 (8/25)
40.0 (8/20)
33.3 (5/15)
14.3 (2/14)
16.7 (1/6)

40.6 (110/271)
28.1 (25/89)
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37.8 (14/37)

100.0 (1/1)

1.9 (11/596)
2.3 (8/359)
1.3 (3/237)
21.7 (67/308)
4.7 (9/191)
3.8 (7/186)
13.4 (23/172)
8.4 (11/130)

100.0 (10/10)
66.7 (2/3)
5.9 (10/168)
9.6 (9/94)
1.4 (1/74)
9.1 (14/154)
0.8 (1/130)
8.9 (11/124)
13.9 (9/65)
5.9 (3/51)

12.0 (3/25)

16.7 (1/6)
100.0 (1/1)
100.0 (1/1)

7.0 (19/271)
7.9 (7/89)



Kidney (1,001)

Adrenal (349)

Stomach (68)

Splenitis

Necrosis

Hemosiderosis

Lympholysis

Follicular hyalinosis
Lymphoid rarefaction
Plasmacytosis

Fibrosis

Multicentric B-cell lymphoma
Thrombosis

Interstitial nephritis
Hyalin casts
Glomerulopathy
Membranous
Proliferative
Glomerulosclerosis
Interstitial fibrosis
Nephrocalcinosis
Pigmentary nephrosis
Tubular necrosis
Retention cysts
Cystic glomerular atrophy
Tubular lipidosis
Pyelonephritis
Interstitial necrosis
Uroliths
Multicentric B-cell lymphoma
Congenital cysts
Glycogen intranuclear inclusion

Adrenalitis

Extramedullary hematopoiesis
Hemorrhage

Necrosis

Thrombosis

Multicentric B-cell lymphoma

Granulomatous gastritis
Serositis

6.7 (5.1-8.8)
2.9 (1.9-4.4)
2.2 (1.4-3.6)
1.8 (1.1-3.1)
1.8 (1.1-3.1)
1.1 (0.6-2.2)
0.7 (0.3-1.6)
0.3 (0.0-1.0)
0.1 (0-0.8)

0.1 (0-0.8)

38.1 (35.1-41.1)
15.8 (13.6-18.2)
11.6 (9.7-13.7)
10.9 (9.1-13.0)
0.7 (0.3-1.4)
9.6 (7.9-11.6)
8.6 (7.0-10.5)
8.3 (6.7-10.2)
42 (3.1-5.6)
3.9 (2.9-5.3)

1.8 (1.1-2.8)

1.3 (0.8-2.2)

1.3 (0.8-2.2)
0.9 (0.5-1.7)
0.5(0.2-1.2)
0.3 (0.1-0.9)

0.1 (0-0.6)

0.1 (0-0.6)

0.1 (0-0.6)

19.5 (15.7-24)
12 (9-15.9)
4.8 (3.1-7.7)
4.6 (2.8-7.3)
0.3 (0-1.6)
0.3 (0-1.6)

2.9(0.5-10.1)
2.9(0.5-10.1)

58.3 (28/48)
19.0 (4/21)
62.5 (10/16)
7.7 (1/13)
61.6 (8/13)
37.5 (3/8)
20.0 (1/5)
100.0 (2/2)

100.0 (1/1)

38.3 (146/381)
68.4 (108/158)
37.9 (44/116)
38.5 (42/109)
28.6 (2/7)
60.5 (58/96)
33.7 (29/86)
69.9 (58/83)
54.8 (23/42)
53.8 (21/39)
89.0 (16/18)
76.9 (10/13)
46.1 (6/13)
33.3(3/9)
20.0 (1/5)
33.3(1/3)

60.3 (41/68)
52.4 (22/42)
35.3 (6/17)
43.7 (7/16)

100.0 (2/2)
100.0 (2/2)

27.1 (13/48)
66.7 (14/21)
31.2 (5/16)
53.8 (7/13)
30.8 (4/13)
62.5 (5/8)
80.0 (4/5)

50.4 (192/381)
27.8 (44/158)
56.9 (66/116)
56.9 (62/109)
57.1 (4/7)
38.5 (37/96)
34.9 (30/86)
28.9 (24/83)
42.9 (18/42)
35.9 (14/39)
5.5 (1/18)
23.1 (3/13)
46.1 (6/13)
55.6 (5/9)
60.0 (3/5)
66.7 (2/3)

100.0 (1/1)

33.9 (23/68)
38.1 (16/42)
35.3 (6/17)
43.7 (7/16)
100.0 (1/1)
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14.6 (7/48)
14.3 (3/21)
6.3 (1/16)
38.5 (5/13)
7.8 (1/13)

100.0 (1/1)

11.3 (43/381)
3.8 (6/158)
5.2 (6/116)
4.6 (5/109)
14.3 (1/7)
1.0 (1/96)
31.4 (27/86)
1.2 (1/83)
2.3 (1/42)
10.2 (4/39)
5.5(1/18)

7.8 (1/13)
11.1 (1/9)
20.0 (1/5)

100.0 (1/1)

100.0 (1/1)

5.8 (4/68)
9.5 (4/42)
29.4 (5/17)
12.6 (2/16)

100.0 (1/1)



Intestines (7)

Pancreas (12)
Bladder (157)

Ovary (140)

Uterus (137)

Testicle (221)

Epididymis (221)
Prostate (14)

Enteritis
Multicentric B-cell lymphoma

Pancreatitis

Cystitis
Perivasculitis
Vasculitis

Hemosiderosis
Follicular cyst
Oophoritis
Hemorrhage

Hemorrhage

Endometritis

Necrosis

Thrombosis

Hemosiderosis

Cystic endometrial hyperplasia
Adenomyosis

Degeneration
Orchitis

Epididymitis

Hyperplasia
Prostatitis

71.4 (35.9-94.9)
14.3 (0.7-51.3)

25.0 (8.9-53.2)

2.54 (1.0-6.4)
2.54 (1.0-6.4)
0.6 (0.0-3.5)

2.1(0.6-6.1)
2.1(0.6-6.1)
1.4 (0.2-5.0)
1.4 (0.2-5.0)

5.1(2.5-10.2)
4.4 (2.0-9.2)
4.4 (2.0-9.2)
2.9 (1.1-7.3)
2.2(0.6-6.2)
1.5 (0.3-5.2)
0.7 (0.0-4.0)

2.7 (1.2-5.8)
0.9 (0.2-3.2)

0.4 (0.0-2.5)

14.2 (2.5-40.0)

7.1(0.4-31.5)

75.0 (3/4)
100.0 (4/4)

100.0 (3/3)
66.7 (2/3)
50.0 (1/2)
50.0 (1/2)

14.3 (1/7)
33.3 (2/6)
66.7 (4/6)

33.3(1/3)
50.0 (1/2)
100.0 (1/1)

33.3 (2/6)
50.0 (1/2)

50.0 (1/2)

40.0 (2/5)

33.3 (1/3)
25.0 (1/4)

100.0 (1/1)

50.0 (1/2)

71.4 (5/7)
66.7 (4/6)
33.3 (2/6)
75.0 (3/4)
66.7 (2/3)
50.0 (1/2)

50.0 (3/6)
50.0 (1/2)

100.0 (1/1)

50.0 (1/2)
100.0 (1/1)
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60.0 (3/5)
100.0 (1/1)

66.7 (2/3)

33.3(1/3)

50.0 (1/2)
14.3 (1/7)

25.0 (1/4)

16.7 (1/6)

CI: Confidence interval; N: number of samples.
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Infectious diseases were detected in 214 cases (214/1,001; 21.4%; CI 18.9-
24.0%), being 124 caused by parasites, 88 by bacteria, and 36 by viruses (Table 1.4).
Importantly, in some cases co-infections was observed. Parasitic diseases were mainly
represented by platynosomiasis (89/1,001; 8.9%; CI 7.3-10.8%), causing a proliferative
and fibrosing cholangiohepatitis (Figure 1.1A); toxoplasmosis (16/1,001; 1.6%; CI 1.0-
2.6%), causing systemic necrotizing and inflammatory lesion, especially at liver and
spleen (Figure 1.1B), confirmed by IHC; microfilariosis (9/1,001; 0.9%; CI 0.5-1.7%),
usually observed in blood vessels from multiple organs and eventually associated with
inflammatory cells and microthrombosis (Figure 1.1C); and pulmonary metastrongylus
- lungworm (7/1,001; 0.7%; CI 0.3-1.4%), causing a mild interstitial pneumonia with
parasites observed at the airways (Figure 1.1D). Other metazoans were detected with
low prevalence, such as hepatic -capillariosis (Figure 1.1E), intravascular
spirurid/ascarid, pulmonary trematode mesocercaria (Figure 1.1F), and intestinal/gastric
acanthocephalan.

Bacterial etiology represented 41.1% (88/214) of the infectious disease.
Bronchopneumonia with intralesional bacteria was detected in 13 cases, being six cases
with intralesional Gram-negative bacteria and seven with Gram-positive bacteria. In
most of these cases it was observe a necrotizing bronchopneumonia, moderate to
marked, diffuse, with alveolar spaces filled with neutrophils, histiocytes, fibrin and cell
debris (Figure 1.2A-B). One of the Gram-negative bronchopneumonia was confirmed as
caused by E. coli, with positive immunoreaction to E. coli H Pool-IHC (Figure 1.2B)
and confirmation by PCR and sequencing. In this case was also observed E. coli-
bacteremia and hepatitis. In three cases there were Splendore-Hoeppli reaction, with
intralesional Gram-positive cocci, immunoreactive to S. pneumoniae-IHC (Figure
1.2C), confirmed by PCR and sequencing as Streptococcus spp. in one case and as S.
sanguinis in other one. One case the PCR was undetermined. In two of these cases,
pleuritis and pericarditis was also observed, interpreted as an extension of the lung
process. Another bronchopneumonia case was confirmed as Staphylococcus spp. by
PCR and sequencing, having a distinct histopathological feature characterized by
necrotizing perivasculitis, with myriads of Gram-positive cocci immunoreactive to
Staphylococcus spp. IHC (Figure 1.2D). This case also had bacteremia and hepatitis
associated with the pulmonary lesions. Granulomatous pneumonia was detected in five
cases (5/1,001; 0.5%; CI 0.2-1.2%), but no intralesional organism was identified by
Ziehl-Nielsen, PAS or GMS.
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Bacteria were also observed causing suppurative meningoencephalitis with
bacteremia in two cases: one with Gram-negative rods immunoreactive to E. coli H
Pool-IHC and the other with Gram-positive cocci immunoreactive to Staphylococcus
spp. confirmed by PCR and sequencing as S. capitis (Figure 1.3A-B). Bacterial
cholangiohepatitis and random hepatitis was identified in 18 cases, being caused by a
Gram-negative bacterium in 12 cases and by a Gram-positive bacterium in four cases,
and in 13 cases was associated with intraductal trematode (Platynosomum sp.). Two
cases had a severe cholangiohepatitis with peritonitis and a mixed population of
bacteria, being one case associated with biliary lithiasis. Bacteremia was observed in
79.5% (70/88; CI 69.9-86.6%) of the bacterial cases, and in 50 cases, no primary site of
infection was identified, with myriad of bacteria being observed in the cytoplasm of
macrophages and neutrophils especially at sinusoids, pulmonary capillaries, and splenic
red pulp. Gram-negative bacteria were identified in 80% (56/70; CI 69.2-87.7%) of the
bacteremia cases and in 18.6% (13/70; CI 11.2-29.2%) was detected Gram-positive
bacteria. In one case the Gram stain was undetermined. In all Gram-negative bacteremia
cases was observed a mild to marked immunoreaction to E. coli H Pool-IHC, with
detection of Moraxella spp. by PCR and sequencing in one case, being characterized by
mild random hepatitis, with marked sinusoidal leukocytosis (Figure 1.3C) and moderate

histiocytic splenitis.

Viral diseases were mainly represented by YFV, detected in 32 animals
(32/1,001; 3.2%; 2.3-4.5%). Of these, two positive animals also had microfilariosis and
bacteremia. Classical histopathological features, characterized by mediozonal to
massive hepatic necrosis with apoptotic bodies (Councilman-Rocha Lima bodies)
(Santos et al., 2020) was detected in ten cases (10/32; 31.2%; CI 17.9-48.6%). RABV
was detected in one animal, a juvenile male, with mild non-suppurative encephalitis, but
no identification of Negri-bodies. A total of 14 lungs that had a moderate to marked
acute interstitial pneumonia and/or bronchopneumonia, with alveolar fibrin deposition,
were selected for Adenovirus-IHC and molecular respiratory panel, resulting in three
cases positive for PIV, being two for PIV-1 (Ct 22.84 and 30.1) and one for PIV-3 (Ct
32.5). No evidence of the virus was observed in the PIV-IHC or TEM. In one case
positive for PIV-1 (Ct 22.84), a severe Gram-positive bacterial pneumonia was also

observed (Figure 1.3D). All three animals were adults, being two females and one male.



Table 1.4 Infectious agents detected in the free-ranging NWP from the Brazilian Atlantic Forest found dead during January 2017 to July 2019.

ORGANISM

BACTERIA
Escherichia coli
Moraxella sp.
Staphylococcus capitis

Staphylococcus sp.
Streptococcus sanguinis

Streptococcus sp.

METAZOAN
Acantocephalan (adult)

Ascarid (larvae)

Capillaria hepatica

Filarial nematode
Mesocercaria (trematode)
Metastrongylus (lungworm)
Microfilariae
Platynosomum sp.

Spirurid (adult)

PROTOZOAN

Toxoplasma gondii
VIRUSES

Parainfluenza virus
Rabies virus
Yellow fever virus

ORGANS
AFFECTED

Lung and liver
Systemic

Brain, liver and
adrenal
Liver and lungs

Lung, heart and
liver
Lung

Stomach and
intestines
Bladder

Liver
Lungs
Lungs
Lungs
Systemic
Liver

Pleura, lungs and
spleen

Systemic

Lung
Brain

Liver

NWP SPECIE (%; CI)

Marmoset (n = 1,001)

1(0.1; 0.0-0.6)"
1(0.1; 0.0-0.6)
1(0.1; 0.0-0.6)"

1(0.1; 0.0-0.6)"
1(0.1; 0.0-0.6)"

1(0.1; 0.0-0.6)"

4(0.4; 0.2-1.0)"

1 (0.1; 0.0-0.6)
1 (0.1; 0.0-0.6)
Not detectable®
1 (0.1; 0.0-0.6)
7(0.7; 0.3-1.4)
9(0.9; 0.5-1.7)
89 (8.9; 7.3-10.8)*
3(0.3; 0.1-0.9)

16 (1.6; 1-2.6)"
3(0.3; 0.1-0.9)

1(0.1; 0.0-0.6)"
32 (3.2; 2.3-4.5)

Howler-monkey (n = 43)

Not detectable®
Not detectable®
Not detectable®

Not detectable®
Not detectable®

Not detectable®

Not detectable®

Not detectable®
Not detectable®

2 (4.6; 0.8-15.4)°
Not detectable®
Not detectable®
5(11.6; 5.1-24.5)°
Not detectable®
Not detectable®

1(2.3;0.1-12.0)°

Not investigated
Not detectable®
22 (51.2; 36.7-65.4)°

Capuchin (n =29)

Not detectable®
Not detectable®
Not detectable®

1(3.4;0.2-17.2)
Not detectable®

Not detectable®

Not detectable®

Not detectable®
Not detectable®
Not detectable®?
Not detectable®
Not detectable®

1 (3.4;0.2-17.2)*b
Not detectable®?
Not detectable®

Not detectable®

Not investigated
Not detectable®
1(3.4;0.2-17.2)

Titi-monkey (n = 2)

Not detectable®
Not detectable®
Not detectable®

Not detectable®
Not detectable®

Not detectable®

Not detectable®

Not detectable®

Not detectable®

Not detectable®?

Not detectable®

Not detectable®

2 (100.0; 17.8-100.0)¢
Not detectable®?

Not detectable®

Not detectable®

Not investigated
Not detectable®
2 (100.0; 17.8-100.0)°

a, b, c: Different letters indicate statistically significant differences between species of NWP (Fisher’s exact test, p < 0.05). NWP
interval; n: number of samples.
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: New World primate; CI: Confidence



Figure 1.1 Parasitic diseases observed in free-ranging marmosets (Callithrix spp.). (A) Fibrosing and

proliferative cholangiohepatitis with intraductal trematode. Liver, HE, 200x. (B) Random necrotizing
hepatitis with intralesional tachyzoites (top right, HE, 400x). Liver, HE, 100x. (C) Myriad of
intravascular microfilariae associated with mild fibrin clusters. Lung, HE, 400x. (D) Transversal and
longitudinal sections of adult nematode at the airways (left frame, 50x), compatible with females (top
right, 200x) and males (down right, 200x) of metastrongylus. Lung, HE. (E) Pyogranulomatous portal
hepatitis with intralesional bi-operculated nematode eggs (down right, Masson’s trichome, 400x),
compatible with hepatic capillariosis. Liver, HE, 200x. (F) Pulmonary pseudocyst containing trematode

mesocercaria immersed in a myxomatous matrix. Lung, HE, 200x.
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Figure 1.2 Bacterial diseases observed in free-ranging marmosets (Callithrix spp.). (A) Marked
diffuse necrotizing bronchopneumonia. Lung, HE, 50x. (B) Alveoli filled with neutrophils, histiocytes,
cell debris, fibrin, and myriad of bacteria, immunoreactive to E. coli H Pool-IHC (down right, Permanent
Red, 200x). Lung, HE, 400x. (C) Necrotizing bronchopneumonia with Splendore-Hoeppli reaction and
intralesional cocci immunoreactive to S. pneumoniae-IHC (down right, Permanent Red, 200x). Lung, HE,
100x. (D) Necrotizing bronchopneumonia with marked necrotizing perivasculitis with intralesional cocci

immunoreactive to Staphylococcus spp.-IHC (down right, Permanent Red, 200x). Lung, HE, 50x.
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Figure 1.3 Bacterial diseases observed in free-ranging marmosets (Callithrix spp.). (A) Suppurative
meningoencephalitis with intralesional cocci immunoreactive to Staphylococcus spp.-IHC (down right,
Permanent Red, 400x). Brain, HE, 200x. (B) Sinusoidal leukocytosis with histiocytes filled with myriad
of Gram-positive cocci (down right, Gram stain, 1000x). Liver, HE, 200x. (C) Sinusoidal leukocytosis
with histiocytes filled with myriad of Gram-negative bacteria (down right, Gram stain, 1000x). Liver, HE,
400x. (D) Severe Gram-positive bacterial bronchopneumonia with alveoli filled with neutrophils and

fibrin clusters. This case was also co-infected with PIV-1 Lung, HE, 100x.

Myocarditis was detected in 143 cases (143/1,001; 14.3%; CI 12.2-16.6%), most
of them were characterized by a mild focal to multifocal myocardial infiltrate, usually
perivascular, composed of lymphocytes and plasma cells, considered an unspecific
found, and some others were mild to moderate associated with intralesional bacteria
(18/143; 12.6%; CI 8.1-19.0%) or T. gondii zoites (7/143; 4.9%; CI 2.4-9.8%). In ten
cases (10/143; 7%; CI 3.8-12.4%) the animals were also positive for YFV qRT-PCR.
However, in 22 cases, this infiltrate was moderate multifocal to coalescent, with
addition of histiocytes and neutrophils, in some cases with necrosis and fibroplasia, with
no intralesional organism. These 22 cases were tested with a Leishmania-IHC that is

known cross-react with 7. cruzi and 7. gondii, but no visible immunoreaction was
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observed. These samples were also tested for flavivirus and enterovirus by PCR, with

no positive samples, being the cause undetermined.

Interstitial nephritis was frequently observed in free-ranging marmosets
(381/1,001; 38.1%; CI 35.1-41.1%), varying from mild focal to moderate multifocal
interstitial inflammation, composed mainly by lymphocytes and plasma cells (Figure
1.4B). Suppurative pyelonephritis was observed in nine cases (9/1,001; 0.9%; CI 0.5-
1.7%), three of them associated with calcium oxalate crystals (Figure 1.4C). No
intralesional organisms were observed in any of these cases, with negative results to WS
and Gram stains. Bacterial was also investigated by IHC for detection of E. coli H Pool,
S. pneumoniae, and Staphylococcus, being negative in the three assays. Cases of severe
chronical renal disease, characterized by marked diffuse interstitial inflammation, with
fibrosis, severe membranous glomerulopathy, presence of hyalin casts, retention cysts
and glomerulosclerosis, was identified in 47 animals (47/1,001; 4.7%; CI 3.5-6.1%)
(Figure 1.4D). In addition to marked interstitial fibrosis and severe membranous
glomerulopathy, one case had an intense anisokaryosis and karyomegaly of the tubular
epithelium, interpreted as marked tubular regeneration (Figure 1.4E) with intranuclear
inclusion bodies, PAS-positive and Ziehl-Neelsen negative, in the epithelium of the
proximal tubules, also observed in hepatocytes, compatible with glycogen inclusions
(Figure 1.4F). This case was tested by IHC for human herpesvirus (HSV-1 and 2),
human herpesvirus 5 (HHV-5) and human polyomavirus (SV40), being negative.
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Figure 1.4 Non-infectious histopathological findings observed in free-ranging marmosets (Callithrix

spp.)- (A) Marked diffuse hepatocellular glycogen degeneration (DHGD), characterized by with PAS-
positive material in the hepatocyte cytoplasm (down right, PAS, 100x). Liver, HE, 200x. (B) Multifocal
interstitial nephritis composed by lymphocytes, plasma cells and histiocytes, with mild membranous
glomerulopathy and hyalin casts. Kidney, HE, 100x. (C) Intratubular birefringent irradiated material,
compatible with calcium oxalate crystals. Kidney, HE, 200x. (D) Severe chronical renal disease, with
marked interstitial fibrosis and membranous glomerulopathy. Kidney, HE, 50x. (E) Marked diffuse
anisocytosis with karyomegaly of the renal tubular epithelium with intranuclear inclusions. Kidney, HE,
200x. (F) Glassy PAS-positive intranuclear inclusion (top right, PAS, 400x) characterized at TEM by

rough edges and round to amorphous shape, compatible with glycogen inclusion.
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Non-infectious diseases were mainly represented by trauma, observed in 444
animals (444/1,001; 44.3%; CI 41.3-47.4%), with 323 cases of head trauma (323/444;
72.7%; CI 68.4-76.7%). Importantly, pulmonary hemorrhage and DHGD were more
frequently observed in animals with gross lesions of trauma (Fisher’s exact test,
p <0.0001). At total, DHGD was identified in 308 animals (30.8%; 308/1,001; CI 28-
33.7%), being usually diffuse, mild to marked, with PAS-positive material in the
hepatocyte cytoplasm (Figure 1.4A). Seven cases (7/1,001; 0.7%; CI 0.3-1.4%) had
gross identification of “chumbinho” pellets in the stomach content. In five of these
cases was observed mild to marked alveolar hemorrhage and in three moderate to

marked alveolar edema.

Considering all the organs evaluated, extramedullary hematopoiesis (EH) was
observed in 130 animals (130/1,001; 13%; CI 11.0-15.2%), being usually detected at
liver (sinusoids) (Figure 1.5A), spleen (red pulp), adrenal (medullar), and lungs
(alveolar wall). Atypical sites, such as choroid was also identified in the marmosets
from this study (Figure 1.5B). Interestingly, animals with severe chronical renal disease
also had a higher frequency of EH (Fisher’s exact test, p =0.0015). Neoplasia was
observed in only one animal: an adult female with a multicentric B-cell lymphoma
(positive to CD20-IHC and negative to CD3-IHC), characterized by a proliferation of
monomorphic round cells at lungs, liver, adrenal and intestines (Figure 1.5C-D). In
another case was observed a focally extensive lung nodular B-cell hyperplasia (positive
to CD20-IHC and negative to CD3-IHC) (Figure 1.5E-F). Both cases were tested for
human herpesvirus-4 (HHV-4) by IHC and PCR, being negative in all samples

evaluated.



Figure 1.5 Non-infectious histopathological findings observed in free-ranging marmosets (Callithrix
spp.)- (A) Marked extramedullary hematopoiesis (EM) with enlarged sinusoids filled with hematopoietic
cells, including megakaryocytes (down right, HE, 400x). Liver, HE, 100x. (B) Atypical EH at choroid.
Arrows shows the megakaryocytes. Brain, HE, 200x. (C) B-cell lymphoma characterized by a sheet of
round cells immunoreactive to CD20 (down right, Permanent Red, 200x). Lung, HE, 50x. (D) Sinusoids
filled with monomorphic population of lymphocytes immunoreactive to CD20 (down right, Permanent
Red, 200x). Liver, HE, 100x. (E) Pulmonary nodular B-lymphocyte hyperplasia. Lung, HE,
submicroscopic view, (F) characterized by multifocal well differentiate lymphocytes forming multiple

follicles (left frame, HE, 50x), with immunoreaction to CD20 (right frame, Permanent Red, 50x). Lung.
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In the lungs of 37 cases (37/1,001; 3.7%; CI 2.7-5%) was observed mild to
marked intravascular clusters of monomorphic round cells (Figure 1.6A-C). These cells
had pale and abundant cytoplasm, in some cases vacuolized, with an eccentric cleaved
nucleus and high mitotic index, evidenced by Ki67 immunolabeling (Figure 1.6A-E). In
six representative cases, these cells were immunoreactive to IBA-1 and CD163 (Figure
1.6D-E) and negative for CD20, CD3 and myeloperoxidase (MPO). HE, IHC and TEM
showed that most of these cells had morphology compatible with histiocytes, being
interpreted as a pulmonary intravascular histiocytosis (PIVH) (Figure 1.6A-F). There

was no evidence of viral particles in the sections evaluated by TEM and those six

representative samples were tested for HHV-4-IHC being all negative.
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Figure 1.6 Pulmonary intravascular histiocytosis observed in free-ranging marmosets (Callithrix
spp.). (A-C) Intravascular clusters of round cells, with pale and abundant cytoplasm, in some cases
vacuolized (C- down right, HE, 400x), with an eccentric cleaved nucleus and few to moderate binucleated
cells. HE, Lung, 50x (A), 200x (B), 100x (C). These cells were diffusely immunoreactive to IBA-1 (D -
DAB, 50x) and CD163 (E - Permanent Red, 50x), with high immunolabeling to Ki-67 (E- down right,
DAB, 400x). (F) TEM showed that most of these cells had morphology compatible with histiocytes, with

no evidence of viral infection.

Importantly, this intravascular histiocytosis was always observed at lungs and
rarely in other organs, being identified in the vessels from the meninges, kidney, and
uterus in one case and at the liver of nine cases. Interestingly, all cases of PIVH were
from the Metropolitan region of the Rio de Janeiro state, being more frequently
observed in the animals from this region compared to the others (Fisher’s exact test,
p =0.0014). No difference of frequencies was observed between sex (Fisher’s exact
test, p=0.4788) or age (Fisher’s exact test, p=0.1264). Pulmonary anthracosis,
observed in 200 animals (200/1,001; 20%; 17.6-22.6%), was also more frequently

observed in animals from the Metropolitan region (Fisher’s exact test, p = 0.0051)

Finally, multinucleated hepatocytes (MNH - more than three nuclei) (Figure
1.7A), was observed in 130 animals (130/1,1001; 13%; CI 11-15.2%), being 87.7%
(114/130) mild (0 to 30 multinucleated hepatocytes per ten HPF), 11.5% (15/130)
moderate (31-59 multinucleated hepatocytes per ten HPF) and 0.8% (1/130) marked
(> 59 multinucleated hepatocytes per ten HPF). By TEM we observed that cytoplasm of
MNH contained abundant mitochondria, but the cells were not necessarily larger than

normal hepatocytes and no infectious agents were identified (Figure 1.7B).
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Figure 1.7 Multinucleated hepatocytes observed in free-ranging marmosets (Callithrix spp.). (A)

Multinucleated hepatocytes (more than three nuclei). Liver, HE, 200x. (B) TEM showed that
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multinucleated hepatocytes contained abundant mitochondria (black arrow) and mild to moderate

lipofuscin (red arrow), with no evidence of viral infection.

3.2 Pathological findings in free-ranging howler-monkeys

The main pathological findings observed in the necropsied howler-monkeys
were portal hepatitis (35/43; 81.4%; CI 67.4-90.3%), lipidosis (28/43; 65.1%; CI 50.2-
77.6%), pulmonary edema (27/43; 62.8%; CI 47.9-75.6%), interstitial nephritis (26/43;
60.5%; CI 45.6-73.6%), hepatic necrosis (25/43; 58.9%; CI 28.4-5.7%), pneumonia
(23/43; 53.5%; CI 38.9-67.5%), glomerulopathy (19/43; 44.2%; CI 30.4-58.9%),
pulmonary hemorrhage (18/43; 41.7%; CI 28.4-56.7%), random hepatitis (14/43;
32.6%; CI 20.5-47.5%), and myocarditis (14/43; 32.6%; CI 20.5-47.5%). Table 1.5

summarizes all the pathological findings observed in the free-ranging howler-monkeys.

Infectious diseases were observed in 26 cases (26/43; 60.5%; CI 45.6-73.6%),
being mainly caused by YFV (22/26; 84.6%; CI 66.4-93.8%). Classical hepatic
histopathological lesions of YFV were observed in 21 animals (21/22; 95.4%; CI 78.2-
99.7%). There were six cases of parasitic diseases: five caused by microfilariosis (5/43;
11.6%; CI 5.1-24.5%), with identification of the adult filariid nematode at lymphatic
vessels of the lungs from two animals (2/43; 4.6%; CI 0.8-15.4%); and one case of
toxoplasmosis (1/43; 2.3%; CI 0.1-12%), with mild diffuse interstitial pneumonia rich
in alveolar foamy macrophages and moderate type-2 pneumocyte hyperplasia; random
necrotizing hepatitis; mild histiocytic splenitis; and moderate interstitial nephritis.
Intralesional tachyzoites and bradyzoites were observed at lungs, liver, spleen, and
kidney, confirmed as 7. gondii by IHC. Traumatic lesions were detected in ten animals
(10/43; 23.3%; CI 13.1-37.7%). In general, besides the necrotizing hepatitis caused by
YFV, trauma and the one case of toxoplasmosis, pathological findings in howler-
monkeys were mild and not associated with the death of the animals, being most of

them considered nonspecific.



Table 1.5 Pathological findings in free-ranging howler monkeys (A4/ouatta spp.) from the Brazilian Atlantic Forest found dead during January
2017 to July 2019.

Organ (N) Pathological findings % (CI) Intensity %
Mild Moderate Severe
Brain (43) Hemorrhage 9.3 (3.7-21.6) 100.0 (4/4) - -
Meningitis 7.0 (2.4-18.6) 100.0 (3/3) - -
Non suppurative 4.6 (0.8-15.4) 100.0 (2/2) - -
Suppurative 2.3(0.1-12.1) 100.0 (1/1) - -
Encephalitis/ Meningoencephalitis 2.3(0.1-12.1) 100.0 (1/1) - -
Heart (43) Myocarditis 32.6 (20.5-47.5) 92.9 (13/14) 7.1 (1/14)
Lymphohistioplasmacytic 30.2 (18.6-45.1) 92.3 (12/13) 7.7 (1/13) -
Mixed 2.3(0.1-12.1) 100.0 (1/1) - -
Fibrosis 9.3 (3.7-21.6) 75.0 (3/4) 25.0 (1/4) -
Necrosis 7.0 (2.4-18.6) 66.7 (2/3) 33.3(1/3) -
Lung (43) Alveolar edema 62.8 (47.9-75.6) 59.3 (16/27) 14.8 (4/27) 25.9 (7/27)
Pneumonia 53.5(38.9-67.5) 69.6 (16/23) 30.4 (7/23) -
Interstitial pneumonia 51.2 (36.7-65.4) 68.2 (15/22) 31.8 (7/22) -
Granulomatous pneumonia 2.3(0.1-12.1) 100.0 (1/1) - -
Alveolar hemorrhage 41.7 (28.4-56.7) 55.6 (10/18) 22.2 (4/18) 22.2 (4/18)
Anthracosis 20.9 (11.4-35.2) 88.9 (8/9) 11.1(1/9) -
Extramedullary hematopoiesis 7.0 (2.4-18.6) 100.0 (3/3) - -
Pleuritis 7.0 (2.4-18.6) 100.0 (3/3) - -
Alveolar fibrin deposition 4.6 (0.8-15.4) 100.0 (2/2) - -
Thrombosis 4.6 (0.8-15.4) 100.0 (2/2) - -
Perivasculitis 2.3(0.1-12.1) 100.0 (1/1) - -
Non-thrombotic embolism 2.3(0.1-12.1) 100.0 (1/1) - -
Liver (43) Portal hepatitis 81.4 (67.4-90.3) 68.6 (24/35) 22.8 (8/35) 8.6 (3/35)
Lipidosis 65.1 (50.2-77.6) 53.6 (15/28) 32.1(9/28) 14.3 (4/28)
Diffuse 16.3 (8.1-30.0) 71.4 (5/7) 14.3 (1/7) 14.3 (1/7)
Random 48.8 (34.6-63.2) 43.5 (10/21) 38.2(8/21) 14.3 (3/21)
Necrosis 58.9 (28.4-5.7) 8.0 (2/25) 12.0 (3/25) 80.0 (20/25)
Random 7.0 (2.4-18.6) 66.7 (2/3) 33.3(1/3) -
Massive 51.2 (36.7-65.4) - 9.1 (2/22) 90.9 (20/22)
Random hepatitis 32.6 (20.5-47.5) 71.4 (10/14) 21.5(3/14)

Iron storage (hemosiderosis)

18.6 (9.7-32.6)

100.0 (8/8)

7.1 (1/14)



Spleen (43)

Kidney (43)

Adrenal (11)

Uterus (05)
Testicle (13)

Sinusoidal leukocytosis

Portal fibrosis

Bile duct hyperplasia
Cholestasis

Diffuse glycogen degeneration
Multinucleated hepatocytes
Cholangitis

Extramedullary hematopoiesis

Hemosiderosis

Follicular hyalinosis
Lymphoid rarefaction
Extramedullary hematopoiesis
Splenitis

Lymphoid hyperplasia

Interstitial nephritis
Glomerulopathy

Membranous

Proliferative
Nephrocalcinosis
Glomerulosclerosis
Hyalin casts
Interstitial fibrosis
Tubular necrosis
Pigmentary nephrosis
Arteritis

Adrenalitis
Hemorrhage

Degeneration

11.6 (5.1-24.5)
9.3 (3.7-21.6)
7.0 (2.4-18.6)
7.0 (2.4-18.6)
7.0 (2.4-18.6)
4.6 (0.8-15.4)
2.3(0.1-12.1)
2.3(0.1-12.1)

32.6 (20.5-47.5)
13.9 (6.6-27.3)
13.9 (6.6-27.3)
11.6 (5.1-24.5)
11.6 (5.1-24.5)
7.0 (2.4-18.6)

60.5 (45.6-73.6)
44.2 (30.4-58.9)
41.7 (28.4-56.7)
2.3(0.1-12.1)
20.9 (11.4-35.2)
16.3 (8.1-30.0)
16.3 (8.1-30.0)
7.0 (2.4-18.6)
7.0 (2.4-18.6)
2.3(0.1-12.1)
2.3(0.1-12.1)

9.1(0.5-37.7)
20.0 (1.0-62.4)
23.1 (8.2-50.3)

80.0 (4/5)

100.0 (4/4)
100.0 (3/3)
100.0 (3/3)
100.0 (3/3)
100.0 (2/2)
100.0 (1/1)

92.9 (13/14)
33.3 (2/6)
33.3 (2/6)
60.0 (3/5)
80.0 (4/5)
66.7 (2/3)

80.8 (21/26)
89.5 (17/19)
88.9 (16/18)
100.0 (1/1)
100.0 (9/9)
85.7 (6/7)
100.0 (7/7)
100.0 (3/3)
66.7 (2/3)
100.0 (1/1)
100.0 (1/1)

100.0 (3/3)

20.0 (1/5)

100.0 (1/1)

7.1 (1/14)
50.0 (3/6)
66.7 (4/6)
40.0 (2/5)
20.0 (1/5)
33.3(1/3)

19.2 (5/26)
10.5 (2/19)
11.1 (2/18)

143 (1/7)

33.3(1/3)

100.0 (1/1)
100.0 (1/1)

CI: Confidence interval; N: number of samples.
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3.3 Pathological findings in free-ranging capuchins

The main pathological findings observed in the necropsied capuchins were
pulmonary edema (18/29; 62.1%; CI 44-77.3%), splenic lymphoid hyperplasia (16/29;
55.2%; CI 37.5-71.6%), random hepatitis (15/29; 51.7%; CI 34.4-68.6%), interstitial
pneumonia (13/29; 44.8%; CI 28.4-62.4%), pulmonary perivasculitis (12/29; 41.4%; CI
25.5-59.3%), hepatic lipidosis (12/29; 41.4%; CI 25.5-59.3%), DHGD (11/29; 37.9%;
CI 22.7-56%), pulmonary hemorrhage (9/29; 31%; CI 17.3-49.2%), random hepatic
necrosis (7/29; 24.1%; CI 12.2-42.1%), interstitial nephritis (6/29; 20.7%; CI 9.8-
38.4%), and portal hepatitis (6/29; 20.7%; CI 9.8-38.4%). Table 1.6 summarizes all the

pathological findings observed in the free-ranging capuchins.

Infectious diseases were observed in three animals (3/29; 10.3%; CI 3.6-26.4%)),
being: (1) one case of YFV in a male adult with head trauma and atypical pathological
findings at liver, such as portal and random hepatitis with marked DHGD; (2) a female
adult with random necrotizing hepatitis with intralesional Gram-positive cocci,
immunoreactive to Staphylococcus spp. by IHC and confirmed as Staphylococcus sp. by
PCR and sequencing (Figure 1.8A-C); (3) one case of microfilariosis in a female adult
with head trauma, associated with neutrophilic interstitial pneumonia, leukocytosis and

random lymphocytic and neutrophilic hepatitis. No co-infection was observed.

Traumatic lesions were observed in nine animals (9/29; 31%; CI 17.3-49.2%)).
Also, in four cases (4/29; 13.8%; CI 5.5-30.6%) there was gross identification of
“chumbinho” pellets in the stomach content (Figure 1.8D). All four cases had mild to
moderate pulmonary alveolar hemorrhage and mild to marked DHGD with mild random
neutrophilic hepatitis. Two of them had moderate to marked diffuse pancreatic

hemorrhage and one had an acute pancreatitis.

Testicular interstitial cell tumor was detected in one adult male (Figure 1.8E).
This animal also had gross lesions of head and thoracic trauma, with a severe
necrotizing myocarditis, marked hepatic centrilobular necrosis and multiples focuses of
infarction in the kidney. Congenital cysts in the kidney and refe ovarii cysts in the ovary

were observed in one adult female (Figure 1.8F).



Table 1.6 Pathological findings in free-ranging capuchins (Sapajus spp.) from the Brazilian Atlantic Forest found dead during January 2017 to

July 2019
Organ (N) Pathological findings % (CI) Intensity %
Mild Moderate Severe
Brain (29) Hemorrhage 10.0 (3.5-25.6) 100.0 (3/3) - -
Encephalitis/ Meningoencephalitis 3.5(0.2-17.2) 100.0 (1/1) - -
Heart (29) Myocarditis 17.2 (7.6-34.5) 60.0 (3/5) 40.0 (2/5)
Lymphohistioplasmacytic 6.9 (1.2-21.9) 100.0 (2/2) - -
Mixed 6.9 (1.2-21.9) - 100.0 (2/2) -
Neutrophilic 3.5(0.2-17.2) 100.0 (1/1) -
Hemorrhage 6.9 (1.2-21.9) 50.0 (1/2) 50.0 (1/2) -
Fibrosis 3.5(0.2-17.2) 100.0 (1/1) - -
Necrosis 3.5(0.2-17.2) 100.0 (1/1) - -
Lung (29) Alveolar edema 62.1 (44.0-77.3) 44.4 (8/18) 38.9 (7/18) 16.7 (3/18)
Interstitial pneumonia 44.8 (28.4-62.4) 61.5 (8/13) 38.5 (5/13) -
Perivasculitis 41.4 (25.5-59.3) 58.3(7/12) 41.7 (5/12) -
Alveolar hemorrhage 31.0 (17.3-49.2) 33.3(3/9) 66.7 (6/9) -
Osseus metaplasia 10.0 (3.5-25.6) 100.0 (3/3) - -
Alveolar fibrin deposition 6.9 (1.2-21.9) 100.0 (2/2) - -
Thrombosis 6.9 (1.2-21.9) 100.0 (2/2) - -
Anthracosis 3.5(0.2-17.2) 100.0 (1/1) - -
Extramedullary hematopoiesis 3.5(0.2-17.2) - 100.0 (1/1) -
BALT hyperplasia 3.5(0.2-17.2) - 100.0 (1/1) -
Liver (29) Random hepatitis 51.7 (34.4-68.6) 86.6 (13/15) 6.7 (1/15) 76.7 (1/15)
Lipidosis 41.4 (25.5-59.3) 50.0 (6/12) 41.7 (5/12) 8.3 (1/12)
Diffuse 31.0(17.3-49.2) 55.5(5/9) 33.3(3/9) 11.2 (1/9)
Random 10.0 (3.5-25.6) 33.3(1/3) 66.7 (2/3) -
Diffuse glycogen degeneration 37.9 (22.7-56.0) 54.6 (6/11) 9.2 (1/11) 36.2 (4/11)
Random necrosis 24.1 (12.2-42.1) 71.4 (5/7) 14.3 (1/7) 14.3 (1/7)
Portal hepatitis 20.7 (9.8-38.4) 83.3 (5/6) 16.7 (1/6) -
Multinucleated hepatocytes 17.2 (7.6-34.5) 100.0 (5/5) - -
Sinusoidal leukocytosis 13.7 (5.5-30.6) 100.0 (4/4) - -
Iron storage (hemosiderosis) 6.9 (1.2-21.9) 100.0 (2/2) - -
Portal fibrosis 3.5(0.2-17.2) 100.0 (1/1) - -
Bile duct hyperplasia 3.5(0.2-17.2) 100.0 (1/1) - -
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Thrombosis

Spleen (29) Lymphoid hyperplasia
Follicular hyalinosis
Extramedullary hematopoiesis
Splenitis

Kidney (29) Interstitial nephritis
Glomerulosclerosis
Membranous glomerulopathy
Hyalin casts
Interstitial fibrosis
Congenital cysts

Adrenal (14) Adrenalitis
Hemorrhage
Thrombosis
Necrosis

Ovary (06) Cysts (rete ovarii)

Testicle (11) Interstitial cell tumor

3.5(0.2-17.2)

55.2 (37.5-71.6)
3.5(0.2-17.2)
3.5(0.2-17.2)
3.5(0.2-17.2)

20.7 (9.8-38.4)
10.0 (3.5-25.6)
3.5(0.2-17.2)
3.5(0.2-17.2)
3.5(0.2-17.2)
3.5(0.2-17.2)

21.4 (7.6-47.6)
21.4 (7.6-47.6)
7.1 (0.4-31.5)
7.1 (0.4-31.5)

16.7 (0.8-56.3)
9.1 (0.5-37.7)

56.2 (9/16)
100.0 (1/1)

83.3 (5/6)
66.7 (2/3)
100.0 (1/1)
100.0 (1/1)
100.0 (1/1)
100.0 (1/1)

66.7 (2/3)

100.0 (1/1)
100.0 (1/1)

100.0 (1/1)
31.2 (5/16)

100.0 (1/1)
100.0 (1/1)

16.7 (1/6)
33.3(1/3)

33.3(1/3)

100.0 (3/3)
100.0 (1/1)
100.0 (1/1)

12.6 (2/16)

CI: Confidence interval; N: number of samples.
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Figure 1.8 Pathological findings observed in free-ranging capuchins (Sapajus spp.). (A-B) Random
necrotizing hepatitis. Liver, HE, 50x (A), 100x (B), with intralesional Gram-positive cocci (C- right
frame, Gram stain, 1000x) immunoreactive to Staphylococcus spp. by IHC (C- left frame, Permanent
Red, 200x). (D) Stomachal content with multiple millimetric black pellet compatible with “chumbinho”.
Scale bar = 1 cm. (E) Testicular interstitial cell tumor characterized by a sheet of well-differentiate round
to polyhedric cells, with pale and vacuolized cytoplasm. Testicle, HE, 400x. (F) Rete-ovarii-cyst with the
lumen (*) lined by a cuboidal and ciliated epithelium (arrow) surrounded by connective tissue with no

muscular layer. Ovary, HE, 100x.
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3.4 Pathological findings in free-ranging lion tamarins and titi-monkeys

Three lion tamarins were included in this study: two golden lion tamarins (L.
rosalia) and one golden-headed lion tamarin (L. chrysomelas). One golden lion tamarin
had severe polytraumatic gross lesions and marked autolysis. The other one was
positive for YFV with classical hepatic pathological features, characterized by marked
diffuse hepatocyte necrosis with moderate number of hepatocytes with eosinophilic
cytoplasm and ghost nucleus (interpreted as apoptotic bodies - Councilman-Rocha Lima
bodies). The remaining hepatocytes had marked lipidosis and moderate multifocal
lymphohistioplasmocytic and neutrophilic infiltrate. Marked hemosiderosis was
observed at spleen; and lungs had marked alveolar edema and mild alveolar
hemorrhage. The golden-headed lion tamarin had diffused marked pulmonary

hemorrhage and mild DHGD with mild random hepatitis. The cause was undetermined.

Two titi-monkeys were included in this study: both were positive for YFV, one
with the same classical hepatic pathological features described above for golden lion
tamarin (Figure 1.9A) and the other one had mild, mediozonal, multifocal, individual
hepatocyte necrosis (Figure 1.9C). Also, both were parasitized with microfilariae,
observed intravascular at heart, lungs, liver, spleen, kidneys and pancreas. In both cases,
microfilariae were associated with intravascular neutrophils and microthrombus (Figure
1.9B-C), associated with mild to moderate neutrophilic interstitial pneumonia, mild to
moderate random neutrophilic hepatitis and moderate multifocal neutrophilic splenitis.
Importantly, microfilariosis was more frequently observed in titi-monkeys and howler
monkeys, compared to capuchins and marmosets (Table 1.4). Additionally, in one case

was observed hyalinosis of the vessels wall from the myometrium (Figure 1.9D).
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Figure 1.9 Pathological findings observed in free-ranging titi-monkeys (Callicebus spp.). (A) Marked

diffuse necrotizing hepatitis with apoptotic hepatocytes and mild lipidosis, compatible with YFV
infection. Liver, HE, 200x. (B) Lung vessel filled with microfilariae associated with clusters of fibrins
(thrombus). Lung, HE, 200x. (C) Sinusoidal leukocytosis rich in neutrophils associated with microfilariae
(white arrow). Individual hepatocyte necrosis, mainly observed in the mediozonal region (black arrow).

Liver, HE, 400x. (D) Vessels from the myometrium with hyalinosis of the wall. Uterus, HE, 200x.

4. DISCUSSION

This is a comprehensive retrospective study focusing on pathology of free-
ranging NWP with more than a thousand animals included and a systematic evaluation
of FFPE samples from brain, heart, lungs, liver, spleen, and kidneys. Animals were
found dead from different mesoregions of the RJ and were sent to IJV for YFV
surveillance. During the period of the study, years 2017-2019, Brazilian Southeastern,
including RJ, was facing one of the biggest outbreaks of sylvatic YF in the last 80 years
(Possas et al., 2018; Santos et al., 2020), justifying the high prevalence of YFV in the
animals evaluated in this study, especially in howler monkeys, a specie that is known to
be highly susceptible to YF (Santos et al., 2020; Fernandes et al., 2021). Together with

the YF outbreak, it was observed a high prevalence of trauma in this same population,
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previous characterized by Oliveira et al. (2022), and affecting especially marmosets

(Callithrix sp.).

In addition to YF, other infectious disecases were observed in the animals from
this study. RABV was detected in one juvenile marmoset by the official diagnostic
service, with the clinical and diagnostic report described by Moutinho et al. (2020).
Briefly, this animal was found with neurological signs in an urbanized area of Niterdi (a
city from the RJ Metropolitan region) and naturally died testing positive for RABV by
DFAT and MIT. PCR and sequencing showed that the genetic lineage of the virus
detected in this animal had characteristic of hematophagous bats Desmodus rotundus.
Pathological findings, described in our study, were mild, characterized by non-
suppurative encephalitis, with no observation of Negri-bodies. This found highlight the
importance of investigation of RABV in all free-ranging NWP, with minimal or even
absent pathological findings, especially with history of neurological signs. Common
marmosets (C. jacchus) are a recognized reservoir of RABV in the wild cycle of the
disease, with increasing cases of human expositions in the Brazilian Northeastern and
Southeastern in the past 12 years (Favoretto et al., 2001; Machado et al., 2012; Kotait et
al., 2018; Moutinho et al., 2020; Benavides et al., 2022). The importance of other
species of NWP in the Brazilian wild cycle of RABV is poorly known, with some
evidence of infection in free-ranging capuchins (Machado et al., 2012; Kobayashi et al.,

2013).

PIV-1 and 3 was diagnosed by RT-qPCR of FFPE lung tissue in three
marmosets with moderate to marked acute interstitial to bronchointerstitial pneumonia
and moderate to severe deposition of fibrin in the airways. This is the first report of PIV
in free-ranging marmosets. PIV-1 was previously described in captive common
marmosets causing an outbreak of mild to lethal respiratory disease with nasal discharge
and interstitial pneumonia (Flecknell et al., 1983; Sutherland et al., 1986). Moustached
tamarin (Saguinus mystax) experimentally infected with PIV-1 and PIV-3 developed
respiratory clinical signs with natural transmission to other tamarins from the same cage
(Hawthorne et al., 1982). PIV-1 and 3 are important cause of respiratory diseases in
children, causing laringotracheobronchitis (PIV-1) and pneumonia with bronchiolitis
(PTV-3) (Hawthorne et al., 1982). The replication of both viruses usually occurs in the
upper respiratory tract (Hawthorne et al., 1982), which may explain why there were no

viral antigens or particles at IHC and TEM from lung tissues in our cases. The three
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cases of PIV were identified in animals that died between March and April from 2018
(PIV-3) and 2019 (PIV-1). Interestingly, this period coincides with seasons of high
incidence of PIV infection in human population from the Brazilian Southeast region
(SVS-MS, 2018; SVS-MS, 2019), being a possible source of infection for these

animals.

Bacterial infections were diagnosed in marmosets and capuchins from this study,
with prevalence of 41.1% and 33.3%, respectively, of all infectious -cases.
Bronchopneumonia, cholangiohepatitis, random hepatitis, meningoencephalitis, and
bacteremia were the main lesions associated with bacteria in these cases. Although it
was not possible to identify the bacteria specie associated with all cases, some agents,
such as Staphylococcus capitis (causing suppurative meningoencephalitis with
bacteremia), Streptococcus sanguinis (causing necrotizing bronchopneumonia with
Splendore-Hoeppli reaction), and Moraxella sp. (causing bacteremia) were detected by
PCR, being described for the first-time causing infection in free-ranging marmosets. S.
capitis and S. sanguinis are components of the normal human microbiota, isolated in
normal conditions from skin and dental biofilms, respectively (Alves et al., 2022;
Elhusseiny et al., 2022), being both considered opportunistic agents, responsible for rare
cases of bacterial endocarditis (Douedi et al., 2021; Alves et al., 2022). Moraxella sp.
have a wide range of hosts, with species of great importance in veterinary medicine,
such as M. bovis and M. ovis, responsible for the infectious keratoconjunctivitis in
livestock (Seeger et al., 2021); and species that infects humans, such as M. keratitis and
M. catarrhalis (Murphy and Parameswaran, 2009; McSwiney et al., 2019). The
identification of these microorganisms, common in humans and domestic animals, in
free-ranging marmosets, once again, raises a concern about the frequent circulation of
pathogens between wildlife, domestic animals and humans, increasing the possibility of

the emergence of new diseases.

E. coli was confirmed causing bronchopneumonia in one case. Ehlers et al.
(2022) described E. coli as being an important opportunistic bacteria associated with
suppurative bronchopneumonia and sepsis in captive howler-monkeys. Bacteremia was
a frequent pathological finding observed in the marmosets from this study and it was
mainly caused by Gram-negative agents. This high susceptibility of marmosets to
bacterial infection and sepsis may be due to the limited variability of key loci in the

MHC class II regions in this specie (Pisharath et al., 2005; Mitz-Rensing and
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Lowenstine, 2018), contrasting with other NWP species, such as tamarins, that have
abundant polymorphisms at the MHC class II region, being less susceptible to bacterial

infections compared to common marmosets (Pisharath et al., 2005).

Toxoplasmosis was the only protozoal disease observed in this study, being
identified in 16 marmosets and in one howler-monkey. Classical histopathological
features characterized by necrotizing lesions in multiples organs with intralesional
zoites (Paula et al.,, 2020; Santana et al., 2021) was observed in all cases.
Platynosomiasis, although described in variable genus of NWP, such as Callicebus,
Chiropotes, Callimico, Saguinus, and Sapajus (Kingston and Cosgrove, 1967; Sousa et
al, 2008; Silva et al, 2012; Pereira et al., 2021), in our study was only observed in
marmosets. Pulmonary metastrongylus (lungworms) were also observed exclusively in
marmosets and were associated with mild to moderate interstitial pneumonia.
Lungworms, usually from the genera Filaroides and Filariopsis, are commonly
observed in captive NWP with no significant clinical or pathological findings (Wolff,
1993). Hepatic capillariosis was observed in one marmoset from our study. It is caused
by Capillaria hepatica and is a globally distributed zoonotic disease, described in many
species of mammals, including NHP, free-ranging or captive, with few cases in

marmosets (Fuehrer, 2014).

Microfilariosis was observed in marmosets (0.9%), capuchins (3.4%), howler-
monkeys (11.6%) and titi-monkeys (100%), with significant higher frequency in the last
two species. In most of the cases few to moderate numbers of microfilariae were
observed intravascular at lungs, liver, and spleen, among other organs, with no
significant associated pathological features. However, there were few cases, including
both titi-monkeys, in which the numbers of microfilariae were high forming
intravascular parasite clusters associated with thrombosis and neutrophils in multiple
organs. Filariid parasites are often described in NWP (Rondoén et al., 2021), being
observed in blood smears of free-ranging NWP with no clinical importance (Bueno et
al., 2017; Rondon et al., 2021). This nematode belongs to Spirurida order and has an
indirect life cycle, requiring an arthropod as intermediate host for development and
transmission. Mansonella and Dipetalonema are the two main genera associated with
infection in NWP, and the adult worm parasitizes the peritoneal or pleural cavity of
their definitive hosts, while their microfilariae are found circulating in the bloodstream

(Zérate-Rendon et al., 2022). The adults are usually observed at necropsy, often
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associated with chronical mild inflammation (Karesh et al., 1998; Zarate-Rendon et al.,
2022). Importantly, in our study, adult filariid forms were only observed in two howler-
monkeys localized in the lymphatic vessel of the lungs. Although the pathogenicity and
epidemiology of this parasite is poorly understood, our data indicates that this parasitic
infection may have a greater importance in howler-monkey and titi-monkeys compared

to the other species from the study.

Mild to marked interstitial pneumonia, characterized by the enlargement of the
alveolar wall by lymphocytes, plasma cells and macrophages, sometimes with
neutrophils, was frequently observed in marmosets (40.6%), howler-monkeys (51.2%)
and capuchins (44.8%) from this study. This high frequency was also observed by
Bleyer et al. (2017) in captive common marmosets, represented by 32.29% and in most
of the case the cause was undetermined, with no intralesional agent detected, although
no investigation of viral etiology was performed. Sepsis and endotoxemia are important
causes of interstitial pneumonia in domestic animals, and in some cases the bacterial
agent is not evident intralesional, making the final diagnosis a challenge (Caswell and
Williams, 2016). Therefore, although we had 70 cases of confirmed bacteremia in
marmosets, once the confirmation was based on the visualization of the organism in the
affected tissue, it is possible that some cases of endotoxemia and sepsis went unnoticed.
Also, besides infectious etiology there are many other causes of interstitial pneumonia
with no specific pathological features, such as shock, massive/head trauma, pulmonary
contusion, multi-organ failure, uremia, and inhalation of toxic agents (Caswell and
Williams, 2016), being a challenge to confirm the etiology based only in FFPE tissue

samples.

Pulmonary alveolar edema and hemorrhage was also prevalent in all species
evaluated from our study. Causes of alveolar edema are variable being associated with
direct and indirect injuries to the respiratory system (Caswell and Williams, 2016).
Marmosets from our study had higher frequencies of alveolar hemorrhage in
traumatized animals, which in most of the cases could be explained by the direct
thoracic trauma. DHGD was another frequent pathological finding associated with
trauma in marmosets. Hepatocellular glycogen degeneration in domestic animals is
usually a consequence of systemic high levels of glucocorticoids, although the
pathogenesis is uncertain (Cullen and Stalker, 2016). Trauma in wildlife is an important

cause of abrupt increase in cortical levels, being the amplitude and length of serum
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increase also influenced by pre-trauma (e.g., time of pursuit in cases of predation and
hunting) and post-trauma (e.g., higher degree of pain experienced) situations (Gentsch
et al., 2018). Therefore, the cases with DHGD associated with trauma may suggest a
more stressful and agonic progression until lethal course. Additionally, DHGD has been
frequently described in captive marmosets, being associated with laboratory diets in the
past (Tucker, 1984; Kaspareit et al., 2006). This could be indicative of a more
predisposition of marmosets to develop hepatic glycogen storage, being even considered

a background lesion in these animals (Kaspareit et al., 2006).

PIVH was observed in 37 free-ranging marmosets from this study. The
histiocytic phenotype of the cells with monomorphic pattern, nuclear pleomorphism and
high mitotic index, raised the suspicious of a possible intravascular neoplastic disease,
suggestive of a leukemic histiocytic sarcoma. However, the almost exclusively lung
tropism, the high prevalence in the animals evaluated and the absence of primary
parenchymatous foci of proliferation put in question this neoplastic hypothesis. A
leukemic histiocytic sarcoma was observed in a captive squirrel monkey (Saimiri
sciureus) co-infected with Saimiriine Gammaherpesvirus-2, Saimiri sciureus
lymphocryptovirus-2 and Squirrel monkey retrovirus, however, although leukemic,
tumor cells were observed infiltrating the parenchyma of multiple organs (Buchanan et

al., 2020).

Intravascular histiocytosis was reported once in human as a rare presentation of
hemophagocytic lymphohistiocytosis (HLH), a rare clinical syndrome of overreactive
histiocytes and lymphocytes secondary to a chronical inflammatory stimulus (Zayed et
al., 2019). In humans HLH is frequently associated to HHV-4 infection (Zayed et al.,
2019), which was not detected in our cases. Also, an important feature of HLH is
erythrophagocytosis (Zayed et al., 2019), rarely observed in the PIVH from our study.
Similar pulmonary histopathological features observed in PIVH from our cases are
described in the Jembrana disease (JD), a viral enzootic disease of Bali cattle (Bos
javanicus) (Budiarso and Rikihisa, 1992). The main lesion in the lungs of cattle
necropsied with this disease is the presence of large number of intravascular monocytes,
sometimes occluding the lumen of small vessels (Budiarso and Rikihisa, 1992). JD is
caused by a lentivirus genetically similar to bovine immunodeficiency virus (BIV)
(Desport and Lewis, 2010). Therefore, a retroviral etiology associated with PIVH in

free-ranging marmosets could be possible and is currently in pending investigation.
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Importantly, all animals affected were from the Metropolitan region of RJ, suggesting
that this condition may be favored by anthropic factors, such as exposition to human

retroviruses.

Neoplasia was observed in only two animals: one B-cell lymphoma in a
marmoset and one testicular interstitial cell tumor in a capuchin. Neoplasm in free-
ranging NWP is rarely observed (Ehlers et al., 2022). To the authors knowledge this is
the first report of interstitial cell tumor in a free-ranging capuchin. Lymphoma was
previously diagnosed in a free-ranging howler monkey (Ehlers et al., 2022) and is
commonly reported in laboratory marmoset colonies (David et al., 2009; Bleyer et al.,
2017). Callitrichine herpesvirus-3, a virus related to HHV-4, has been associated to
common marmoset B-cell lymphomas (Cho et al., 2001; Fogg et al., 2005). In our study
we investigated HHV-4 co-infection by IHC and PCR, but no viral antigen or DNA was
detected.

Interstitial nephritis with glomerulopathy was frequently observed in the NWP
in this study, especially in marmosets, with cases of pathological findings compatible
with severe chronical renal disease. Among renal lesions, glomerulopathies are
frequently observed in captive NWP, especially marmosets (Isobe et al., 2012; Yamada
et al., 2013; Burns and Wachtman, 2018; Kirejczyk et al., 2021). Glomerular lesions are
usually membranoproliferative, membranous or sclerotic, accompanied by an interstitial
inflammatory infiltrate, fibrosis, and tubular regeneration (Isobe et al., 2012; Yamada et
al., 2013; Burns e Wachtman, 2018). Interstitial nephritis is a common lesion that can
have an incidence above 80% in NWP colonies and is usually associated with
glomerulopathies. Although it is often seen together, interstitial, and glomerular lesions
can occur separately in some animals and usually progress to sclerosis of the renal

parenchyma (Marini, 2019).

EH has been associated with these kidney injuries in callitrichids, which may
indicate a secondary anemic condition due to erythropoietin deficiency (Burns and
Wachtman, 2018). In our study animals with severe renal diseases had higher
frequencies of EH. Pyelonephritis was observed in six marmosets, three of them had
intratubular material compatible with calcium oxalate crystals. Plants are the usual
source of oxalate poisoning in domestic animals (Cianciolo and Mohr, 2016). Vanselow

et al. (2011) reported an oxalate nephropathy followed an accidental ingestion of
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Eucalyptus viminalis in a colony of common marmosets. Unfortunately, the origin of

the oxalate intake in the animals from our study was undetermined.

Finally, hepatocyte multinucleation can result from incomplete cell division or
cell fusion, and in veterinary medicine was observed in association with hepatitis in
newborn cats, foals, and piglets (Cullen and Stalker, 2016). MNH (more than three
nuclei) have been considered a spontaneous background finding of laboratory-raised
macaques with occasional reports as an incidental finding in macaques, chimpanzees,
and gorillas (Lowenstine, 2003). Cynomolgus macaques have a prevalence of 61% of
MNH, being considered a nonspecific reaction with unknown pathogenesis (Novilla et
al., 2014). In captive marmosets MNH was associated with aflatoxin B1 toxicity
(Lowenstine, 2003). In our study MNH had similar ultrastructural characteristics of
normal hepatocytes, were observed in marmosets (13%), howler-monkeys (4.6%), and
capuchins (17.2%), and were considered a nonspecific finding. Importantly, HSV
infection must be considered as a differential diagnosis in free-ranging NWP with
MNH, once it could lead to syncytial hepatocyte formation. However, in HSV cases,
necrotizing hepatitis with intranuclear viral inclusions and viral particles are also

observed (Wilson et al., 2022).

This study demonstrated that free-ranging NWP are hosts of several diseases,
including important zoonoses, being valuable tools for the development of strategies for
disease control and prevention, both with a focus on public health and conservation of
these species. Additionally, it is very important to study the histopathological alterations
in these species to help in the recognition of specific and non-specific alterations

(background), thus improving the accuracy of the diagnosis in these animals.
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CHAPTER II?

PREVALENCE OF Prarynosomum SP. INFECTION AND ITS ASSOCIATION
WITH BILIARY LITHIASIS AND SECONDARY BACTERIAL INFECTIONS
IN FREE-RANGING MARMOSETS (CAaLLitHRIX SPp.) OF THE BRAZILIAN
ATLANTIC FOREST

SUMMARY

Platynosomiasis is a parasitic disease caused by a trematode of the genus Platynosomum
spp., a bile duct and gallbladder fluke that has been described in captive neotropical
primates (NWP) with high morbidity and variable lethality. Although it is a high-
concern disease in the handling of these animals in ex situ environment, there are only
few studies describing platynosomiasis in free-ranging NWP. Therefore, the aim of this
study was to characterize platynosomiasis in a free-ranging population of marmosets
(Callithrix spp.) from the Brazilian Atlantic Forest, focusing on the epidemiological and
pathological aspects. A total of 1,001 marmosets were evaluated and, based on general
data analysis, histopathology, histochemistry, and immunohistochemistry, we
concluded that Platynosomum sp. infection in free-ranging marmosets have a
prevalence of 8.9%, being more frequently detected in the Metropolitan region of Rio
de Janeiro state, causing a fibrosing and proliferative cholangiohepatitis associated to

biliary lithiasis (3,0% of cases) and secondary bacterial infections (14,6% of cases).

Keywords: neotropical primates; nonhuman primates; metazoan; wildlife.

2 Chapter submitted to the Journal of Comparative Pathology.
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1. INTRODUCTION

Platynosomiasis is a parasitic disease caused by a trematode of the genus
Platynosomum (Dicrocoeliidae family), a bile duct and gallbladder parasite commonly
detected in domestic cats (Basu and Charles, 2014). During its life cycle, this parasite
requires three intermediate hosts: being the first a mollusk, where the embryonated eggs
develops into a sporocyst containing cercaria; the second a terrestrial isopod in which
the cercaria is released and develops in to a metacercariae (infective form); and the
third (paratenic host) a small vertebrate, usually Anolis spp. lizards, where the
metacercariae will be held until predation by the definitive host (Maldonado, 1945;
Eckerlin and Leigh, 1962; Basu and Charles, 2014; Pinto et al., 2014). There are
reports of Platynosomum spp. infection in nonhuman primates (NHP) belonging to the
genera Pongo, Macaca, Callithrix, Callicebus, Chiropotes, Callimico, Cebuella,
Sapajus, and Saguinus, mostly affecting animals under human care (Kingston and
Cosgrove, 1967; Shanta, 1970; Warren et al., 1998; Sousa et al., 2008; Silva et al.,
2012; Pereira et al., 2021).

Platynosomiasis has been described in captive neotropical primates (NWP) with
high morbidity and variable lethality. This disease is challenging to diagnose, due to the
intermittent release of the parasite eggs in the host’s feces, and to treat, due to the
difficulty of antiparasitic drugs to act in the biliary tract, and it may be associated with
debilitating conditions, such as wasting marmoset syndrome, hepatocellular carcinoma,
and chronical inflammatory hepatic disease (Sousa et al., 2008; Silva et al., 2012;
Mattioli et al., 2016; Diaz-Delgado et al., 2018; Pereira et al., 2021). Pathological
findings are mainly observed in the liver and gallbladder, characterized by obstruction
and hyperplasia of the bile ducts, cholestasis, ascending cholangitis and periportal
fibrosis (Sousa et al., 2008; Pereira et al., 2021). In most cases, the parasite is detected
at necropsy (Sousa et al., 2008; Pereira et al., 2021), being only rarely diagnosed by
routine fecal examinations (Silva et al., 2012; Cullen and Brown, 2013; Mati et al.,

2015) and occasionally by liver ultrasound (Mattioli et al., 2016).

Marmosets are NWP from the genus Callithrix, endemic to the Brazilian
Atlantic Forest, and comprising six species: Callithrix jacchus, Callithrix penicillata,
Callithrix geoffroyi, Callithrix flaviceps, Callithrix aurita and Callithrix kuhlii, all of
them with decreasing populations and the last three species listed considered vulnerable

to critically endangered (IUCN Red List). There are few studies describing
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Platynosomum sp. infection in free-ranging marmosets (Melo, 2004; Diaz-Delgado et
al., 2018; Pereira et al., 2020), so the impact of this parasite in these populations is
poorly understood. Considering the importance of platynosomiasis in captive NWPs
and the scarcity of information on this parasite in free-ranging populations, we aimed to
characterize the burden of Platynosomum sp. infection in a free-ranging population of
marmosets (Callithrix spp.) from the Brazilian Atlantic Forest, focusing on the

epidemiological and pathological aspects of disease.
2. MATERIAL AND METHODS
2.1 Study design

This is a retrospective study with free-ranging marmosets (Callithrix spp.) that
were found dead from all regions in the State of Rio de Janeiro, and were necropsied at
Instituto Municipal de Medicina Veterindria Jorge Vaitsman (IJV, Rio de Janeiro,
Brazil) for Yellow Fever (YF) surveillance, from January 2017 to July 2019. Animals
were previously tested for YF virus (YFV) by quantitative reverse transcription
polymerase chain reaction (RT-qPCR) and immunohistochemistry (IHC) by the official
Brazilian diagnostic service. Data about geographical origin, sex and, age were
collected by 1JV. This study was authorized by the government environmental agency
(ICMBio - Brazil) under the SISBIO license number 67014 and all procedures strictly
adhered to humane care of animals and all applicable laws and regulations, including
registration in the national system for management of genetic heritage and associated

traditional knowledge by SISGEN code A2743E4.
2.2 Pathologic and parasitologic evaluation

Animals were necropsied by veterinary pathologists at the IJV. Conservation of
carcasses were assessed and all the necropsied animals that were considered viable for
histopathology were included in this study. Samples of the liver were fixed in 10%
buffered formalin and embedded in paraffin. Formalin-fixed paraffin-embedded (FFPE)
tissue samples were sent to the Universidade Federal de Minas Gerais (UFMG, Belo
Horizonte, Brazil), cut in a microtome (3—4 pum-thick) and stained with hematoxylin and

eosin (HE).

Liver samples from each animal were evaluated by light microscopy. Animals

were considered parasitized when fragments of intraductal adult trematode or its eggs
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were observed by histopathology. For better characterization of histopathological
lesions, other stains, such as Prussian blue, Gram stain, Periodic acid—Schiff (PAS),

Masson’s trichrome and Hall’s bilirubin stain were performed as needed.
2.3 Immunohistochemistry (IHC)

IHC was performed at the Infectious Disease Pathology Branch, Centers for
Disease Control and Prevention (IDPB-CDC, Atlanta, USA) on FFPE liver samples
from all parasitized animals to characterize bacterial co-infections. The primary
antibody was a rabbit polyclonal antibody raised against Escherichia coli H pool
serotype (SSI Diagnostica®, serial number 54396), and has been shown in our lab to
cross-react with bacteria from the genera Clostridium, Shigella, Enterobacter,
Salmonella, Serratia, and Proteus. FFPE liver sections were deparaffinized and
hydrated, followed by heat induced antigen retrieval in a pressure cooker with 6.0 pH
buffer (Reveal Decloaker, Biocare Medical®), and incubated in non-specific protein
blockage buffer (Background Punisher, Biocare Medical®) for ten minutes at room
temperature. Slides were incubated in primary antibody at room temperature for one
hour, followed by detection with an alkaline phosphatase (AP)-antibody conjugate
system (Mach 4 Universal AP-Polymer Kit, Biocare Medical®) and revealed with
Permanent Red Chromogen (Permanent Red Chromogen kit, Cell Marque®). Slides
were counterstained with Mayer’s hematoxylin. For positive controls, slides containing
E. coli cultures admixed with normal human tissue fragments were used, and for
negative controls the primary antibody was replaced with wash buffer. Immunolabeling

was classified as absent, rare, multifocal, extensive.
2.4 Statistical analysis

Data were analyzed using the GraphPad Prism software (version 9.0).
Descriptive statistics with 95% of confidence interval was used for general analysis.
Frequency of histopathological lesions and other variables, such as age, sex and
geographical distribution, were compared between parasitized and non-parasitized

animals using Fisher’s exact test.
3. RESULTS

3.1 Epidemiology
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A total of 1,001 marmosets (Callithrix spp.) were included in this study. Hepatic
intraductal trematode compatible with Platynosomum sp. was detected by
histopathologic evaluation of liver in 89 animals (8.9%; CI: 7.3-10.8%), including 48
females (53.9%); and 34 males (38.2%). In seven cases, the sex was not determined. Of
the parasitized animals, 84.3% (76/89) were adults and 11.2% (9/89) were juveniles;
age was not determined in 4 cases. No statistical difference in the presence of
Platynosomum sp. infection was observed between sexes (Fisher’s exact test,
p =0.1322) or age (Fisher’s exact test, p = 0.0828). Considering all mesoregions of the
State of Rio de Janeiro, parasitized marmosets were more often detected in animals
from the Metropolitan region (Fisher’s exact test, p=0.0007; Figure 2.1),
corresponding to 94.4% (CI: 87.5-97.6%) of all cases. Importantly, the majority of cases
was detected in the city of Rio de Janeiro (69.7%; CI: 59.5-78.2%; Fisher’s exact test,
p <0.0001). Additionally, parasitized animals were more often found during the second
semester (July to December) (12.2%; CI: 8.6-17%) versus 7.8% (CI 6.1-10.0%) in the
first semester (January-June) (Fisher’s exact test, p = 0.0492). None of the parasitized

animals was positive for YFV.

Legend

[ Mesoregions (Rio de Janeiro state)
O Cases

Figure 2.1 Distribution of Platynosomum sp. cases in free-ranging marmosets from the State of Rio
de Janeiro (Brazil) from January 2017 to July 2019. Map of Rio de Janeiro mesoregions (IBGE 2021)
with yellow dots indicating the distribution of cases with a high concentration in the Metropolitan Region
(MR). SRC: EPCG 4674 — SIRGAS 2000 (QGIS Version 3.24.3).



3.2 Pathological findings

3.2.1 General lesions
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Table 2.1 summarizes the pathological findings observed in the liver of the

parasitized marmosets.

Table 2.1 Pathological findings in the liver of free-ranging marmosets parasitized by

Platynosomum sp.

Pathological findings % (CI) Mild Inﬁ:;i:za(t‘;/o) Marked
Portal fibrosis 92% (85-96%)* 21% (17/82) 73% (60/82) 6% (5/82)
Cholangiohepatitis 90% (82-94%)* 30% (29/80) 61% (49/80) 9% (7/80)
Bile duct hyperplasia 80% (70-87%)* 65% (46/71) 29% (21/71) 6% (4/71)
Diffuse glycogen degeneration 27% (19-37%) 26% (6/24) 37% (9/24) 37% (9/24)
Random necrosis 21% (14-31%) 37% (7/19) 42% (8/19) 21% (4/19)
Sinusoidal leukocytosis 15% (9-23%) 77% (10/13) 23% (3/13) A
Random hepatitis 15% (9-23%) 85% (11/13) 15% (2/13) A
Multinucleated hepatocytes 13% (8-22%) 50% (6/12) 42% (5/12) 8% (1/12)
Diffuse lipidosis 12% (7-21%) 69% (9/11) 8% (1/11) 23% (1/11)
Extramedullary hematopoiesis 8% (4-15%) 57% (4/7) 29% (2/7) 14% (1/7)
Portal granuloma 6% (2-12%) NA NA NA
Iron storage in hepatocytes 6% (2-12%) 60% (3/5) 40% (2/5) A
Portal hepatitis 4% (2-11%) 50% (2/4) 25% (1/4) 25% (1/4)
Cholestasis 4% (2-11%) 50% (2/4) 50% (2/4) A
Biliary lithiasis 3% (1-9%)° 67% (2/3) 33% (1/3) A

Fisher’s exact test was performed to compare the frequencies of lesions between parasitized animals and
non-parasitized animals: green column: specific findings (a: p <0.0001; b: p = 0.0158); yellow column:

non-specific findings (p > 0.05). CI: Confidence interval; NA: not applicable; A: absent

The most common morphologic diagnosis associated with the fluke infection
was fibrosing and proliferative cholangiohepatitis with intraductal trematode (Figure
2.2A), observed in 74.1% (66/89; CI. 64.2-82.1%) of cases. Trematodes were
considered morphologically compatible with Platynosomum sp. when detected in the
bile duct and being characterized by transverse and longitudinal sections of a parasite
without coelomatic cavity, and with the organs immersed in loosely connective tissue,
and comprising some or all of the following: mature reproductive organs (testicles and

uterus filled with eggs), digestive tract (cecum) and two visible suckers (Figure 2.2).

Portal fibrosis was usually lamellar and concentric with ectatic bile ducts (Figure

2.2B), but in severe cases, there was bridging of fibrous tissues connecting the portal
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regions (Figure 2.2D). Cholangiohepatitis was mild to marked, characterized by an
inflammatory infiltrate in the portal region composed of lymphocytes, plasma cells,
histiocytes, neutrophils, and few eosinophils. Affected bile ducts were usually ectatic,
with variable number of intraluminal neutrophils, and mild to marked hypertrophy of
the ductal epithelium, which in some cases formed papillary projections into the lumen
(Figure 2.2B). Bile duct hyperplasia was frequently observed (Figure 2.2C), in few
cases associated with mild to moderate cholestasis. Erosions and ulcerations of the bile
duct mucosa was also observed (Figure 2.2E), and, in some cases, there was brown
dense pigment inside the bile duct lumen and sometimes associated with the site of

insertion of the parasite in the duct mucosa, interpreted as fluke pigment (Figure 2.2F).

Other lesions, such as diffuse hepatocellular glycogen degeneration, necrosis,
sinusoidal leukocytosis, random and portal hepatitis, lipidosis, syncytial hepatocytes,
extramedullary hematopoiesis and iron storage in hepatocytes were also observed, but
were considered non-specific findings, as parasitized and non-parasitized animals were

similarly affected (Table 2.1).
3.2.2 Biliary lithiasis

Biliary lithiasis was observed by histopathology in three cases of the parasitized
marmosets and its frequency was higher in parasitized animals when compared to the
entire population (Fisher’s exact test, p = 0.0158; Table 2.1). These stones were brown,
compact, and sometimes adhered to the bile duct mucosa (Figure 2.3A). Additionally, in
some cases, although a well-formed stone was not observed, there was a dense brown
fluke pigment in the lumen of the bile duct (Figure 2.3B), which was often depositing
and accumulating on the wall of trematode eggs (Figure 2.3C). This pigment had bile in

its composition, staining green by Hall’s stains for bile (Figure 2.3D).



Figure 2.2 Pathological findings in the liver of the free-ranging marmosets parasitized by

Platynosomum sp. (A) Fibrosing and proliferative cholangiohepatitis with intraductal trematode (*). Bile
ducts are ectasic with intraluminal inflammatory cells (arrows). HE, scale bar = 200 ym. (B) Ectasic bile
duct with intraluminal trematode. The epithelium, in red, is hypertrophic forming digital projections to
the lumen and there is moderate lamellar and concentric fibrosis, in blue, adjacent to the duct. Masson’s
trichrome, scale bar = 200 ym. (C) Marked bile duct hyperplasia with fibrosis. Masson’s trichrome, scale
bar = 60 ym. (D) Marked portal fibrosis forming bridged of fibrous tissue connecting the portal tracts.
HE, scale bar = 300 ym. (E) Focally extensive area of ulceration in the ductal mucosa associated with
fluke brown pigment. HE, scale bar = 200 ym. (F) Fluke brown pigment is observed adhered to the

mucosa and free in the duct lumen (arrow). HE, scale bar = 200 ym.



Figure 2.3 Biliary lithiasis in the liver associated with Platynosomum sp. infection in free-ranging

marmosets. (A) Dense brown material (*) adhered to the ductal mucosa, interpreted as stones (biliary

lithiasis). HE, scale bar = 300 ym. (B) Trematode eggs surrounded by dense fluke brown pigment
(arrow). HE, scale bar = 80 ym. (C) In some cases the fluke pigment is observed depositing in the shell of

trematode eggs (arrows), which act as an organic matrix for the formation of the biliary stones. Masson’s

trichrome, scale bar = 70 ym. (D) The pigment deposited in the eggshell of the trematode stains green,

indicating the presence of bile in its composition. Hall’s stain for bile, scale bar = 80 ym.
3.2.3 Bacterial co-infection

Among the 89 marmosets infected with Platynosomum sp., 13 cases (14.6%; CI:
8.7-23.4%) had intraductal bacteria associated with the parasitic cholangiohepatitis as
demonstrated by HE; bacteria were highlighted by Gram stain in five cases and stained
by E. coli IHC in 12 cases (Figure 2.4A-C). Bacterial colonies were often observed
associated with areas of erosion and ulceration of the ductal mucosa, or free in the
lumen, sometimes surrounded by the fluke pigment. Additionally, in five cases, bacteria
were also observed in Kupffer cells within hepatic sinusoids (Figure 2.4D), compatible
with bacteremia. Morphological and immunolabeling features of the organisms detected

are described in Table 2.2.
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Figure 2.4 Secondary bacterial infection due to parasitic cholangiohepatitis caused by

Platynosomum sp. in free-ranging marmosets. (A) Bacterial colonies adhered to areas of ulceration of

the ductal epithelium (arrow). HE, scale bar = 70 ym. (B) In most cases of bacterial infections there were

colonies of Gram-negative rods, associated with neutrophils and histiocytes. Gram stain, scale bar =

20 pm. (C) Immunoreactive stain for . coli antibody, in red, showing myriads of bacteria attached to the
ductal mucosa, with rod shape (down right). Mayer Hematoxylin, scale bar = 300 ym. (D)

Immunoreactive stain for E. coli antibody, in red, showing myriad of bacteria in the cytoplasm of Kupffer

cells at sinusoids, interpreted as bacteremia. Mayer Hematoxylin, scale bar = 60 ym.

Table 2.2 Morphological and immunolabeling features of the bacteria detected

intraductal in parasitized marmosets.

ID  Morphology Gram stain THC®

01 Rods Not performed* Extensive
02  Cocciandrods  Mixed population Rare

03  Rods No visible staining* Multifocal
04  Rods No visible staining®* Extensive
05 Rods Not performed* Rare

06  Cocci Gram-positive Negative
07  Rods Not performed* Multifocal

08 Rods Not performed* Extensive
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09 Rods Gram-negative Extensive
10 Rods Not performed* Extensive
11 Rods Gram-negative Extensive
12 Rods Gram-negative Extensive
13 Rods Not performed* Extensive

*Cases that no visible bacteria were detected at HE; C°Escherichia coli antibody; IHC:

Immunohistochemistry; ID: Individual numbers.

4. DISCUSSION

The main pathological findings associated with Platynosomum infection in free-
ranging marmosets in this study were portal fibrosis, cholangiohepatitis and biliary duct
hyperplasia. Those findings are in agreement with previous studies in parasitized
captive NWP (Sousa et al., 2008; Pereira et al., 2021), and are consistent with lesions
that have been described in association with bile duct trematode infections in other
mammals (Cullen and Brown, 2013; Basu and Charles, 2014). In humans, biliary
flukes, such as Opisthorchis and Clonorchis, usually cause inflammation and fibrosis of
the biliary system due to direct mechanical irritation, toxic secretions, and immunogenic
antigens from their eggs (Carpenter, 1998). Generally, in cases of partial and total
obstruction of the bile ducts, there is marked cholestasis with severe accumulation of
bilirubin in hepatocytes (Cullen and Brown, 2013). In this study, cholestasis was mild to
moderate, and observed only in 4% of the parasitized animals. This difference may be
because, unlike other flukes, Platynosomum feeds on bile acids (Kuntz, 1972), reducing

bile accumulation and its potential toxicity.

In this study we were able to demonstrate a previously undocumented
association between platynosomiasis and biliary lithiasis. In humans, biliary flukes have
been identified as predisposing factors for cholelithiasis (Carpenter, 1998; Xia et al.,
2015). In humans, rats, and sheep, fasciolosis is associated with intrahepatic stones,
usually characterized as pigment stones (Valero et al., 2006; Katsoulos et al., 2011; Xia
et al., 2015), similar to our findings in this study. Clonorchis and Opisthorchis infection
are also known to predispose to cholecystolithiasis in humans, with detection of
trematode eggs acting as an organic nucleus to gallstone formation with deposition of
calcium, bilirubinate granules, and mucoid matter on their shells (Sripa et al., 2004;
Qiao et al., 2012). Interestingly, in cases of lithiasis associated with trematode infection,

the stones formed are usually pigmented, being mixed stones, with cholesterol stones
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being less commonly observed (Sripa et al., 2004; Qiao et al., 2012). Furthermore,
pigmented stones are observed more frequently in parasitized humans (Qiao et al.,
2012). In this study, the frequency of biliary lithiasis was higher in parasitized
marmosets, and it was possible to detect pigmented material with bile composition
deposited on Platynosomum eggshells. These findings strongly support the hypothesis
that platynosomiasis predisposes to cholelithiasis in NHP, similar to biliary flukes
predisposing to lithiasis in humans, and our observations suggest that Platynosomum

eggs may serve as a nidus for stone formation.

Importantly, 14.6% of the parasitized marmosets from this study also had
secondary bacterial cholangitis, and five cases had evidence of bacteremia. Although it
was not possible to identify these bacteria at the species level, considering the cross-
reactivity of the IHC protocol employed in this study as well as bacterial morphology,
most of these bacteria were likely members of the Enterobacteriaceae group. In humans,
Opisthorchis is known to cause a modification in the biliary microbiome, increasing
abundance of bacterial phylotypes such as Selenomonas, Bacteroides, Rothia,
Leptotrichia, Lactobacillus, Treponema, and Klebsiella (Saltykova et al., 2016). Also,
rats chronically infected with Fasciola hepatica had higher risk to develop biliary
lithiasis and bacterial cholangitis, with isolation of E. coli, Enterococcus faecalis, and
Klebsiella pneumoniae (Valero et al., 2003; Valero et al., 2006), the same species that
are usually associated with bacterial cholangitis in human (Carpenter, 1998).
Interestingly, in human schistosomiasis, it has been demonstrated that the release of
immunosuppressive schistosome antigens that suppress immunity to microbial Toll-like
receptor (TLR) ligands, such as lipopolysaccharides, which may increase host
susceptibility to coinfecting pathogens and result in endotoxemia (Onguru et al., 2011).
This immunosuppressive behavior has not yet been described for biliary flukes.
However, five of the parasitized marmosets from our study had bacteria identified by E.
coli THC in Kupffer cells throughout the hepatic sinusoids, compatible with bacteremia

secondary to the bacterial cholangiohepatitis.

In humans, total or partial chronic obstruction of the bile ducts, caused by
trematode infection, may cause a decrease or even absence of biliary secretion into the
duodenum. This reduction leads to poor digestion of lipids and low absorption of fat-
soluble vitamins, causing severe nutritional deficiencies and immunosuppression,

favoring secondary infections (Socha et al., 1997; Saron et al., 2009; Venkat et al.,
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2014). Some marmoset species, such as common marmosets (Callithrix jacchus), are
naturally susceptible to develop bacteremia and sepsis due to their limited variability of
key loci in the MHC class II regions (Pisharath et al., 2005). Altogether, it is possible
that Platynosomum infection may be an important predisposing factor to the

development of systemic bacterial infection in free-ranging marmosets.

Cholangiocarcinoma and hepatocellular carcinoma are also associated with
chronic trematode cholangiohepatitis (Carpenter, 1998; Xia et al., 2015), being detected
in Platynosomum spp. infection in domestic cats and in marmosets (Andrade et al.,
2012; Diaz-Delgado et al., 2018). In this study no parasitized animal had any hepatic
neoplasia identified. Therefore, although the carcinogenic potential of liver flukes in
humans is well-described (Carpenter, 1998; Andrade et al., 2012; Xia et al., 2015), it is

not commonly observed in marmosets.

Callithrix spp. prey on small vertebrates and insects throughout the year,
representing 11 to 20% of their daily diet (Passamani and Rylands, 2000). Among
predated species are lizards of the genus Anolis and some species of mollusks
(Passamani and Rylands, 2000), both of which have already been described as paratenic
and intermediate hosts for Platynosomum spp. (Maldonado, 1945; Pinto et al., 2014).
Direct ingestion of snails and isopods containing metacercaria by the definitive host
does not result in infection (Maldonado, 1945; Warren et al., 1998), which requires
ingestion of lizards (paratenic host) to complete the cycle, as described for domestic and
wild cats (Basu and Charles, 2014). Terrestrial mollusks such as Megalobulinus
oblongus and Achatina fulica have been suggested as intermediate hosts, completing the

cycle in captive NWP in Brazil (Silva et al, 2012).

In this study, parasitized marmosets were more frequently observed in the
Metropolitan region of Rio de Janeiro state. Ferreira et al. (1999) found a prevalence of
45% of Platynosomum fastosum infection in domestic cats from the city of Rio de
Janeiro. Roaming cats are the main definitive host of Platynosomum spp. and this
higher frequency in domestic cats from Rio de Janeiro is probably associated with the
relatively high frequency in marmosets from the Metropolitan region in this study,
because these two species share in the life cycle of this trematode, both preying the
same paratenic host. Importantly, although several distinct species of Platynosomum
have been described in mammals and birds, such as Platynosomum amazonensis, P.

fastosum and Platynosomum marmoseti (Kingston and Cosgrove, 1967; Shanta, 1970;
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Warren et al., 1998; Silva et al., 2012), some authors argue that all species described
should be identified as Platynosomum illiciens, representing only morphological
variation from the same trematode species infecting different hosts (Tantalean et al.,

1990; Pinto et al., 2017; Assis et al., 2021; Pinto et al., 2021).

Our study characterized the epidemiological and pathological aspects of
platynosomiasis in free-ranging marmosets, demonstrating that this infection is more
frequently observed in the Metropolitan region, and it is usually associated with
fibrosing and proliferative cholangiohepatitis that may predispose to biliary lithiasis or
secondary bacterial infections and occasionally bacteremia. These findings are similar
to those seen in humans with biliary trematodiasis and highlight the comparable disease

pathogenesis among species.
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CHAPTER IIP

PATHOLOGY AND EPIDEMIOLOGY OF FATAL TOXOPLASMOSIS IN
FREE-RANGING MARMOSETS (Callithrix spp.) FROM THE BRAZILIAN
ATLANTIC FOREST

ABSTRACT

Toxoplasmosis is an important zoonotic disease that affects a wide range of warm-
blooded host species. New World Primates (NWP) are highly susceptible, developing a
lethal acute systemic disease. Toxoplasmosis in free-ranging NWP is poorly described,
with only a few studies based on serosurveys. Herein we performed a retrospective
study focusing on the epidemiology and pathology of toxoplasmosis among 1,001 free-
ranging marmoset (Callithrix spp.) deaths from the Brazilian Atlantic Forest. This study
included marmosets necropsied at the Instituto Municipal de Medicina Veterinaria Jorge
Vaitsman (IJV) from January 2017 to July 2019, which were found dead from all
regions in the State of Rio de Janeiro. Histopathology, immunohistochemistry, and
transmission electron microscopy were performed to better characterize toxoplasmosis
in this free-ranging population. All samples were also tested for yellow fever virus
(YFV) by the official diagnostic service. A total of 1,001 free-ranging marmosets were
included in this study, with 16 (1.6%) cases of lethal 7. gondii infections identified both
as individual cases and in outbreaks. Presence of infection was not associated with sex,
age, geographical distribution, or year of death, and no co-infection with YFV was
observed. The main pathological feature in these cases was random necrotizing hepatitis
with detection of intralesional 7. gomdii zoites in all infected cases. Interstitial
pneumonia rich in alveolar foamy macrophages and fibrin deposition, necrotizing
myocarditis and necrotizing splenitis were also pathological features in affected
marmosets. Toxoplasmosis was responsible for the deaths of 1.6% of free-ranging
marmosets, also including some associated with outbreaks. Necrotizing random
hepatitis is the main pathological finding associated with infection, making the liver the
optimal tissue for pathologic diagnosis of toxoplasmosis in marmosets.

Keywords: neotropical primates; nonhuman primates; zoonosis; pathology;
wildlife.
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1. INTRODUCTION

Toxoplasmosis is a worldwide zoonotic disease, caused by Toxoplasma gondii, a
coccidian parasite that infects a wide range of warm-blooded animals. Domestic and
wild cats are the definitive hosts, in which the sexual form of the coccidia develops,
generating infective oocysts that are shed in the feces (Métz-Rensing and Lowenstine,
2018). Neotropical primates (New World Primates; NWP) are highly susceptible to
toxoplasmosis (Métz-Rensing and Lowenstine, 2018; Paula et al., 2020). In captive
NWP, toxoplasmosis is characterized by a hyperacute to acute, necrotizing disease with
difficult treatment approach, that evolves quickly to death, being sometimes associated
with outbreaks with high lethality (Grumann et al., 2017; Santos et al., 2018; Matz-
Rensing and Lowenstine, 2018; Paula et al., 2020; Santana et al., 2021; Moreira et al.,
2022). There are differences in susceptibility between NWP species, with capuchins
being considered more resistant than other neotropical species (Paula et al., 2020;

Santana et al., 2021).

Studies of free-ranging NWP are mainly based on serological analysis using
microscopic agglutination test (MAT), with some positive serosurveys in wild
populations of marmosets (Callithrix penicillata), howler-monkeys (Alouatta caraya
and A. palliata), and capuchins (Sapajus flavius and Cebus imitator) (Molina et al.,
2014; Silva et al., 2014; Bueno et al., 2017; Molina et al., 2016; Niechaus et al., 2020).
However, due to its acute lethal course, captive NWPs usually die from the infection
before developing a humoral response (Paula et al., 2020), making serology a limited
tool to evaluate the presence of the disease in these animals. In fact, in a study of
seroprevalence of toxoplasmosis in a free-ranging population of golden-headed lion
tamarins (Leontopithecus chrysomelas), which are known to be highly susceptible, none
of the animals was serologically positive (Molina et al., 2017), supporting the notion
that serology may not be a reliable tool to assess circulation of 7. gondii in NWP

populations.

Furthermore, there are only a few reports of death associated with toxoplasmosis
in free-ranging NWP, including three howler monkeys (4. guariba) (Ehlers et al., 2022)
and one southern muriqui (Brachyteles arachnoides) (Santos et al., 2018). All these
cases are individual reports, with no characterization of the disease profile in the wild
population. Therefore, although well-described in captive animals, the behavior of this

disease in free-ranging NWP warrants further study. To this end, we conducted a three-
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year-retrospective study focusing on the epidemiology and pathology of toxoplasmosis
among 1,001 free-ranging marmosets (Callithrix spp.) from the Brazilian Atlantic

Forest.
2. MATERIAL AND METHODS
2.1 Study design

This was a retrospective study of free-ranging marmosets (Callithrix spp.) that
included 1,001 animals necropsied at the Instituto Municipal de Medicina Veterinaria
Jorge Vaitsman (IJV, Rio de Janeiro, Brazil) for yellow fever (YF) surveillance, during
January 2017 to July 2019, that were found dead from all regions in the State of Rio de
Janeiro. Animals were previously tested for YF virus (YFV) by quantitative reverse
transcription polymerase chain reaction (RT-qPCR) and immunohistochemistry (IHC)
by the official Brazilian diagnostic service. Data about geographical origin, sex and age
were collected and informed by IJV. This study was authorized by the government
environmental agency (ICMBio - Brazil) under the SISBIO license number 67014. All
procedures strictly adhered to humane care of animals and all applicable laws and
regulations, including registration in the national system for management of genetic

heritage and associated traditional knowledge by SISGEN code A2743E4.
2.2 Necropsy and histopathology

All animals were necropsied by veterinary pathologists at the IJV. Animals were
evaluated by gross examination of the carcass and all that were considered suitable for
histopathology were included in this study. Samples of brain, heart, lungs, liver, spleen,
and kidney were fixed in 10% buffered formalin and embedded in paraffin by routine
histology. Formalin-fixed paraffin-embedded (FFPE) tissue samples were sectioned
using a microtome (3—4 pum thick) and stained with hematoxylin and eosin (HE) for
microscopic evaluation. Other stains, such as Prussian blue, Gram stain and Periodic
acid—Schiff (PAS) were performed as needed. HE and immunohistochemistry (IHC)
concordance were evaluated to assess the ability of histopathological diagnosis among
the affected organs. The sensitivity of HE for the diagnosis of toxoplasmosis in different

tissues was also evaluated, using IHC as the gold standard.
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2.3 Immunohistochemistry (IHC)

IHC was performed on all suspected toxoplasmosis cases: cases with
intralesional zoites seen by HE stains, or cases with histopathological lesions
compatible with 7. gondii infection as previously described (Paula et al., 2020; Santana
et al., 2021). FFPE tissue sections were deparaffinized, hydrated, and subjected to
antigen retrieval in a pressure cooker at pH 9.0 buffer (Envision®). Endogenous
peroxidase activity was blocked with 3.5% hydrogen peroxide and to block non-specific
protein bindings, slides were incubated in 6% powdered skim milk. A mouse primary
monoclonal antibody (IgG2a) targeting p30 membrane of 7. gondii tachyzoite (clone
Tp3; Santa Cruz Biotechnology) was used at a dilution of 1:100. First, slides were
incubated in the primary antibody, overnight, at 4°C and then, incubated with an
indirect peroxidase polymeric detection kit (Envision®) for 30 minutes at room
temperature, followed by revelation with 3,3'-Diaminobenzidine (DAB) solution. Slides
were counterstained with hematoxylin. Positive controls included sections of liver from
a NWP with confirmed 7. gondii infection (Paula et al., 2020). Negative controls had
the primary antibody replaced by wash buffer.

2.4 Transmission electron microscopy (TEM)

TEM was performed in one case 7. gondii infection at the Infectious Diseases
Pathology Branch at the Centers for Disease Control and Prevention (IDPB-CDC,
Atlanta, USA). For TEM, areas of interest from FFPE blocks were selected based on
results from HE and IHC. Samples for EM were removed from paraffin blocks using a
1-2 mm biopsy punch, deparaffinized using xylene, rehydrated using a decreasing
ethanol series, and post-fixed in 2.5% glutaraldehyde. Samples were then post-fixed
with 1% osmium tetroxide, en-bloc stained with 4% uranyl acetate, dehydrated using an
increasing ethanol series and acetone, and embedded in Epon-Araldite resin. Samples
were then ultrathin sectioned (~50nm thick), stained with uranyl acetate and lead citrate,

and examined on a Tecnai Biotwin electron microscope.
2.5 Statistical analysis

Data were analyzed using the GraphPad Prism software (version 9.0).
Descriptive statistics with 95% confidence interval was used for general analysis.
Frequency of histopathological lesions and other variables, such as age, sex and

geographical distribution, were compared between infected and non-infected animals
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using the Fisher’s exact test. Kappa Coefficient was calculated to analyze the

concordance between HE and IHC assays to detect 7. gondii zoites in the tissue.
3. RESULTS
3.1 Epidemiology

A total of 1,001 free-ranging marmoset (Callithrix spp.) were included in this
study, including 463 females and 463 males (in 75 cases sex was not determined), and
783 adults and 187 juveniles (in 31 cases age was not determined). Toxoplasmosis was
diagnosed in 16 animals (1.6%; CI: 1.0-2.6%) (Table 3.1) from different geographic
locations in the State of Rio de Janeiro, Brazil (Figure 3.1), with 11 cases from the
Metropolitan mesoregion (68.7%; 11/16; CI: 44.4-85.8%). In all cases, the animals were
found dead in urbanized areas. Eight cases were reported in 2017 (8/304 — 2.6%; CI:
1.3-5.1%), six in 2018 (6/605 — 1.0%; CI: 0.4-2.1%), and two in 2019 (2/92 — 2.2%; CI:
0.4-7.6%). All these animals were adults, being 12 females (75%; 12/16; CI: 50.5-
89.2%) and four males (25%; 4/16; CI: 10.2-49.5%).
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FIGURE 3.1 Distribution of toxoplasmosis cases in free-ranging marmosets from Rio de Janeiro
state from January 2017 to July 2019. Map from Rio de Janeiro mesoregions (IBGE 2021) with total
number of animals with by each mesoregion (grey box). SRC: EPCG 4674 — SIRGAS 2000 (QGIS
Version 3.24.3).

No statistical difference in the frequency of toxoplasmosis between sex (Fisher’s

exact test, p=0.0743), age (Fisher’s exact test, p=0.0526), geographical origin
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(Fisher’s exact test, p = 0.1819) or years (Fisher’s exact test, p > 0.05) was noted. Most
incidents were of only one positive individual found dead, however there were two
situations (ID3-5 and ID6-8; Table 3.1) with three positive individuals from the same
location, found dead at the same month, constituting an outbreak in that specific
population. None of the animals with toxoplasmosis were positive for YFV by testing at

the official diagnostic laboratory.
3.2 Pathological findings

Individual pathological findings are described in Table 3.1. Based on Kappa
statistics, concordance between HE and IHC to detect 7. gondii zoites varied according
to the organ analyzed, with perfect agreement in the liver (k = 1), spleen (x = 0.87) and
heart (i = 0.87), substantial agreement in the lungs (kx =0.80) and kidney (x = 0.61),
and moderate agreement in the brain (k = 0.48). Additionally, considering IHC as the
gold standard for the diagnosis of toxoplasmosis in FFPE tissue samples, microscopic
examination of HE stained sections yielded sensitivities of 100% in the liver, 87% in
the spleen, 83% in the heart, 75% in the lung, 20% in the brain, and 14% in the kidney.
Frequencies of positivity in different tissues through examination of HE or THC stained

sections are demonstrated in Figure 3.2.
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FIGURE 3.2 Frequency of intralesional 7. gondii zoites per organ evaluated by histopathology (HE)
and immunohistochemistry (IHC). Fisher’s exact test was used to compare the distribution frequency
of tachyzoites and bradyzoites in the different organs evaluated by HE stained sections (a,b,c: p < 0.05) or

by IHC (A,B,C: p < 0.05).
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TABLE 3.1 General data and pathological findings of free-ranging marmosets (Callithrix spp.) from the State of Rio de Janeiro (Brazil)
with toxoplasmosis from January 2017 to July 2019.

ID Age Sex Date Origin (city) Morphologic diagnosis

1 Adult Female March, 2017  Rio de Janeiro Heart: zoites in the cytoplasm of cardiomyocytes, multifocal, moderate.
Liver: NH, LHP, random, marked, with intralesional and intracytoplasmic zoites; SPCH, multifocal, moderate,
with intraductal trematode.
Spleen: splenitis, histiocytic, multifocal, mild, with few intralesional and intracytoplasmic zoites.
Kidney: IN, LHP, multifocal, mild, with few intracytoplasmic zoites.

2 Adult Female April, 2017 Niteroi Heart: cardiomyocytes necrosis, multifocal, mild, with rare intralesional and intracytoplasmic zoites.
Lung: IP, LH, diffuse, mild with moderate multifocal AE and AH, and intralesional and intracytoplasmic zoites.
Liver: NH, LHP, random, moderate, with few intralesional intracytoplasmic zoites.
Spleen: splenitis, histiocytic, diffuse, moderate, with rare intralesional and intracytoplasmic zoites.

3 Adult Male June, 2017 Volta Redonda Lung: AH, diffuse, moderate; AE, multifocal, mild; moderate amount of alveolar FM with few intralesional
intracytoplasmic zoites.
Liver: NH, H&N, random, moderate, with intralesional intracytoplasmic zoites and mild random lipidosis.
Spleen: splenitis, histiocytic, diffuse, moderate, with intralesional and intracytoplasmic zoites and marked
lymphoid hyperplasia.
Adrenal: hemorrhage, diffuse, marked.

4 Adult Female June, 2017 Volta Redonda Brain: ME, non-suppurative, multifocal, mild with intralesional intracytoplasmic zoites.
Heart: zoites in the cytoplasm of cardiomyocytes, multifocal, rare.
Lung: IP, H&N, multifocal, mild with moderate diffuse AE and AH, moderate amount of alveolar fibrin
deposition, FM and intralesional and intracytoplasmic zoites.
Liver: NH, H&N, random, moderate, with intralesional intracytoplasmic zoites.
Spleen: NS, H&N, diffuse, mild, with intralesional and intracytoplasmic zoites and moderate lymphoid
hyperplasia.
Kidney: IN, LHP, multifocal, moderate, with moderate membranous glomerulopathy and nephrocalcinosis.
Adrenal: adrenalitis, LHP&N, multifocal, mild.

5 Adult Female June, 2017 Volta Redonda Heart: NM, multifocal, mild with intralesional intracytoplasmic zoites.
Lung: IP, H&N, diffuse, mild with moderate multifocal AE and AH, large number of FM and few intralesional
and intracytoplasmic zoites.
Liver: NH, H&N, random, moderate, with intralesional intracytoplasmic zoites.
Spleen: NS, histiocytic, diffuse, mild, with few intralesional and intracytoplasmic zoites.
Adrenal: adrenalitis, LHP&N, multifocal, mild.
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Heart: myocarditis, H&N, multifocal, mild with intralesional intracytoplasmic zoites.

Lung: IP, H&N, multifocal, mild with diffuse mild AH, large number of FM and few intralesional and
intracytoplasmic zoites.

Liver: NH, H&N, random, moderate, with intralesional intracytoplasmic zoites, moderate random lipidosis and
moderate SL.

Spleen: splenitis, histiocytic, diffuse, mild, with few intralesional and intracytoplasmic zoites.

Heart: rare zoites in the cytoplasm of cardiomyocytes, multifocal, moderate.

Lung: IP, H&N, multifocal, mild with diffuse moderate AE and AH, large number of FM and few intralesional
and intracytoplasmic zoites.

Liver: NH, H&N, random, moderate, with intralesional intracytoplasmic zoites, moderate random lipidosis and
mild SL.

Spleen: splenitis, H&N, diffuse, moderate, with few intralesional and intracytoplasmic zoites.

Kidney: pigmentary nephrosis, multifocal, moderate, with mild glomerulosclerosis and moderate
nephrocalcinosis.

Heart: myocarditis, H&N, multifocal, moderate with rare intralesional intracytoplasmic zoites.

Lung: IP, LH&N, diffuse, moderate with multifocal moderate AE, diffuse marked AH, large number of FM and
few intralesional and intracytoplasmic zoites.

Liver: NH, H&N, random, moderate, with intralesional intracytoplasmic zoites, marked random lipidosis and
mild SL; SPCH, multifocal, moderate, with intraductal trematode.

Spleen: NS, H&N, diffuse, mild, with few intralesional and intracytoplasmic zoites.

Kidney: IN, LP, multifocal, mild.

Lung: BIP, H&N, multifocal, moderate with mild multifocal AE and AH, and few intralesional and
intracytoplasmic zoites.

Liver: NH, H&N, random, moderate, with intralesional intracytoplasmic zoites and moderate random lipidosis.
Spleen: splenitis, H&N, diffuse, mild, with few intralesional and intracytoplasmic zoites.

Kidney: IN, LP, multifocal, mild.

Adrenal: adrenalitis, LHP&N, multifocal, moderate, with multifocal moderate hemorrhage and few intralesional
and intracytoplasmic zoites.

Heart: cardiomyocytes necrosis, multifocal, mild, with rare intralesional and intracytoplasmic zoites.

Lung: AE, diffuse, marked and AH, multifocal, moderate.

Liver: NH, H&N, random, moderate, with intralesional intracytoplasmic zoites; SCH, multifocal, moderate.
Testicle: tubular degeneration, multifocal, moderate.

Lung: IP, LH&N, diffuse, mild with multifocal mild AH.

Liver: NH, H&N, random, moderate, with intralesional intracytoplasmic zoites and moderate random lipidosis;
SPCH, multifocal, moderate.

Spleen: splenitis, histiocytic, diffuse, mild, with few intralesional and intracytoplasmic zoites.
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Small intestine: enteritis, histiocytic, diffuse, moderate, with intralesional and intracytoplasmic zoites.

Brain. Gliosis, multifocal, mild, with rare intralesional and intracytoplasmic zoites.

Heart: NM, multifocal, mild with rare intralesional intracytoplasmic zoites.

Lung: BIP, H&N, diffuse, mild with diffuse moderate AE.

Liver: NH, H&N, random, moderate, with intralesional intracytoplasmic zoites; SPCH, multifocal, moderate,
with intraductal trematode.

Spleen: splenitis, histiocytic, multifocal, mild, with few intralesional and intracytoplasmic zoites.

Kidney: IN, LHP, multifocal, moderate, with membranous glomerulopathy and glomerulosclerosis, multifocal,
mild.

Lung: IP, LH, multifocal, mild with multifocal mild AE and multifocal marked AH.

Liver: NH, H&N, random, moderate, with intralesional intracytoplasmic zoites; marked iron storage in
hepatocytes.

Kidney: IN, LHP, multifocal, moderate, with glomerulosclerosis, multifocal, moderate.

Heart: myocarditis, multifocal, mild.

Lung: IP, LH, diffuse, mild with multifocal mild necrosis, multifocal mild AE, and few intralesional
intracytoplasmic zoites.

Liver: necrosis, random, moderate with intralesional intracytoplasmic zoites and marked EH.

Spleen: Few intralesional intracytoplasmic zoites; lymphoid hyperplasia, mild; EH, mild.

Kidney: IN, LP, multifocal, mild.

Adrenal: necrotizing adrenalitis, LH, multifocal, moderate, with intralesional intracytoplasmic zoites.
Heart: myocarditis, multifocal, mild.

Lung: IP, LH&N, multifocal, mild with multifocal mild AE.

Liver: NH, H&N, random, moderate, with rare intralesional intracytoplasmic zoites.

Kidney: IN, LP, multifocal, mild.

Heart: myocarditis, H&N, multifocal, moderate with rare intralesional intracytoplasmic zoites.

Lung: IP, LH&N, diffuse, moderate with diffuse marked AE and multifocal mild AH.

Liver: NH, H&N, random, moderate, with rare intralesional intracytoplasmic zoites, mild random lipidosis;
SPCH, multifocal, moderate, with intraductal trematode.

Spleen: splenitis, histiocytic, multifocal, mild, with few intralesional and intracytoplasmic zoites.

Kidney: IN, LP, multifocal, mild.

ID: Individual numbers; Pathological abbreviations: AE (alveolar edema); AH (alveolar hemorrhage); BIP (broncholP); EH (extramedullary hematopoiesis); FM (foamy
macrophages); H&N (histiocytic and neutrophilic); IN (interstitial nephritis); IP (interstitial pneumonia); LH (lymphohistiocytic); LH&N (lymphohistiocytic and
neutrophilic); LHP (lymphohistioplasmacytic); LHP&N (lymphohistioplasmacytic and neutrophilic); LP (lymphoplasmacytic); ME (meningoencephalitis); NH (necrotizing
hepatitis); NM (necrotizing myocarditis); NS (necrotizing splenitis); SCH (sclerosing cholangiohepatitis); SL (sinusoidal leukocytosis); SPCH (sclerosing and proliferative
cholangiohepatitis.



Liver: Multifocal random lytic hepatocellular necrosis was observed in all
infected cases (100%; 16/16; CI: 80.6-100%), and together with multifocal random
hepatitis (93.8%; 15/16; CI: 71.7-99.7%) and multifocal random lipidosis (43.8%; 7/16;
CI: 23.1-66.8%), were the main changes associated with toxoplasmosis in these cases
(Fisher’s exact test, p <0.0001, p <0.0001, and p = 0.0002, respectively). In most of
the cases there was a mild to marked random necrotizing hepatitis with mild to marked
multifocal lipidosis, usually observed in the hepatocytes adjacent to necrotic areas
(Figure 3.3A). Intralesional tachyzoites and bradyzoites were observed in all cases
(100%; 16/16; CI: 80.6-100%), both in HE and IHC stained sections, with significantly
higher frequency compared to the other organs (Figure 3.2). Bradyzoites were identified
in the cytoplasm of hepatocytes in areas without inflammation or necrosis, and
tachyzoites were observed in Kupffer cells, hepatocytes, and free in the necrotic areas
(Figure 3.3B). Iron storage in hepatocytes, evidenced by Prussian blue stain, was
observed in 18.8% (3/16; CI: 6.6-43%) of the cases, but was not necessarily associated
with the 7. gondii infection (Fisher’s exact test, p=0.0728). Extramedullary
hematopoiesis (12.5%; 2/16. CI: 2.2-36%), sinusoidal leukocytosis (18.8%; 3/16; CI:
6.6-43%) and multinucleated hepatocytes (18.8%; 3/16; CI: 6.6-43%) were also
observed in these cases but were considered non-specific findings (Fisher’s exact test,
p=037, p>0.9999 and p=0.7299, respectively). Importantly, there was a
significantly higher frequency of cholangiohepatitis with intraductal trematodes,
compatible with Platynosomum spp., in toxoplasmosis cases (25.0%; 4/16) compared to
the frequency of Platynosomum spp. in non-infected animals (8.6%; 5/985; Fisher’s

exact test, p = 0.0441).

Spleen: splenitis was observed in 75.0% (12/16; CI: 50.5-89.8%) of the cases,
being characterized by mild to moderate inflammatory infiltrate composed mainly of
neutrophils and histiocytes, associated with mild necrosis and fibrin deposition in
18.7% (3/16; CI: 6.6-43.0%) of the cases (Figure 3.3C). Splenitis and necrosis were
both features associated with 7. gondii infection (Fisher’s exact test, p <0.0001 and
p=0.0113, respectively), and in most cases necrosis was accompanied by mild to
moderate deposition of fibrin in the red pulp. Intralesional tachyzoites and bradyzoites
were observed in 81.3% (13/16; CI: 57.0-93.4%) of the cases in HE stained sections and
in 93.7% (15/16; CI: 71.7-99.7%) by IHC, frequently associated with histiocytes or free
at the red pulp (Figure 3.2 and 3.3D). Lymphoid hyperplasia (31.2%; 5/16; CI: 14.2-
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55.6%) and extramedullary hematopoiesis (12.5%; 2/16; CI: 2.2-36.0%) was also
observed but were not considered specific features of infected animals (Fisher’s exact

test, p = 0.4326 and p > 0.9999, respectively).

Heart: Myocarditis and myocardial necrosis were observed, each in 43.8%
(7/16; CI: 23.1-66.8%) of the infected animals, making both a frequent lesion in these
toxoplasmosis cases, compared with non-infected animals (Fisher’s exact test,
p=0.0141 and p<0.0001 for myocarditis or myocardial necrosis, respectively).
Myocarditis and myocardial necrosis were not always observed together; five cases of
myocarditis had necrosis, two cases of myocarditis did not have necrosis, and two cases
had only myocardial necrosis with no significant inflammatory component. Myocarditis
was usually characterized by mild to moderate mixed inflammatory infiltrate composed
of lymphocytes, plasma cells, histiocytes, and neutrophils. The myocardial necrosis was
mild, focal to multifocal, lytic, and in most cases associated with intralesional
tachyzoites, observed free or in the cytoplasm of interstitial histiocytes and
cardiomyocytes. Bradyzoites were also observed in the cytoplasm of cardiomyocytes, in
most of the cases with no inflammatory process associated. 7. gondii zoites in the heart
tissue were observed in ten cases (62.5%; 10/16; CI: 38.6-81.5%) in HE stained sections
and in 12 cases by IHC (75%; 12/16; CI: 50.5-89.8%) (Figure 3.2).

Lungs: Pneumonia (81.2%; 13/16; CI: 57.0-93.4%) with large number of intra-
alveolar foamy macrophages (50.0%; 8/16; CI: 28.0-70.0%) and fibrin deposition
(31.2%; 5/16; CI: 14.2-55.6%) were the main pulmonary findings in infected animals
(Fisher’s exact test: p=10.0029, p <0.0001, and p =0.0088 for pneumonia, alveolar
foamy macrophages, and alveolar fibrin deposition, respectively). Pneumonia was
usually interstitial and broncho-interstitial, mild to moderate, in some cases associated
with multifocal areas of interstitial necrosis and mild to marked alveolar edema and
hemorrhage (Figure 3.3E). Intralesional tachyzoites and bradyzoites were observed in
nine cases (56.3%; 9/16; CI: 36.2-76.9%) in HE stained sections and in 12 cases by IHC
(75%; 12/16; CI: 50.5-89.8%) (Figure 3.2), usually in the cytoplasm of alveolar
macrophages and type II pneumocytes (Figure 3.3E and F).

Kidney: No specific findings were observed in the kidneys of infected animals.
All had mild to moderate interstitial nephritis composed mainly of lymphocytes, plasma
cells and histiocytes; however, this was also a frequent lesion in non-infected animals

and was considered a non-specific finding (Fisher’s exact test, p > 0.9999). Tachyzoites
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and bradyzoites were observed in in the cytoplasm of histocytes in one animal (6.3%;
1/16; CI: 0.3-28.3%) in HE stained sections and in seven animals (43.7%; 7/16; CI:
23.1-66.8%) by IHC Together with brain, kidney was the tissue with the least frequency

of intralesional zoites (Figure 3.2).

Brain: Lesions in the brain were rarely observed in these cases. There was one
case of mild non-suppurative meningoencephalitis (6.3%; 1/16; CI: 0.3-28.3%) and one
case of mild multifocal gliosis (6.3%; 1/16; CI: 0.3-28.3%). Intralesional tachyzoites
and bradyzoites were observed in both cases by HE. IHC detected 7. gondii zoites in ten
cases (Figure 3.2), although in eight, they were not associated with any significant

pathological findings.

Other tissues: Adrenalitis was observed in four animals, being associated with
intralesional tachyzoites in two cases. There was one case with diffuse histiocytic

enteritis with myriad intralesional tachyzoites.
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FIGURE 3.3 Pathological findings associated with toxoplasmosis in free-ranging marmosets
(Callithrix spp.). (A) Random lytic necrotizing hepatitis with adjacent mild lipidosis, Liver, HE, Scale
bar = 100 um. (B) Immunostaining for 7. gondii zoites, Liver, DAB, Scale bar = 60 um. (C) Splenitis,
histiocytic, with fibrin deposition in red pulp, Spleen, HE, Scale bar = 60 um. (D) Immunostaining for 7.
gondii zoites, Spleen, DAB, Scale bar = 60 um. (E) Interstitial pneumonia, characterized by alveolar
walls expanded by histiocytes, lymphocytes and plasma cells, with moderate number of foamy
macrophages, mild alveolar hemorrhage, diffuse congestion, and intracytoplasmic Toxoplasma gondii
zoites (inset), Lung, HE, Scale bar = 60 um. (F) Immunostaining for 7. gondii zoites, Lung, DAB, Scale
bar = 60 um.

3.3 Transmission electron microscopy (TEM)

One of the 7. gondii IHC positive cases (ID14; Table 3.1) was analyzed by TEM
for ultrastructural characterization. Intralesional tachyzoite forms were identified as
ovoid-shaped organisms with sizes ranging from 1.6 to 2.5 um x 1.3 to 1.4 um and
characterized by a round nuclei, dense intracytoplasmic granules, and the presence of a

conoid (Figure 3.4). No bradyzoites were observed.




145

FIGURE 3.4 Transmission electron microscopy from the formalin-fixed paraffin-embedded lung of an
infected marmoset. Tachyzoites of Toxoplasma gondii, (A) Two ovoid organisms with 1.6 to 2.5 um x
1.3 to 1.4 um, a distinct nucleus (white arrow) and electron-dense granules (black arrow), Scale
bar =800 nm. (B) Tachyzoite with one central nucleus and a visible conoid (white arrow), Scale

bar = 500 nm.

4. DISCUSSION

This study describes the epidemiological and pathological aspects of fatal
toxoplasmosis in a free-ranging population of marmosets (Callithrix spp.) in Brazil. The
prevalence of fatal toxoplasmosis in the population from this study was 1.6%, and was
not influenced by sex, age, geographical distribution, or year of death. Additionally,
fatal toxoplasmosis in free-ranging marmosets was detected as single cases (cases from
different geographical regions) and as outbreaks (multiple cases from the same
geographical location found dead in the same month) (Figure 1), a similar profile to
previously reported toxoplasmosis in captive NWP (Epiphanio et al., 2003; Paula et al.,
2020; Santana et al., 2021).

Pathological findings of fatal toxoplasmosis in this study were characterized by
a multifocal random necrotizing hepatitis, associated with random lipidosis; interstitial
pneumonia rich in alveolar foamy macrophages and fibrin deposition; necrotizing
myocarditis; and necrotizing splenitis. These findings agree with what has been
described in cases of NWP lethal infections (Epiphanio et al., 2003; Grumann et al.,
2017; Santos et al., 2018; Mitz-Rensing and Lowenstine, 2018; Paula et al., 2020;
Santana et al., 2021). Necrotizing lesions are an important feature in 7. gondii infection
and are caused by the direct rupture of the cells by the tachyzoite forms during
replication and exit from the host cell, leading to cell death and necrosis surrounded by
an acute inflammatory response (Bhopale, 2003). 7. gondii tachyzoites also invade and
replicate in epithelial respiratory cells, endothelial cells, fibroblasts, and macrophages,
causing a disruption in the pulmonary epithelia and capillary barrier, leading to an acute
respiratory disease (Parker et al., 1981). Lung injuries are usually described in lethal
NWP toxoplasmosis, being characterized as an acute interstitial pneumonia, in some
cases associated with diffuse alveolar damage and detection of alveolar hyaline
membranes (Epiphanio et al., 2003; Nishimura et al., 2019; Paula et al., 2020; Santana
et al., 2021).
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After being ingested by an intermediate host, e.g., NWP, the oocysts sporulate in
the intestinal lumen by enzymatic degradation and the sporozoites released invade the
host cells, changing to tachyzoites that disseminate through blood and lymphatic vessels
to most organs (Bhopale, 2003). 7. gondii zoites were observed in the liver from all
cases of this study, followed by spleen, heart, and lung, and were less commonly
observed in the brain and kidney. These data highlight the importance of liver and
spleen in 7. gondii detection, and together with the prevalence of pathological findings,
indicate that liver is the organ of choice to be sampled for the diagnosis of
toxoplasmosis by histopathology in marmosets (Callithrix spp.). Additionally, the
concordance between HE and IHC was stronger in the liver, spleen, and heart,
indicating that in these tissues, 7. gondii zoites are easily observed, even by standard
histopathological evaluation based on HE only. Brain, kidney, and lungs had moderate

to substantial agreement, with detection being enhanced by IHC technique.

Random hepatic lipidosis was a frequent feature in toxoplasmosis cases from
this study and was also described in previous captive NWP lethal cases (Paula et al.,
2020; Santana et al., 2021). In our cases, it was usually observed adjacent to the necrotic
areas, being interpreted as a degenerative cellular response to the inflammatory reaction
and necrosis caused by the infection. Hemosiderosis has been considered a predisposing
factor for toxoplasmosis in NWP (Epiphanio et al., 2003), being frequently reported in
lethal cases (Epiphanio et al., 2003; Paula et al., 2020). However, in this study,
hemosiderosis, characterized by iron storage within hepatocytes, was a nonspecific

finding, being observed with similar prevalence in infected and non-infected animals.

The increase in density of human population associated with the reduction and
fragmentation of wildlife habitats leads to proximity and habitat overlap among
humans, domestic animals, and wild primates, dramatically increasing the potential for
disease transmission and spillover (Gillespie et al., 2008; Aguirre, 2009; Brinkworth
and Pechenkina, 2013). These inter-species transmission events can directly impact both
the survival of wild animal populations and human public health (Brinkworth and
Pechenkina, 2013). Marmosets are known for their ability to survive in urban and peri-
urban environments, adapting to anthropogenic changes, often consuming human food
remains, and exposing themselves to environmental risks of anthropized areas (Goulart
et al.,, 2010). Importantly, all animals from this report were found dead in urbanized

areas, where contact with domestic feline feces is thought to be extremely high,
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enhancing the exposure of these NWP to 7. gondii infective oocysts. Interestingly, 7.
gondii infected marmosets, in our study, had a higher frequency of Platynosomum spp.
parasitism compared to non-infected animals. Domestic cat is considered the main
definitive host in the Platynosomum spp. life cycle, as in toxoplasmosis (Basu and
Charles, 2014). These data therefore reinforce that marmosets and domestic cats
coinhabit the same environments in peri-urban and urbanized areas, and indicate that
domestic cats, especially feral and roaming animals, are a potential source of zoonotic
pathogens of One Health importance, to both wildlife and humans. Additionally, a
serosurvey of toxoplasmosis in asymptomatic free-ranging marmosets from Sao Paulo,
Brazil, found a prevalence of 16.6% (Molina et al., 2014). Based on the prevalence of
1.6% of fatal toxoplasmosis observed in our study, we hypothesize that lethality rates in
exposed marmoset populations could be approximately 10%, i.e., one of ten marmosets

exposed to 7. gondii will probably have a lethal outcome.

Finally, marmosets are sentinels and hosts of other important zoonotic disease
with great impact in public health and higher concern in One Health studies, such as
YF. During the period of this study the Brazilian Southeast region underwent a major
sylvatic YF outbreak (Santos et al., 2020; Fernandes et al., 2021b). Therefore, YF was
an important differential diagnosis in these cases, especially because all these cases
coincided with the YF outbreak. Grossly, there are no significant differences between
these diseases: both are associated with icterus and an enlargement of the liver that is
usually diffusely pale to yellowish, with multifocal reddish areas compatible with
hemorrhage (Epiphanio et al., 2003; Mitz-Rensing and Lowenstine, 2018; Paula et al.,
2020; Santana et al., 2021). Therefore, histopathology is essential to differentiate these
two important zoonotic diseases. YF in susceptible NWP is characterized by a midzonal
to massive necrotizing hepatitis with coagulative necrosis, scarce inflammatory cells,
and apoptotic hepatocytes, which are traditionally called Councilman-Rocha Lima
bodies (Leal et al., 2016; Santos et al., 2020; Fernandes et al., 2021a; Fernandes et al.,
2021b). Animals infected with toxoplasmosis, usually develop a multifocal random
necrotizing hepatitis with lytic necrosis, variable inflammatory infiltrate and
intralesional zoites, as was observed in our cases (Epiphanio et al., 2003; Grumann et
al., 2017; Santos et al., 2018; Mitz-Rensing and Lowenstine, 2018; Paula et al., 2020;

Santana et al., 2021). Importantly, in agreement with histopathological findings, no
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infected marmoset from this study was co-infected with YFV, based on negative RT-

qPCR and IHC testing for YFV performed at the official diagnostic laboratory.

10.
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CHAPTER IV

NON-THROMBOTIC PULMONARY EMBOLISM OF BRAIN, LIVER, OR
BONE MARROW TISSUES ASSOCIATED WITH TRAUMATIC INJURIES IN
FREE-RANGING NEOTROPICAL PRIMATES

ABSTRACT

From 2016 to 2019, Southeastern Brazil faced an outbreak of yellow fever (YF)
affecting both humans and New World primates (NWP). The outbreak was associated
with a marked increase in traumatic lesions in NWP in the affected regions. Non-
thrombotic pulmonary embolization (NTPE) can be a consequence of massive traumatic
events, and it is rarely reported in human and veterinary medicine. Here, we describe
NTPE of the brain, liver, and bone marrow in free-ranging NWP, highlighting the
epidemiological aspects of these findings and the lesions associated with this condition,
including data on traumatic injuries in wild NWP populations during the course of a
recent YF outbreak. A total of 1078 NWP were necropsied from January 2017 to July
2019. Gross traumatic injuries were observed in 444 marmosets (44.3%), 10 howler
monkeys (23.2%), 9 capuchins (31.0%), 1 titi-monkey (50.0%), and 1 golden lion
tamarin (33.3%). NTPE was observed in 10 animals, including 9 marmosets (2.0%) and
1 howler monkey (10.0%). NTPE was identified in the lung and comprised hepatic
tissue in 1 case, brain tissue in 1 case, and bone marrow tissue in 8 cases. Although
uncommon, it is important to consider NTPE with pulmonary vascular occlusion during
the critical care of traumatized NWP. In addition, this study highlights the importance
of conservational strategies and environmental education focusing on One Health, not
only to protect these free-ranging NWP populations but also to maintain the efficacy of

epidemiological surveillance programs.

Keywords: marmoset, howler monkey, capuchin, lion tamarin, titi-monkey, embolism
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1. INTRODUCTION

Traumatic injuries are well characterized in veterinary medicine, with a
particular focus on forensic pathology (Finnie, 2016; Ressel et al., 2016; Siqueira et al,
2016; Wohlsein et al., 2016). In free-ranging New World (neotropical) primates (NWP),
traumatic injuries are important and prevalent, usually associated with periurban NWP
populations and anthropogenic factors, and often have a negative impact on NWP
conservation strategies (Fernandes et al., 2019; Lucena et al., 2017; Pereira et al., 2020;

Teixeira et al., 2018).

Non-thrombotic pulmonary embolism (NTPE) may be a consequence of trauma,
but it is less common than pulmonary thromboembolism. NTPE is defined as the
occlusion of pulmonary arteries and capillaries by non-thrombotic material, including
adipose tissue, bone marrow, foreign material, gas, neoplastic cells, or infectious agents
(Montagnana et al., 2010). Both in humans and in animals, NTPE caused by brain, liver,
or bone marrow tissues is uncommon and is usually associated with massive traumatic
injuries (Caswell et al., 2016; Husain et al., 2021; Michalodimitrakis et al., 1998; Neto
et al., 2020; Warren and Goodhue, 2013).

From 2016 to 2019, an outbreak of yellow fever (YF) took place in Southeastern
Brazil affecting humans and NWP. This outbreak resulted in high lethality rates in
NWP populations, especially howler monkeys, due to their high susceptibility to this
disease (Fernandes et al., 2021; Mares-Guia et al., 2020; Santos et al., 2020). This YF
outbreak was associated with a marked increase in trauma affecting free-ranging NWP
from the regions affected by the YF outbreak. Due to misinformation and fear among
the human population, and the misconception that NWP were responsible for
transmitting YF, hundreds of NWP were brutally killed (Lucena et al., 2017; Teixeira et
al., 2018).

Here, we describe a series of cases of NTPE caused by fragments of brain, liver,
and bone marrow tissues in traumatized free-ranging NWP, highlighting the
epidemiological aspects of these findings and the lesions associated with this condition,
including additional data on traumatic injuries affecting these wild NWP populations.
The diagnosis of embolic lesions as described in this study may allow identification of
traumatized animals even when examining an incomplete set of tissue samples in the
absence of a comprehensive gross report. Importantly, although previously recognized

in humans, with the exception of bone marrow and fat embolism in experimental
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cynomolgus macaques (Fong et al., 2011), these embolic lesions have not been reported

in free-ranging nonhuman primates.
2. MATERIAL AND METHODS
2.1 Animals

This study included NWP necropsied between January 2017 and July 2019 at the
Instituto Municipal de Medicina Veterindria Jorge Vaitsman (IJV, Rio de Janeiro,
Brazil), including wild NWP that were found dead from all regions in the State of Rio
de Janeiro. Data about geographic origin, sex, age, and gross findings were provided by
the 1JV. All animals were tested for YF virus infection by quantitative reverse
transcription polymerase chain reaction (RT-qPCR) by the official diagnostic service.
This study was authorized by the government environmental agency (ICMBio, Brazil)
under the SISBIO license number 67014. All procedures strictly adhered to humane
care of animals and all applicable laws and regulations, including registration in the
national system for management of genetic heritage and associated traditional
knowledge by SISGEN code A2743E4. This was a retrospective study based on

diagnostic samples submitted for laboratory analysis.
2.2 Necropsy and Histopathology

Necropsies of NWP were performed by a veterinary pathologist at the 1JV.
Samples of lung, liver, heart, kidney, spleen, and brain were fixed in 10% buffered
formalin and processed for paraffin embedding. Additional organ samples were
collected in cases with gross changes in any organ or tissue. Paraffin-embedded tissue
sections (3—4 pm thick) were stained with hematoxylin and eosin (HE) and analyzed

under light microcopy.
2.3 Immunohistochemistry

Anti-hepatocyte-specific antigen (Hep Par 1) monoclonal antibody was used in
cases of NTPE suspected to be composed of liver tissue; anti—glial fibrillary acidic
protein (GFAP) and anti—neurofilament protein were used for NTPE suspected to be
composed of brain tissue; and anti-myeloperoxidase (MPO) was used for NTPE
suspected to be composed of bone marrow tissue. Antigen retrieval protocols and
information about primary antibodies are detailed in Table 4.1. Negative controls
included sections incubated with phosphate-buffered saline instead of the primary

antibody.
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Table 4.1 Primary antibodies and protocols used for immunohistochemistry in this

study.

Target Antigen Clone Dilution Antigen Retrieval Source (code)

Hepatocyte-specific OCH1E5 1:100 Pressurized heat Cell Marque

antigen (Hep Par-1) (120°C/10min); High pH

Glial fibrillary acidic ~ Polyclonal Ready-to-use Pressurized heat Dako Denmark

protein (GFAP) (120°C/10min); High pH

Neurofilament 2F11 Ready-to-use Pressurized heat Dako Denmark

Protein (120°C/10min); High pH

Myeloperoxidase A-5 1:100 Not performed Santa Cruz

(MPO) Biotechnology

von Willebrand C-12 1:500 Pressurized heat Santa Cruz

factor (VWF) (120°C/10min); High pH  Biotechnology

Glycophorin A (GA) JC159 1:100 Pressurized heat Santa Cruz
(120°C/10min); High pH  Biotechnology

Briefly, lung samples with tissue embolism were selected based on evaluation of
HE-stained slides. Lung sections (3—4 pm thick) were mounted on silanized slides,
deparaffinized in xylene, and hydrated in decreasing ethanol concentrations.
Endogenous peroxidase activity and nonspecific protein anti- body binding were
blocked using a blocking solution provided with a commercially available kit
(Envision®; Dako). After incubation with the primary antibodies, slides were rinsed and
incubated with a secondary anti-mouse/anti-rabbit antibody conjugated with a polymer
for 30 minutes at room temperature (Envision®; Dako). Reaction was revealed with a
3,3'-diaminobenzidine (DAB) solution, and sections were then counter- stained with
Mayer’s hematoxylin. Between all steps mentioned before, slides were washed with

wash buffer provided by a commercially available kit (Envision®; Dako).
2.4 Statistical Analysis

Data were analyzed using the GraphPad Prism software (version 9.0).

Descriptive statistics and Fisher’s exact test for non- parametric data were performed.
3. RESULTS

3.1 Epidemiologic data on traumatic cases
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A total of 1078 NWP were necropsied from January 2017 to July 2019,
including 1001 marmosets (Callithrix sp.), 43 howler monkeys (Alouatta sp.), 29
capuchins (Sapajus sp.), 3 lion tamarins (Leontopithecus sp.), and 2 titi-monkeys
(Callicebus sp.). Grossly identifiable traumatic injuries were observed in 444
marmosets (44.3%; 444/1001), 10 howler monkeys (23.2%; 10/43), 9 capuchins
(31.0%; 9/29), 1 titi- monkey (50.0%; 1/2), and 1 golden lion tamarin (33.3%; 1/3).

Gross traumatic lesions were grouped into blunt or sharp trauma (contusions,
lacerations, perforations, organ ruptures, and fractures) or thermal injuries (burns)
(Table 4.2). There were no lesions attributable to gun shots, and no firearm projectiles
were detected in any of the animals. Considering all genera included in this study, more
than 90% of traumatic lesions were due to blunt or sharp trauma, affecting the head,
thorax, abdomen, arms, legs, and tail. In addition, there were cases with a single
traumatic injury and cases characterized as polytraumatized (multiple affected sites)
(Table 4.2). In marmosets, gross traumatic injuries were observed more often in the
head (p <0.01) and less frequently in the limbs and tail (p < 0.01). Howler monkeys and
capuchins did not have statistically significant differences in the frequency of affected
sites. The titi-monkey had a fissure in the occipital bone with focal subcutaneous
hematoma and a submeningeal blood clot, whereas the lion tamarin had severe head
trauma with multiple fractures of the skull, severe loss of brain tissue, fractures of
several ribs with laceration of intercostal muscles, and rupture of the diaphragm and the

liver.

Gross traumatic lesions were observed more frequently in marmosets than in
howler monkeys (p <0.01). Traumatized juvenile marmosets were more frequent than
adults (p < 0.01), with no statistically significant difference between males and females.
Among howler monkeys, traumatized males were more frequent than females
(p <0.001). Traumatic lesions were not associated with YF virus infection in
marmosets (p =0.2559), howler monkeys (p=0.2661), or capuchin (p=0.2917).

Additional details about these cases are provided in Table 4.3.
3.2 NTPE Cases

NTPE was observed in 10 animals (cases 1-10; Table 4.4), including 9
marmosets (2.0%, 9/444) and 1 howler monkey (10.0%, 1/10), with no statistically
significant difference in the frequency of NTPE between these 2 genera. NTPE was

only observed in the lung. In marmosets, the NTPE was composed of liver, brain, or
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bone marrow tissues, whereas the only case affecting a howler monkey involved bone

marrow embolism.

NTPE of hepatic tissue was observed in only 1 animal (case 1), an adult female
marmoset, polytraumatized, with multiple sites of rupture of the liver, lungs, and spleen.
Microscopically, there were multiple emboli measuring 200 to 800 pm in diameter,
occluding arteries in the pulmonary parenchyma. The emboli were characterized by
cords of epithelial cells with morphology compatible with hepatocytes delimiting
vascular spaces similar to hepatic sinusoids (Fig. 4.1A). All emboli in this case had a
strong and diffusely positive cytoplasmic immunolabeling for Hep Par 1, confirming the
hepatic origin of the emboli (Fig. 4.1B). There was moderate multifocal alveolar edema

and hemorrhage, but these changes were not restricted to areas affected by embolism.

NTPE of brain tissue (case 2) was observed in only 1 animal, an adult female
marmoset, also polytraumatized, with multiple fractures of the skull, jaw, and ribs, as
well as brain evisceration and laceration, with severe meningeal hemorrhage.
Microscopically, emboli occluded 2 pulmonary arteries, measuring 250 to 300 pum in
diameter. Emboli in this case were characterized by a hypocellular tissue with a web
pattern and rare cells with small nuclei, morphologically compatible with
oligodendrocytes, suggestive of white matter (Fig. 4.2A). The emboli had a strong and
diffusely positive immunolabeling for both GFAP and neurofilament protein (Fig. 4.2B,
C). There was marked congestion particularly affecting larger arterioles, which was
probably due to vascular occlusion by the emboli. In addition, there was a mild

multifocal interstitial pneumonia, which was not associated with embolism.

Eight of the NTPE cases diagnosed in this study were composed of bone marrow
tissue (cases 3—10). Seven of these cases affected marmosets and 1 case was observed in
a howler monkey. All were associated with blunt trauma. Bone fractures were observed
in all marmosets with this kind of embolism, but not in the affected howler monkey
(Table 4.4). Histopathology from these cases revealed a few to several small pulmonary
arteries filled with a tissue composed of a heterogeneous population of myeloid cells
interspersed with adipose tissue, ranging from 50 to 200 um in diameter (Fig. 4.3A). By
immunohistochemistry, the embolic tissues had positive heterogeneous immunolabeling
for MPO, compatible with a polymorphic population of myeloid cell lineage, supporting

the morphologic identification of the emboli as bone marrow tissue (Fig. 4.3B).
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Pulmonary alveolar hemorrhage and edema was observed in all cases with embolism, but it was not restricted to sites of embolism. In addition,
the howler monkey with NTPE was also positive for YF virus, presenting the typical massive necrotizing hepatitis with Councilman-Rocha Lima

bodies. Gross and histopathological findings from these 10 cases are detailed in Supplemental Table 4.4.

Table 4.2 Types and distribution of gross traumatic lesions identified in the period of January 2017 to July 2019 in five different genera of free-

ranging NWP.
Marmoset (n = 444) How(lr?r=rr1|8;1key Capuchin (n=9) Titi-monkey (n =1) Lion tamarin (n = 1)
Types of trauma n % n % n % n % n %
Blunt and sharp 429 96.6 9 90.0 9 100.0 1 100.0 1 100.0
trauma
Head 323 72.7° 2 20.0@ 6 66.7° 1 100.0 1 100.0
Thorax 114 25.6° 5 50.02 2 2222 0 0.0 1 100.0
Abdomen 104 23.4° 6 60.0° 0 0.0? 0 0.0 1 100.0
Members 37 8.3¢ 4 40.0? 3 33.32 0 0.0 0 0.0
Tail 6 1.3¢ 0 0.0? 0 0.0? 0 0.0 0 0.0
Thermal injuries 21 4.7 1 10.0 1 111 0 0.0 0 0.0
Number traumatic sites
Single (01) 301 70.22 4 44 .42 5 62.5° 1 100.0 0 0.0
Polytraumatized (> 1) 128 29.8° 5 55.6° 3 37.5° 0 0.0 1 100.0

Legend: different letters in the same column indicate statistically significant differences (Fisher’s exact test p <0.01). Abbreviation: n, number of
animals.
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Table 4.3 Epidemiological data from the cases with gross traumatic lesions identified in the period of January 2017 to July 2019 in five genera of

free-ranging New World primates.

Marmoset (n = 1001)

Howler monkey

Capuchin (n = 29)

Titi-monkey (n = 2)

Lion tamarin (n = 3)

(n=43)
General T (%) NT (%) T (%) NT (%) T (%) NT (%) T (%) NT (%) T (%) NT (%)
44.35* 55.65 23.258 76.75° 31.03%8 68.972° 50.00 50.00 33.33 66.67
Official YF diagnosis
Positive 4.122 2.552 40.00 64.00° 14.29° 0.00? 100.00 100.00 0.00 50.00
Negative 95.882 97.45° 60.00 36.00° 85.712 100.00? 0.00 0.00 100.00 50.00
Sex
Male 52.96% 48.68? 100.002 77.27° 77.78° 72.222 0.00 0.00 100.00 50.00
Female 47.04° 51.322 0.00? 22.73° 22.222 27.78° 100.00 100.00 0.00 50.00
“Age
Adult 76.62° 84.04° 80.00° 76.00° 75.00° 94.122 100.00 100.00 0.00 100.00
Juvenile 23.38° 15.96° 20.00° 24.00° 25.00° 5.882 0.00 0.00 100.00 0.00
Geographic distribution in the State of Rio de Janeiro
Metropolitan 79.95° 84.22° 0.00? 8.00° 77.78° 94.742 0.00 0.00 0.00 50.00
Others* 20.05° 15.78? 100.002 92.00° 22.222 5.26° 100.00 100.00 100.00 50.00

Different uppercase letters in the first row indicate statistically significant differences among genera, whereas different lowercase letters indicate
statistically significant differences between T and NT animals in each genus according to yellow fever diagnosis, sex, age, and geographic
distribution (Fisher’s exact test; p < 0.01). Abbreviations: n, total number of primates; T, traumatized; NT, non-traumatized.
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Table 4.4 Epidemiological and anatomopathological data from the ten cases of pulmonary embolism in free-ranging New World primates,

associated with traumatic injuries in the period of January 2017 to July 2019.

ID Specie Sex Age Region cc)lfizgrclyg: e-rl;lybp;ig:n Gross findings Histopathology*

1 Callithrix sp.  Female Adult Low Coast Negative Hepatic  Mild epistaxis Lungs: alveolar hemorrhage and
Left rib fractures edema, multifocal, moderate
Multiple ruptures of the Spleen: lymphoid hyperplasia,
lungs, liver, and spleen moderate.
Hemoperitoneum Liver: LHP and neutrophilic portal

hepatitis, multifocal, mild

2 Callithrix sp.  Female Adult Metropolitan Negative Brain Multiple fractures of the Lungs: LHP interstitial pneumonia,
skull, jaw, and ribs multifocal, mild and severe, diffuse,
Brain evisceration and congestion.
laceration with severe
hemorrhage
Rupture of the spleen
Hemoperitoneum

3 Callithrix sp.  Female Adult Metropolitan Negative Bone Multiple fractures of the Lung: LP and neutrophilic interstitial

marrow skull pneumonia, multifocal, mild, with

Brain evisceration
Multiple ruptures of the
lungs

Hemothorax

alveolar hemorrhage and edema,
multifocal, moderate

Liver: LHP and neutrophilic random
hepatitis, multifocal, mild

Kidney: LHP and neutrophilic
interstitial nephritis, multifocal, mild



Callithrix sp.

Callithrix sp.

Callithrix sp.

Callithrix sp.

Female

Female

Female

Male

Adult

Adult

Adult

Adult

Fluminense
South

Fluminense
Center

Low Coast

Metropolitan

Negative

Negative

Negative

Negative

Bone
marrow

Bone
marrow

Bone
marrow

Bone
marrow

Moderate hemorrhage in
meninges

Left femur fracture
Thoracic subcutaneous
hematoma
Hemopericardium

Large intestine rupture

Multiple fractures of the
skull

Multiple fractures of the
skull with flattening of the
head and loss of brain
mass

Femur fracture
Hemoperitoneum

Lung: alveolar hemorrhage and
edema, multifocal, moderate

Liver: LP and neutrophilic portal and
random hepatitis, multifocal,
moderate

Lung: alveolar edema, diffuse,
severe, with alveolar hemorrhage,
multifocal, mild

Liver: LP and neutrophilic random
hepatitis, multifocal, mild, with
glycogen storage, diffuse, moderate

Lung: alveolar edema, diffuse
moderate

Liver: LHP and neutrophilic random
hepatitis, multifocal, mild, with
glycogen storage, diffuse, moderate

Lung: alveolar hemorrhage and
edema, multifocal, severe

Liver: sclerosant and proliferative
portal hepatitis, multifocal, moderate
Kidney: fibrosing LHP interstitial
nephritis, multifocal to coalescent,
severe, with membranous
glomerulopathy and
glomerulosclerosis, multifocal,
moderate, and multiple retention
cysts.
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8  Callithrix sp. Male  Juvenile Metropolitan  Negative Bone
marrow

9  Callithrix sp.  Female Adult  Metropolitan ~ Negative Bone
marrow

10  Alouatta sp. Male Adult Fluminense Positive Bone
Center marrow

Occipital bone fracture

Parietal bone fracture
Hemothorax

Liver diffusely yellow and
friable with multiple
ruptures
Hemoperitoneum
Subcutaneous hematoma
in inguinal region
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Lung: LHP interstitial pneumonia,
multifocal, moderate, with alveolar
edema and hemorrhage, multifocal,
moderate

Liver: LHP and neutrophilic random
hepatitis, multifocal, mild

Lung: alveolar edema, diffuse, mild
Liver: LP and neutrophilic random
hepatitis, multifocal, mild, with
glycogen storage, diffuse, mild, and
sclerosant and proliferative
cholangiohepatitis, multifocal,
moderate

Lung: alveolar hemorrhage, diffuse,
severe, and alveolar edema,
multifocal, mild

Liver: necrotizing hepatitis, diffuse,
severe, with Councilman-Rocha Lima
bodies and portal lipidosis, diffuse,
severe

Kidney: LHP and neutrophilic
interstitial nephritis with tubular
necrosis, multifocal, mild

*abbreviations: ID: Individual numbers; LP: lymphoplasmacytic; LHP: lymphohistioplasmacytic.



Figures 4.1 Non-thrombotic pulmonary embolism composed of hepatic tissue, lung, marmoset.
Figure 4.1. (A) Pulmonary artery occluded by hepatic tissue, with preservation of a trabecular pattern.
Hematoxylin and eosin (HE). (B) Strong and diffuse cytoplasmic immunolabeling.
Immunohistochemistry (IHC) for Hep Par 1. Figure 4.2 Non-thrombotic pulmonary embolism
composed of brain tissue, lung, marmoset. (A) Pulmonary artery occluded with brain tissue
morphologically compatible with white matter. HE. (B) Strong and diffuse immunolabeling. IHC for glial

fibrillary acidic protein. (C) Strong and diffuse immunolabeling. IHC for neurofilament protein.

Figure 4.3 Non-thrombeotic pulmonary embolism composed of bone marrow tissue, lung, marmoset.

(A) Pulmonary artery occluded with bone marrow and fat tissue. Hematoxylin eosin. (B) Heterogeneous

immunolabeling. Immunohistochemistry for myeloperoxidase.
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4. DISCUSSION

NWP belonging to the Callitrichidae family, especially Callithrix spp., have a
high ability to survive in urbanized fragmented habitats, adapting well to anthropogenic
changes (Goulart et al., 2010). However, this also makes them more exposed to
anthropogenic trauma, such as electrocution, roadkill, dog attack, and direct human
aggression (Fernandes et al., 2019; Lucena et al., 2017; Pereira et al., 2020; Teixeira et
al., 2018). Importantly, in our study, Callithrix spp. (marmosets) were the main genus
affected by traumatic events, and although it was not possible to precisely identify the
cause of the trauma, blunt and sharp trauma represented more than 90% of the cases,
and the head was the most commonly affected site in marmosets. The higher frequency
of traumatic lesions in marmosets than in howler monkeys is likely explained by their
social behavior as marmosets are highly susceptible to anthropogenic influence when
compared with howler monkeys, which rarely get in close proximity to humans. Under
these conditions, juvenile marmosets are supposedly less experienced and/or less agile,

and therefore tend to be more susceptible to human-induced trauma.

There was no correlation between trauma and YF infection, indicating that many
NWP deaths reported during the course of the YF outbreak were not associated with YF
infection itself. Therefore, although the YF outbreak resulted in a great impact on wild
NWP populations (Dietz et al., 2019; Mares-Guia et al., 2020; Strier et al., 2019),
especially among highly susceptible hosts such as howler monkeys (Fernandes et al.,
2021; Santos et al., 2020), the indirect impact caused by high numbers of traumatic
events during the same period is also very concerning and highlights the urgent need for
environmental education and better strategies for wild NWP conservation. Furthermore,
preservation of free-ranging NWP populations is not only an environmental
conservation need, but it also has a significant public health relevance, as their
phylogenetic proximity with humans makes nonhuman primates sentinels for certain
zoonotic diseases such as YF (Leite et al., 2008; Moreno et al., 2013). Thus, impairment
of their natural habitat may lead to impairment of epidemiological surveillance

programs.

In forensic pathology, NTPE composed of hepatic tissue is rare; it has been
reported in humans involved in motor vehicle accidents, with multiple lacerations of the
liver, symptoms related to acute pulmonary occlusion and rapid progressing to death

(Michalodimitrakis et al., 1998; Tozzini et al., 2003). The one marmoset with NTPE
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composed of liver tissue in this study also had multiple lacerations of the liver with
severe hemoperitoneum, rupture of the lungs and spleen, as well as multiple fractures in
the ribs. Cases of pulmonary embolism caused by brain tissue are also uncommon, and
they are usually associated with massive skull damage and cerebral laceration, with an
incidence ranging from 1.9% to 10.0% in human cases of death by head trauma (Collins
et al., 1994; Ogilvy et al., 1988; Warren and Goodhue, 2013). In animals, cases of
NTPE composed of brain tissue are reported in cattle subjected to slaughter using
captive bolt guns (Caswell et al., 2016), and rarely in dogs and birds with severe head
trauma (JPC, 2014; Neto et al., 2020). Therefore, head injury with a severe brain tissue

involvement is the cause of this type of NTPE as observed in a marmoset in this study.

In contrast, bone marrow embolism of the lung is more commonly reported. In
addition to traumatic injuries, this kind of embolism is also associated with other causes
of bone marrow disruption, such as bone infarction secondary to sickle cell anemia or
bone marrow neoplasia (Hussain, 2021; Husebye et al., 2006). There is only 1 previous
report of NTPE in nonhuman primates caused by bone marrow and fat tissues, which
included 5 cases affecting cynomolgus macaques (Macaca fascicularis) with clinical
and histological evidence of pulmonary embolism that were thought to result from
multiple bone marrow biopsies (Fong et al, 2011). In our cases, all marmosets with
bone marrow embolism had bone fractures. In contrast, the one affected howler monkey
had lesions of blunt trauma, including inguinal hematoma, ruptured liver, and
hemoperitoneum. Therefore, we hypothesize that this howler monkey may have had
incomplete fractures or microfractures, which were not grossly detectable but sufficient
to cause bone marrow embolism. Importantly, this howler monkey was also positive for
YF virus, with massive necrotizing hepatitis, as the probable cause of death. Thrombotic
pulmonary embolism or NTPE is not reported as a characteristic lesion in YF-infected
NWP (Fernandes et al., 2021; Ferreira et al., 2020; Santos et al., 2020), and no

correlation between the infection and traumatic lesions was observed.

In our study, there were 444 traumatized marmosets and 10 traumatized howler
monkeys. However, pulmonary embolism was observed in only 9 marmosets (2.0%;
9/444) and in 1 howler monkey (10.0%; 1/10), which may suggest that pulmonary
embolism is less frequent in traumatized NWP than in traumatized human patients
(Husain, 2021; Husebye et al., 2006). One required condition for pulmonary tissue

embolism is that the heart must remain functional after the traumatic tissue laceration,
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allowing the tissue emboli to reach pulmonary vessels (Neto et al., 2020). In cases of
severe trauma to the brain or liver, the patient may die before pulmonary embolism is
established. Therefore, emboli of nervous or hepatic tissues are more rarely observed. In
contrast, trauma that leads to bone marrow injury is less likely to be lethal, and therefore

embolism of marrow to pulmonary vessels is more frequently observed.

This study reports cases of NTPE composed of liver, brain, or bone marrow
tissue in free-ranging NWP that were associated with traumatic lesions, often
anthropogenic, occurring during a YF outbreak. Although uncommon, it is important to
consider NTPE with pulmonary occlusion in the critical care of traumatized NWP. In
addition, this study highlights the importance of conservational strategies and
environmental education focusing on One Health, not only to protect free-ranging NWP
populations but also to maintain the efficiency of epidemiological surveillance

programs.
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CHAPTER V3

PATHOLOGICAL AND IMMUNOPHENOTYPICAL CHARACTERIZATION
OF GLOMERULOPATHY AND INTERSTITIAL NEPHRITIS IN FREE-
RANGING NEOTROPICAL PRIMATES FROM THE BRAZILIAN ATLANTIC
FOREST - Preliminary results

ABSTRACT
Background: Kidneys are considered vital organs for the maintenance of homeostasis.
Therefore, renal damage can have systemic and severe consequences. In captive NWP
renal diseases have high prevalence, being frequently reported cases of
glomerulopathies and interstitial nephritis. Methods: This is a retrospective study with
histopathological and immunohistochemistry evaluation of kidneys from free-ranging
marmosets (Callithrix sp.), howler monkeys (4louatta sp.), and capuchins (Sapajus sp.).
These animals were from the State of Rio de Janeiro and were necropsied by veterinary
pathologists from Instituto Municipal de Medicina Veterinéria Jorge Vaitsman (IJV-RJ)
in the period of January 2017 to June 2019. All animals were also tested for Yellow
Fever viruses by qRT-PCR. Renal diseases were graded (0-4) and 1gM/IgG glomerular
deposits were scored by IHC Results: A total of 799 kidneys from free-ranging NWP
were included in this study, being 733 marmosets (Callithrix sp.), 37 howler monkeys
(Alouatta sp.), and 29 capuchins (Sapajus sp.). High frequency of RD (> 30%) was
observed in the three genera of the study. Immunolabeling for IgM and IgG was also
observed in all grades of RD from the three genera evaluated. Conclusions: This study
characterized for the first time glomerular and interstitial lesions observed in a free-
ranging NWP, highlighting the importance of these renal diseases that have been widely

studied in captive animals, but are also common in free-ranging animals.
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1. INTRODUCTION

Kidneys are considered vital organs for the maintenance of homeostasis in the
animal body. Therefore, renal damage can have systemic and severe consequences.
However, for a patient to have renal failure > 75% of the renal parenchyma must be
compromised (Cline et al., 2012). Retrospective studies of species from the genus
Callithrix in captive environment indicate that there is a 75% chance of identifying a
kidney lesion in the necropsy of individuals over the age of 8 years and in 16.7% of
these animals this lesion is the cause of death (Cline et al., 2012; Burns and Wachtman,

2018).

Among renal lesions, glomerulopathies are frequently observed in captive New
World primates (NWP), such as the squirrel monkey (Cline et al., 2012), owl monkey
(Cline et al., 2012), and marmosets (Isobe et al., 2012; Yamada et al., 2013; Burns and
Wachtman, 2018; Kirejczyk et al, 2021). Glomerular lesions are usually
membranoproliferative, membranous or sclerotic, accompanied by an interstitial
inflammatory infiltrate, fibrosis, and tubular regeneration (Isobe et al., 2012; Yamada et
al., 2013; Burns e Wachtman, 2018). In captive animals, interstitial nephritis is a
common lesion that can have an incidence above 80% in NWP colonies and is usually
associated with glomerulopathies. Although it is often seen together, interstitial, and
glomerular lesions can occur separately in some animals and usually progress to

sclerosis of the renal parenchyma (Cline et al., 2012; Marini, 2018).

The present study aimed to characterize, by histopathology and
immunohistochemistry, the glomerular and tubulo-interstitial diseases in kidneys of

free-ranging NWP from the Brazilian Atlantic Forest.
1. MATERIAL AND METHODS
2.1 Study design

This is a retrospective study with histopathological evaluation of kidneys from
free-ranging marmosets (Callithrix spp.), howler-monkeys (Alouatta spp.) and
capuchins (Sapajus spp.). These animals were from the State of Rio de Janeiro and were
necropsied by veterinary pathologists from Instituto Municipal de Medicina Veterinaria
Jorge Vaitsman (IJV-RJ) in the period of January 2017 to June 2019. In addition to the
kidney, samples of spleen, lung, heart, brain, and liver were systematically collected,

fixed in 10% buffered formalin, paraffin embedded and sent to Universidade Federal de
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Minas Gerais (UFMG) for further investigation. Because the studied animals died
during the yellow fever (YF) outbreak in Brazil, all animals were tested for YF virus
(YFV) infection by RT-qPCR by the official Brazilian surveillance agency. This study
was authorized by the government environmental agency (ICMBio - Brazil) under the
SISBIO license number 67014 and all procedures strictly adhered to humane care of
animals and all applicable laws and regulations, including registration in the national
system for management of genetic heritage and associated traditional knowledge by

SISGEN code A2743E4.
2.2 Histopathology

Were included in the study kidneys with low autolytic grade and with all
histological regions (cortical and medullary) preserved. For histopathological evaluation
kidney slides were stained with hematoxylin and eosin (HE), Congo red, Masson’s
trichome and methenamine-PAS (M-PAS). Graduation of renal lesions was adapted
from Yamada et al. (2013) considering glomerular alterations (1-3), tubular lesions (0-
2), interstitial inflammatory infiltrate (0-3), and interstitial fibrosis (0-2) (Table 5.1).
The final sum of the scores were grouped in grade 0 - no lesion (1), grade 1 - mild (2-3),
grade 2 — mild to moderate (4-5), grade 3 — moderate to severe (6-7), and grade 4 —
severe (8-10). Extramedullary hematopoiesis was evaluated in the liver and spleen and
classified as mild, moderate, and marked. The other organs were analyzed focusing on

extrarenal lesions of chronical renal disease.

Table 5.1 Histopathological criteria used for grading glomerular, tubular, and interstitial

renal lesions adapted from Yamada et al., 2013

Glomeruli Score

- No lesion. 1

- Increased of mesangial matrix mainly in glomerular hilum; focal or

multifocal (affecting < 80% of the evaluated renal fragment). 2

- Global mesangial proliferation; diffuse (affecting >80% of the 3
evaluated renal fragment).

Tubule (tubular regeneration and/or intratubular hyalin casts) Score
- No lesion. 0

- Focal to multifocal (affecting < 80% of the evaluated renal fragment). 1

- Diffuse (affecting > 80% of the evaluated renal fragment). 2
Interstitial infiltrate Score
- No lesion. 0

- Sporadic in the glomerular hilum or perivascular. 1
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- Focal to multifocal (affecting < 80% of the evaluated renal fragment). 2

- Diffuse (affecting > 80% of the evaluated renal fragment). 3

Interstitial fibrosis Score

- No lesion. 0

- Focal to multifocal (affecting < 80% of the evaluated renal fragment). 1

- Diffuse (affecting > 80% of the evaluated renal fragment). 2

Grade Sum of scores
0 1
1 2-3
2 4-5
3 6-7
4 8-10

2.3 Immunohistochemistry (IHC) anti-IgG and anti-IgM

FFPE kidneys from each histopathological grade of each genus (Callithrix,
Alouatta, and Sapajus), were sectioned (3 um thick), mounted on silanized slides,
deparaffinized in xylene, and hydrated in decreasing alcohol dilutions. Antigenic
retrieval was performed by pressurized humid heat in high pH (50x Tris/EDTA buffer,
pH 9, Envision, Dako). Peroxidase block was performed by incubation in 3.5%
hydrogen peroxide, for 30 minutes in room temperature, and for protein block, slides
were incubated in 6% skim powdered milk, for 30 minutes in room temperature. Then,
the slides were incubated overnight at 4°C with specific monoclonal primary antibody:
anti-human IgG (1:100; clone D-1; mouse; Santa Cruz Biotechnology) and anti-human
IgM (1:100; clone R1/69; mouse; Santa Cruz Biotechnology), followed by incubation
with secondary antibody (Envision, Dako), for 30 minutes, at room temperature.
Revelation was performed with diaminobenzidine (DAB). Glomerular immunolabeling
was graded by as mild (grade 1: sparce granular deposition at mesangium), moderate
(grade 2: multifocal deposition at mesangium forming clusters), and severe (grade 3:

diffuse deposition at mesangium).
2.4 Statistical analysis

Data were analyzed using the GraphPad Prism software (version 9.0).
Descriptive statistics with 95% of confidence interval was used for general analysis.

Frequency of RD grades, IHC scores and other variables, such as age, sex and
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geographical distribution, were compared using Fisher’s exact test. Kruskal-Wallis was

performed to compare frequency of lesions according to RD grades and IHC scores.

2. RESULTS
3.1 Profile of renal disease (RD) in free-ranging NWP

A total of 799 free-ranging NWP were included in this study, being 733
marmosets, 37 howler monkeys, and 29 capuchins. High frequency of RD (> 30%) was

observed in the three genus evaluated in the study (Figure 5.1).
Callithrix spp.

Considering all 733 animals included in this study, 387 (52.8%; CI 49.2-56.4%)
had some grade of RD (Figure 5.1A), being 41.7% grade 1 (162/387; CI 39.9-46.7%,
Figure 5.2A); 28.1% grade 2 (109/387; CI 23.8-32.8%, Figure 5.2B); 18% grade 3
(70/387; CI 14.5-22.2%, Figure 5.2C); and 12.1% grade 4 (47/387 CI 9.2-15.7%, Figure
5.2D). Glomerular and tubular lesions were rarely observed in grade 1, with significant
increase (p < 0.0001) in grade 2, and higher frequencies (p < 0.0001) in grades 3 and 4
compared with grades 0 to 2 (Figure 5.1B). Interstitial lesions (inflammation and/or
fibrosis) were frequently observed in all grades (Figure 5.1B). RD were associated with
higher frequency of extramedullary hematopoiesis (84/387; 21.4%; CI 17.6-25.8%)
when compared to kidneys without RD (p <0.0001), especially in cases with severe

interstitial inflammation (score 2 and 3).

RD were observed more frequently in adults (350/387; 90.4%; CI 87.1-93.0%)
than in juveniles (26/387; 6.7%; CI 4.6-9.7%; p <0.0001); in 11 animals the age was
undetermined. No difference was observed between the frequency of RD in males
(174/387; 44.9%; CI 40.1-49.9%) and females (190/387; 49.1%; CI 44.1-54.1%); in 23
animals the sex was undetermined. Curiously, RD was more frequently observe in
marmosets from Metropolitan region of the Rio de Janeiro state (322/387; 83.2%; CI
79.1-86.6%; p = 0.0207). Thirteen animals (13/387; 3.4%; CI 2.0-5.7%) with RD were
positive for YFV. Besides YFV, other infectious agents were observed infecting the
animals with RD. Bacterial diseases was observed in 39 cases of RD, toxoplasmosis in
nine cases and microfilariosis in five cases. However, there was no difference of RD

frequency between infected and non-infected animals (p > 0.05).
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Figure 5.1 Renal diseases (RD) in free-ranging NWP. (A) Frequency of RD in marmosets (Callithrix),

howler-monkeys (4/ouatta) and capuchins (Sapajus). RD were graded as 0 (absent); 1 (mild); 2 (mild to

moderate); 3 (moderate to severe); and 4 (severe). (B-D) Frequency of glomerular (G-RD), tubular (T-
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RD) and interstitial (I-RD) renal diseases in Callithrix spp. (B), Alouatta spp. (C) and Sapajus (D). Exact

Fisher’s test, a,b,c: p < 0.05; no letters means that there is no significant difference between columns.

Figure 5.2. Grades of renal disease (RD) in free-ranging NWP. (A) Grade 1. Mild to multifocal
interstitial infiltrate (arrow), composed mainly by lymphocytes and plasma cells, usually perivascular,
and in some cases associated with focal glomerulosclerosis or hyalin casts. Kidney, HE, 100x. (B) Grade
2. Moderate multifocal to coalescent interstitial infiltrate that is usually associated with mild multifocal
membranous glomerulopathy, glomerulosclerosis and hyalin casts. Kidney, HE, 100x. (C) Grade 3.
Moderate multifocal to coalescent interstitial infiltrate, associated with marked tubular changes (hyalin
casts, mineralization, necrosis, and regeneration), mild to moderated interstitial fibrosis and moderate to
marked membranous glomerulopathy and glomerulosclerosis. Kidney, HE, 100x. (D) Grade 4. Diffuse
interstitial infiltrate, associated with marked tubular changes (hyalin casts, mineralization, necrosis, and
regeneration), marked interstitial fibrosis and moderate to marked membranous glomerulopathy and

glomerulosclerosis. Kidney, HE, 100x.
Alouatta spp.

From the 37 kidneys evaluated 23 (62.2%; CI 46.1-75.9%) had RD (Figure
5.1A), being 56.5% grade 1 (13/23; CI 36.8-74.4%); 30.4% grade 2 (7/23; CI 15.6-
50.8%); and 13% grade 3 (3/23; CI 4.5-32.1%). No howler-monkey was identified with
grade 4 of RD. Glomerular and interstitial lesions were observed with similar frequency

in all three grades (Figure 5.1C). Tubular lesions were less observed in grade 1
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compared with grade 2 (p <0.0001) (Figure 1C). As observed in marmosets, RD was
more frequently observed in adults (21/23; 91.3%; CI 73.2-98.4%) than in juveniles
(2/23; 8.7%; CI 1.5-26.8%; p=0.0361). Sixteen were male (16/23; 69.6%; CI 49.1-
84.4%) and six were females (6/23; 26.1%; CI 12.5-46.5%), however there were no
statistically significant difference in frequencies between these groups. In one animal de
sex was undetermined. Only two animals (2/23; 8.6%; 1.5-26.7%) were from
Metropolitan area and twelve animals (12/23; 52.2%; CI 32.9-70.8%) with RD were
positive for YFV. Toxoplasmosis was observed in one case of RD. There was no

difference of RD frequency between infected and non-infected animals (p > 0.05).
Sapajus spp.

From the 29 kidneys evaluated eleven (37.9%; CI 22.7-56.0%) had RD (Figure
5.1A), being 54.5% grade 1 (6/11; CI 28.0-78.7%); 36.4% grade 2 (4/11; CI 15.2-
64.6%); and 9.1% grade 3 (1/11; CI 0.5-37.7%). As in howler monkeys no animal was
identified with grade 4 of RD. Glomerular, tubular, and interstitial lesions were
observed with similar frequency in all three grades (Figure 5.1D). Eight animals were
adults (8/11; 72.7%; CI 43.4-90.2%), and one was juvenile (1/11; 9.1%; CI 0.5-37.7%).
In two cases the age was undetermined. Four animals were females (4/11; 36.3%; CI
15.2-64.6%) and seven were males (7/11; 63.7%; CI 35.4-84.8%) and all animals were
from Metropolitan region of Rio de Janeiro state. No animal with RD was positive for
YFV. Bacterial hepatitis was observed in one case of RD. There was no difference of

RD frequency between infected and non-infected animals (p > 0.05).
2.2 Anti-IgM and anti-IgG immunolabeling — Preliminary results

In this preliminary study, four to six random cases of each grade of RD were
selected from howler-monkeys, marmosets, and capuchins, to evaluate the presence of
immunoglobulins at the glomeruli. Immunolabeling anti-IgM and anti-IgG was

observed in all grades of RD from the three genera evaluated (Table 5.2; Figure 5.3).
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Figure 5.3. Anti-IgM and Anti-IgG glomerular immunolabeling in the kidney of NWP. Score 1-3 of
anti-IgM (A) and anti-IgG (B), Kidney, DAB, 200x.
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Table 5.2 Immunolabeling score of anti-IgM and anti-IgG in the glomeruli of free-

ranging Callithrix spp., Alouatta spp., and Sapajus spp. in the different grades of renal

disease (RD).

Anti-IgM Anti-IgG

Grades Score Score
(RD) K1 K2 K3 K4 K5 K6 MD 2-3* Kl K2 K3 K4 K5 K6 MD 2-3*
(%) (%)

Callithrix spp.
Go 0 0 O O I 2 00 333 1 0 1 0 0 - 00 00
Gl 0 2 1 0 1 005 166 0O O 1 1 0 - 00 00
G2 3 2 1 1 1 2 15 50 o0 1 1 2 1 3 10 333
G3 0 2 0O 0O 2 3 10 50 o0 1 0 1 1 2 10 166
G4 0 3 0 3 3 - 30 600 1 1 1 2 2 - 10 400

Alouatta spp.
Go o 1 o0 o0 I 3 05 166 1 1 1 1 1 3 10 166
Gl 2 1 3 o0 1 - 10 400 1 1 0 O 0 - 00 00
G2 2 1 1 0 2 - 10 400 2 3 0 2 3 - 20 800
G3 o 3 1 - - - 10 333 3 3 3 - - - 30 1000

Sapajus spp.
Go 1 1 2 - - 15 250 0 0 3 - - 00 250
Gl 0 2 0 1 0 00 166 0 1 0 0 1 2 05 166
G2 0 0 2 - - - 00 333 1 1 1 - - - 10 00
G3 1 - - - - - 10 00 1 - - - - - 10 00

G: Grades; K: Kidney; MD: Median. *Frequency of IHC scores 2-3 in each grade of RD.

There was no significative statistical difference between the RD grades (G0-4)
and glomerular immunoglobulin THC scores (1-3) (p > 0.05), probably because of the
low numbers of samples evaluated. However, it was possible to observe that, in the
three genera evaluated, high scores of anti-IgM immunolabeling (scores 2-3) were
detected with similar frequency in all grades of RD (p > 0.05; Table 5.2), including in
kidneys with no microscopic lesions (GO0); as for IgG, scores 2-3 were observed with
similar frequency in all grades of RD, for Callithrix spp. and Sapajus spp. (p > 0.05;
Table 5.2), but for Alouatta spp. these scores had higher frequency on grades 2-3
(p =0.0012).

3. DISCUSSION

Although glomerulopathies and interstitial nephritis have been widely studied in
captive NWP, there are no studies characterizing these diseases in free-ranging

populations. The present study evidenced the high frequency of RD in wildlife NWP,
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with prevalence similar of what is observed in captive animals (Cline et al., 2012;
Marini, 2018) raising a concern about the impact of RD in the health of these wild
population.

In captive, most of renal lesions studied in NWP, especially in marmosets, are
characterized as a spontaneous progressive primary glomerulopathy (SPPG), which is
already identified in one-year-old animals and worsens as age increases (Brack et al.,
1999; Yamada et al., 2013; Yamada et al., 2018). In our study, RD was more frequently
observed in adults NWP, although it was also observed in some juvenile animals. The
literature describes that the initial glomerular changes in the SPPG are mild and can
only be identified by ultramicroscopy, being characterized by an obliteration of the
podocyte extensions and a partial thickening of the glomerular basement membrane,
resulting in an extravasation of proteins (Yamada et al., 2018), triggering
tubulointerstitial lesions (inflammation, fibrosis and tubular necrosis), that is the first
lesion observed at histopathology (Isobe et al., 2012). These reports agreed with our
findings, where glomerulopathies were visible mainly in more severe renal lesions
(grade 3 and 4) and inflammatory infiltrate and tubular hyalin casts were observed even
in mild RD (grade 1 and 2).

Yamada et al. (2021) identified a reduction in nephrin expression, which
correlates with the progression of glomerulopathies in marmosets. Nephrin is one of the
key molecules expressed in podocytes and is responsible for the functional health of the
podocyte cytoskeleton and consequently for the efficiency of glomerular filtration. In
humans, reduced nephrin expression is directly associated with proteinuric kidney
diseases (Yu et al., 2018). Also, in SPPG, there was identification of I[gM deposits in the
mesangium already in the initial stages of the diseases with subsequent deposit of IgA
and IgG as the glomerulopathy progresses (Yamada et al., 2018). The identification of
these deposits of immunocomplexes has also been described in studies of
glomerulopathies of squirrel monkeys and captive prosimians (Burkholder, 1981; Borda
et al, 2000; Leary et al., 1981; Nimri and Lamners, 1994; Burns and Wachtman, 2019).
Importantly, similar profile was observed in our preliminary study evaluating
immunoglobulin glomerular deposits by IHC: IgM immunolabeling was observed in
high scores regardless of RD grade, being detected even in cases with no microscopic
lesion. While IgG had higher IHC scores in advanced RD grades. The etiology of
glomerulopathy due to deposition of immune complexes in NWP is still poorly

understood.
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In humans, an IgM deposit nephropathy is described, considered a neglected
nephropathy, despite the relevant morbidity in young and adult patients from
developing countries (incidence of 2-18.5%) (Vanikar, 2013). This IgM nephropathy is
speculated to be associated with environmental and food antigens, which would incite a
recurrent IgM response, leading to the formation of glomerular deposits (Vanikar,
2013). Despite presenting inconclusive results, some studies in callitrichids have
correlated the presence of glomerulopathies with IgM deposits to high levels of
circulating IgM that bind to soy, cereal and milk protein antigens, suggesting a possible
food etiology (Brack et al., 1999). Interestingly, in our study marmosets from the
Metropolitan region of Rio de Janeiro state, where it could easily access human foods,
were more frequently affected by RD. However, additional studies are necessary to
better understand the origin of these lesions.

In general, in humans, the factors that can trigger the development of
glomerulopathies are numerous, ranging from systemic infectious diseases to
autoimmune diseases, with congenital cases being rare (Miller et al., 2019). Some
infectious agents such as filarial nematodes, Plasmodium sp. and bacterial agents that
cause systemic infections (eg, Staphylococcus aureus and Streptococcus sp.) may
contribute to the development of these lesions in NHP (Markowitz, 1969; Stills and
Bullock, 1981). In our cases no association between RD and knowing systemic
diseases, such as microfilariasis, toxoplasmosis, YF and bacteremia, was observed.
Additionally, the increase in vascular permeability and consequently in the glomerular
filtration rate caused by diabetes mellitus is also considered a predisposing factor for the
development of membranous glomerulopathies and glomerulosclerosis, in addition to

secondary tubulointerstitial lesions (Jonasson et al., 1985; Sasseville et al., 2012).

In callitrichids there is a correlation between the observation of these glomerular
lesions, when in more chronic and severe stages, with the presence of clinical signs such
as progressive weight loss, anemia, azotemia and calcium and phosphorus imbalance
(Burns and Wachtman, 2018). Hepatic extramedullary hematopoiesis has been
associated with these kidney injuries, which may indicate a secondary anemic condition
due to erythropoietin deficiency (Cline et al., 2012). In this study a positive correlation
was observed between extramedullary hematopoiesis and renal disease, indicating a

clinical impact in the animals affected.



180

This study characterized for the first time glomerular and interstitial lesions

observed in a free-ranging NWP, highlighting the importance of these renal diseases

that have been widely studied in captive animals, but, as we reported in this study, are

also common in free-ranging animals.
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CONCLUSION

In this study we were able to identify the main pathological findings associated
with death in free-ranging NWP with detailed histopathological features and
immunophenotypic, ultrastructural and molecular characterization, and detection of
important zoonotic infections, such as rabies, YF and toxoplasmosis. Also, it was
described for the first time in free-ranging NWP infection by S. capitis, S. sanguinus,
Moraxella sp. and PIV-1 and 3.

Additionally, we characterized the epidemiological and pathological aspects of
platynosomiasis and toxoplasmosis infection in free-ranging marmosets (Callithrix
spp.), and we performed a detailed description of traumatic injuries in free-ranging
NWP describing for the first time NTPE by liver and lung tissue in marmosets,
highlighting the impact of trauma in free-ranging NWP population.

Finally, we presented preliminary results of a high prevalent renal disease in
free-ranging NWP with IgG and IgM glomerular immunolabelling and associated with

high frequency of extramedullary hematopoiesis.



