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Abstract

Neotropical primates are represented by more than 200 species and subspecies distributed in five families. Considering
that some of these species are considered endangered, disease investigation in these populations is critical for conservation
strategies. Therefore, an increasing number of studies and publications on this topic became available in the past few years.
This review deals with infectious diseases of neotropical primates, with focus on free-ranging animals, including those caused
by bacterial, viral, protozoal, metazoan, or mycotic infectious organisms, with particular emphasis on gross and microscopic
lesions associated with these diseases. In addition, a few relevant unpublished cases of infection by Staphylococcus spp.,
Streptococcus spp., E. coli and Pseudomonas spp. were included in this review.

Key words: non-human primates, neotropical primates, infectious diseases, conservation medicine.

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 (174, 217). 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 (192). 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 (217). These animals
represent approximately 40% of all mammalian biomass
in Western Amazon (except for flying mammals), and
its frugivorous behavior, together with other frugivorous
animals, are responsible for the maintenance of about 80%
of the neotropical plants (192).

All NWP are included in the Convention on
International Trade in Endangered Species of Wild Fauna
and Flora (CITES) (217). The Brazilian Atlantic Forest
itself holds 24 species of NWP, being 20 endemic and nine
critically endangered, according to IUCN Red List (79).
There are many factors associated with this threatening,
such as habitat loss and degradation, anthropization, illegal
trade, hunting and emerging infectious diseases (55, 192,
224). 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 (93, 135).

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, our goal was to provide a comprehensive review
of the literature on infectious diseases of neotropical
primates.
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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 (217). 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) (174, 217); and
others in three Families (Cebidae, Atelidae and Pitheciidae)
(53,217), with 20 genus and 152 species (174). In this study
will be use the taxonomy described by Rylands et al. (174).

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 (192, 217).
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 (222).

Cebidae holds two to three genera of monkeys:
capuchins — Cebus and Sapajus; and squirrel monkeys -
Saimiri (192, 217). The existence of Sapajus as a different

genus from Cebus is still questionable (192). Capuchins are
medium-size monkeys with 2.5 to 5 kg, with a semi prehensile
tail and thick molars (192). Squirrel monkeys are smallest than
capuchins, weighting 900 g to 1 kg and have a white mask
around their eyes (192). Capuchins and squirrel monkeys are
also commonly used in laboratorial facilities (222).

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 very developed laryngeal
and hyoid processes, significantly increasing its vocalization
potential (192, 217). Species from the Atelidae and Pitheciidae
families are not well adapted to captivity, being hardly used in
biomedical research (222). 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 (180).

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 (192).

Aotidae have only one genus, Aotus, 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 (192,222).
Owl monkeys became very important for research in
antimalarial drug development and to immunological and
ocular studies (222).

Infectious diseases

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

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

Pathogen Agent Host genus Host origin Pathological findings Diagnostic tool
Bacteria  Escherichia coli Alouatta®>"* Brazil*, Suppurative pneumonia® N>, HP*,
MexiCOZM NP214 IHCSS BC55,214
Pasteurella spp. Alouatta®, Brazil3>1% Suppurative pneumonia’>> N35:195,
Mico' Systemic leukocytosis'®  HP31%,

Pseudomonas spp.  Alouatta'™, Brazil'?*
Cebus'*

Klebsiella Leontopithecus™ Brazil?*

pneumoniae

B CSS, 195 ,
PCRS
NP Blood-PCR'™*
Fibrinosuppurative N2
bronchopneumonia? HP,
Fibrinosuppurative BC*
pericarditis**
Splenic lymphoid
depletion®*
Diffuse hepatic
degeneration®*
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Bacteria

Virus

Staphylococcus
aureus

Leptospira spp.

Borrelia burgdorferi

Clostridium
botulinum type C
toxin

Mycoplasma spp.
(hemoplasmas)
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Leontopithecus'

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

Leontopithecus'”

Callithrix"’

Brazil'?’

Bolivia*,

1155,69,129,224
Brazil A
Perv’

Brazil'”®

Brazil'”’

Alouatta**'', Saimiri®, Brazil?*4#!

Saguinus®,
Sapajus®

Herpes simplex virus Callithrix?40-102223

(HSV)

Gammaherpesvirus

Yellow fever virus
(YFV)

; 210
Saguinus'°,
Saimiri?"?,
Pithecia®"’

10,46,55,73,82,93,180
Alouatta R

Ateles®,
Callicebus®'®,
Callithrix*68293180
Leontopithecus'™”,
Sapajus®>'%°

BraZi 121,40, 102,223

French Guiana?"?

Bolivia*,
Brazil 10,46,55,59,73,82,93,180

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?**

ND%,

NP9,69$84,]29

NP179

NP197

NP20,44, 181

Erosive and ulcerative
lesions at skin and
mucocutaneous junctions,
conjunctivitis, nuclear
inclusion bodies in
epithelial cells that
surrounds the vesicles or
erosi0n821,40,102.223
Ulcerative glossitis with
syncytial cells and nuclear
inclusion bodies!'?>?%
Necrotizing hepatitis with
nuclear inclusion bodies?*
Lymphoplasmacytic to
neutrophilic encephalitis
with nuclear inclusion
bodieSZI,40,102,223
Lymphocytic adrenalitis,
nephritis, and lymphoid
hyperplasia‘®??

NPZIO

Midzonal to diffuse
hepatocellular necrosis

N7,
HP',

BC?7

N55224,
HP5524,
[HC?,
qPCR?,
PCR'®,
MATS-69 84, 129

Nested-PCR'”

MNT 197

Blood-PCR>44181
Blood-smears
cytology*

N40,102,223’ Hp21,40,102,223’
[HC!92223 Nested
PCR¥, qPCR?*%,
TEMZI,223

Blood-PCR?'?

55,59,73,93,180

N S
10,55,59,73,93,180

HP'® S

with apoptotic bodies, mild THC!0:46:5559.73.93.180]

mononuclear infiltrate and
lipidosis59,73,93.180
Lymphoid depletion®

Acute renal tubular
necrosis™

NHF93, 1 80)
ND10,46,55.82’
NP84
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Virus

Dengue virus
(DENV)

Zika virus (ZIKV)

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)

Papillomavirus (PV)

Adenovirus (AdV)

Vaccinia virus
(orthopoxvirus)

SARS-COV-2
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Alouatta®>"'13*, Cebus®', Costa Rica®*>*!,

Saimiri®®

Callithrix>2%,

Sapajus’’2%

Ateles®,

35,39,134,205
Alouatta R

Sapajus®®

Alouatta®>"13

Alouatta*

Alouatta™*

Ateles®

Alouatta®>',
Cebus®',
Saimiri®!

Alouatta®,
Cebus*,
Ateles™*

Alouatta®,
Cebus*

Alouatta®,
Cebus*

Callithrix'36838,

Sapajus*®1"’

Aotus®,
Ateles®,
Cebus®,
Lagothrix*®,

Leontopithecus',

Pithecia®
Sapajus®
Alouatta'™®,
Sapajus'’

Alouatta',
Callithrix>,
Cebus>*

Alouatta',
Sapajus'

Mico®®

Argentina'3*

Brazil>’?®

Argentina®*'34,
Bolivia*,
Brazil®%
Costa Rica®

Costa Rica®>!,
Argentina'3*

Argentina'3*

Argentina'>*

Bolivia*

Costa Rica*>!

Costa Rica*,
El Salvador®*

Costa Rica*,
El Salvador*

Costa Rica*,
El Salvador*

BraZill36’58'86’88’]07

Brazil'?,
Peru®

Brazil?%

Argentina'”®

Brazil*,
Mexico'?

Brazil'

Brazil'>

NP35,51,134

NHF209’ Np57,209

NP35,39$84,] 34,205

NP35,51,134

NP134

NP]34

NP84

NP35,51

N

NP34

NP34

NP58,86,88,107,|36

NP126,66

NPZO()

NP176

NP]2,56

NP!

Interstitial pneumonia

PRNT3S13,
RT-PCR™!

HP, RT-qPCR5"2"
PRNTY

PRNT3!34,
HI2205,
MNT2%,
ND

PRNT3S13,
RT-PCR™!

PRNT™*

PRNT'*

ND84

PRNT?,
ELISA

Blood-PCR3**

Blood-PCR*

Blood-PCR*

DIFs8688.136_
MITS6:88.136
RT-PCR3886:88.136
RFFIT!”

EIA®,
WBSS,
qPCR!26:¢

ELISA

PCR'"

Stool-PCR 2,
PRNT>®

PRNT!

RT-PCR'*%;
]HC]SG
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Protozoan T gondii

Fungal
agent

Leishmania sp.

Trypanosoma sp.

Plasmodium spp.

Entamoeba

Aspergillus
fumigatus

Microsporum spp.

Malassezia spp.

Oliveira and Santos; Infectious diseases of neotropical primates
Braz J Vet Pathol, 2023, 16(1), 1 — 34
DOI: 10.24070/bjvp.1983-0246.v16ilpl-34

Alouatta®>'1?4'4
Brachyteles',
Callithrix"?8,
Cebus'3,
Sapajus®

Alouattallz,IZO‘WZ’
Aotus*7,
Callithrix">**'2,
Chiropotes®*°,
Mico®,
Saguinus®,
Sapajus®*

Alouatta"372173,
Ateles'”,

Callithrixs,

Mico®,
Leontopithecus® 3133,
Saguinus'”,
Saimiri??,

Sapajus®*

Alouatta3,4l,83,l45,l69’
Ateles®>'%,
Callicebus®,
Cebus'®,
Pithecia®,
Saimiri®,
Sapajus®*

Alouatta®”®

Alouatta™

Leontopithecus'?

Leontopithecus™*

BraZi123’55’128’143’183

Argentina®!'?,

1123,28,89,90,154,212
Brazil s

French Guiana'?,

Mexico'”?,
Panama’®

Argentina!®3,

1123,28,38,99,132,133,193,227
Brazil R

Mexicol72,l73

113.23.25,41,64,145
Brazil S

Colombia'®,

Costa Rica*

Mexico?"

Brazil

Brazil'#

Brazil'#

Necrotizing hepatitis,
splenitis, lymphadenitis
and nephritis'®
Non-suppurative

meningoencephalitis'®?

Observation of intralesional
tachyzoites and bradyzoites

in multiple organs>>1#3
NP23,128,143

NP4,23¢28,78,89,90,1 12,120,154,172,212

N55,183’
HP55,183’
IHC55,183’
MAT23.128,143’
PCR183

ELISAZ/I54172,
Blood-PCR2123154212.
Skin-PCR!'2154,
PCR-RFLP*!'2,
PI78:8990

WBTS,

IFA]72

23,28,38,113,99,132,133,172,173,193,227 172,173
NP ELISA!2!7,

Hemozoin pigment
intracytoplasmic in
macrophages at red pulp

from the spleen’
NP23,25733,41 ,64,145,169

NP219

Necrosuppurative
bronchopneumonia with
angioinvasive fungal
hyphae”

NP142

NP142

TESA-blot® ,
Blood-PCR2838:113,193,173
qPCR-HRM'%,
Blood-smears
cytology3$9%:193,
[FA%132133172,

HC® 132227,
Xenodiagnosis

HP?,

Blood-smears
cytology®25:64,
Blood_PCR3,23,25,33,4l ,64’
Stool-PCR1¢,
Nested-PCR'#,

IFA%

FPE2",
PCR2"

227

N73,
HP73,
CISH”,
PCR™

FC142

PII42’
cytology

142

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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Bacteria

Among all the infectious diseases, the ones
caused by bacteria are the most commonly reported in
free-ranging NWP (55), and it is often associated with
history of trauma, which is an important predisposing
factor or a consequence of it (55, 195).

Gram-positive cocci

Staphylococcus spp. are Gram-positive cocci
with zoonotic potential, being a part of the microbiota,
but considered opportunistic pathogens. Staphylococcus
aureus 1is the species most 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 (29, 116). Reports of
infections in free-ranging NWP are rare. Molina
et al. (127) 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. Additionally, we have unpublished
data with Staphylococcus spp. causing suppurative
meningitis, bronchopneumonia, and bacteremia in free-
ranging marmosets (Callithrix spp.) and necrotizing

Figure 1. Random necrotizing hepatitis in a free-ranging capuchin

RN e F R el )
(Sapajus spp.) caused by Staphylococcus spp. (A) Marked random

and suppurative hepatitis in a free-ranging capuchin
(Sapajus spp.) (Fig. 1). These cases were detected in
a study of disease investigation in free-ranging NWP
from Rio de Janeiro State, which died naturally in wild
(146). The diagnoses were performed by histopathology,
immunohistochemistry (IHC), and polymerase chain
reaction (PCR).

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 (116, 217). Other species of Streptococcus have
also been described in NWP, such as Streptococcus
pasteurianus causing endocarditis and sepsis ina puerperal
tamarin (Saguinus imperator) (147) and Streptococcus
equi subsp. zooepidemicus responsible for outbreaks in
colonies of marmosets after being exposed by horse meat
or keepers in contact with horses (117, 185). Diagnostic
is performed based on identification of Gram-positive
cocci at histopathology, confirmed by bacterial culture or
PCR (116, 117, 147, 185). There is no information in the
literature about the prevalence of Streptococcus species
in free-ranging NWP. However, we have two unpublished
cases of necrotizing bronchopneumonia with Splendore-
Hoeppli and bacteremia caused by Streptococcus spp. in
free-ranging marmosets (Callithrix spp.) (Fig. 2). Both
animals were free-ranging adults, one male and one
female, which died naturally, and the diagnoses were
performed by histopathology IHC, and PCR (146).

e

multifocal to coalescent areas of necrosis with inflammatory infiltrate, liver, HE, 50x. (B) Marked inflammation with abundant
neutrophilic infiltrate and myriad of Gram-positive cocci (down right, Gram stain, 1000x) forming colonies (arrow), liver, HE, 200x.
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bl

Figure 2. Necrotizing bronchopneumonia with Splendore-Hoeppli reaction in a free-ranging marmoset (Callithrix spp.) caused

by Streptococcus spp. (A) Marked diffuse bronchointersticial inflammation and necrosis, lung, HE, 50x. (B) Splendore-Hoeppli
reaction with myriad of intralesional cocci (down right, anti-Strepfococcus immunohistochemistry, Permanent Red, 400x)
associated with neutrophilic inflammation, lung, HE, 400x.

Enterobacteriacea and other Gram-negative bacilli and
coccobacilli

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 (217). In cases of
symptomatic infection, affected animals usually progress
rapidly to death (116). The main clinical sign is watery to
bloody diarrhea and histopathology shows necrotizing and
suppurative enterocolitis (Fig. 3) with sepsis and systemic
dissemination of the bacteria, often causing a suppurative
to pyogranulomatous hepatitis and splenitis (116, 217). The
serovars frequently identified in NHP are Enteritidis and
Typhimurium (116). In wildlife, this bacterium is rarely
described with one single report of Salmonella-induced
enterocolitis in a free-ranging howler monkey (55). 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 (55).

Escherichia coli is a Gram-negative bacillus
associated with self-limiting to lethal diarrhea in NHP
colonies, mainly of marmosets and tamarins (77, 111, 116,
211). The disease can be caused by enteropathogenic (EPEC),
enterotoxigenic (ETEC), enterohemorrhagic (EHEC),
enteroinvasive (EIEC) and diffusely adherent (DAEC)
serotypes (116). However, EPEC is the most reported serotype
in enzootic infections of captive NHP, frequently characterized
by acute hemorrhagic diarrhea (77, 111, 116, 211).

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 (111, 116). 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 (105).
In addition to enterocolitis, E. coli has been described
as an important cause of septicemia for captive NWP (55). 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
(55). We also have an unpublished case of E. coli infection
in an adult male free-ranging marmoset (Callithrix spp.)
causing a fibrinonecrotic and suppurative bronchopneumonia
with bacteremia (Fig. 4). This animal was found dead in the
Metropolitan region of Rio de Janeiro State, and the diagnose
was performed by histopathology, IHC, and PCR (146).
Diagnosis is performed by bacterial culture,
histopathology and IHC (55, 116). Molecular techniques,
such as PCR of fecal samples, are important to monitoring
the disease in a given population, since bacterial culture can
underestimatethe number of carrieranimals (111). Importantly,
E. coli is a commensal bacterium of digestive tract from
healthy NHP, therefore, it is extremely important to perform
phylogenetic typification to assess the pathogenicity in cases
suspected of pathogenic E. coli infection (118). Additionally,
Vasquez-Aguilar et al. (214) detected antimicrobial
resistance genes in E. coli isolates from free-ranging howler
monkeys (4. pigra) and domestic animals (cattle, sheeps,
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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. are 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 (110). Four serogroups are
identified: Shigella flexneri, Shigella dysenteriae, Shigella
boydii, and Shigella sonnei (116). 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 (116). In OWP, S. flexneri
is also associated with a linear ulcerative gingival syndrome
(116), with no reports in NWP. The diagnosis is confirmed
through bacterial culture (116), but it is usually difficult to
distinguish from E. coli isolates, so the use of PCR becomes
essential for accurate identification of this bacterium (110).
There are no reports of Shigella infection in free-ranging NWP.

=

i W ARSI A= 20 L) it

Figure 3. Fibrinonecrotic colitis in a captive brown howler monkey (Alouatta guariba clamitans) caused by Salmonella enterica. (A)
Large intestine with mucous and bloody content. (B) Large intestine mucosa diffusely thick and pale with multifocal to coalescent areas
of hemorrhage, necrosis, and fibrin deposition. (C, D) Marked diffuse neutrophilic infiltrate at mucosa, with fibrin deposition, erosion and
vascular nescrosis with thrombosis (arrow), colon, HE, 50x (C), 200x (D).
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Figure 4. Fibrinonecrotic bronchopneumonia in a free-ranging marmoset (Callithrix spp.) caused by Escherichia coli. (A, B) Marked
diffuse bronchointerstitial neutrophilic inflammation and necrosis with marked fibrin deposition and myriad of rods forming big colonies,
lung, HE, 50x (A), 400x (B). Sinusoids with myriad of free and intra-histiocytic rods (arrows), interpreted as bacteremia, liver, HE, 400x.

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 (15, 116, 140). 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 (116, 217). 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 (116, 140).
Diagnostic can be performed by histopathology and THC,
confirmed by bacterial culture (15, 116, 140). Co-infection
with E. coli was recently described in nine wild caught
marmosets (Callithrix penicillata) presenting diarrhea and
100% of lethality (95). 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
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lethal course, causing bacteremia with marked sinusoidal
leukocytosis, suppurative splenitis, interstitial pneumonia,
necrotizing adrenalitis, necrotizing myocarditis, peritonitis, and
neutrophilic enteritis (11, 72, 74, 116, 160). 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 (116).
Diagnoses is performed by bacterial culture, IHC and PCR
(72, 116, 160), being important to identify the phenotype at
bacterial culture, once hypermucoviscosity (HMV) phenotype
are highly pathogenic and infective (11, 72, 116).

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 (24).

Pasteurella  spp. are 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 (116). Pasteurella spp.
were also identified causing suppurative bronchopneumonia
in free-ranging NWP with history of dog attack (55, 195).
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 (18). Diagnosis can be performed
by bacterial culture and PCR for speciation (55, 195).

Pseudomonas spp. are 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 (215). 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. (124) 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. are poorly described
in captive or free-ranging NWP, it is one of the differential
diagnoses for septicemia in primates. It has been isolated
from a muscle abscess in one of our unpublished cases of
eletrocussion in a free-ranging Geoffroyi marmoset (C.
geofroyi) (Fig. 5). This animal was an adult female marmoset
that was rescue from an urbanized area in the State of Espirito
Santo after being electrocuted. One week after the rescue,
the animal was hospitalized presenting apathy and severe
necrosis of righ forelimb and hindlimb, dying minutes later,
before any treatment could be attempted. The diagnosis was
based on necropsy and histopathology, with the identification
of Pseudomonas spp. by bacterial culture of samples from the
muscular abscess in the forelimb.

Bordetella  bronchiseptica is a Gram-negative
coccobacillus that causes bordetellosis, a respiratory
disease commonly reported in NWP colonies (116, 217). 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
(116). 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.

Figure 5. Infection by Pseudomonas spp. in a free-ranging Geofroyi marmoset (Callithrix geofroyi) with history of eletrocussion. Muscle
abscess (arrow) with myriad of Gram-negative rods (Top right, Gram stain, 1000x). Grossly, dry gangrene of the extremity of the right
forelimb was also observed, with necrosis and degeneration of the adjacent musculature, due to eletrocussion.
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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 (116). 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 (13). However, in a
case of lethal acute diarrhea associated with C. difficile toxin
A and B in a buffy-tufted-ear marmoset (Callithrix aurita) it
was observed just a mild neutrophilic colitis (30), 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 (13, 85, 116).
Although there is no report of the disease in free-ranging
NWHP, 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 TedB, must be identified by cytokine neutralization
assays, enzyme-linked immunosorbent assay (ELISA), or
PCR, to establish a cause-effect association (13, 85).

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 (116, 217). 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 an 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 (163). Diagnosis is performed based on clinical
signs and confirmed by the identification of the neurotoxin
(163). Although botulism is a rarely reported disease
in NHP, there are few reports of C. botulinum causing
outbreaks in captive OWP and NWP (96, 158). Silva et
al. (197) 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 (163).

Spirochete bacteria

Leptospira spp. are important zoonotic bacteria
responsible for leptospirosis. It is uncommon to observe
natural infections in captive NWP (116), and it have been
rarely described in free-ranging animals, with studies
focusing mainly in serological and molecular evidence (9,
23, 128, 129). 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) (128); and second in 48 capuchins (S. flavius)
(23). Also, in another study with 593 free-ranging tamarins
(L. chrysomelas) using MAT, only two tamarins were
positive (129). Contrasting with the other previous studies,
Aliaga-Samanez et al. (9) 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 (69).
Together, these data suggest a difference of susceptibility
and exposure between those studied species and confirms
that Leptospira spp. circulate 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 (55), and the other one in a black-tufted marmoset
(C. penicillata) from Brasilia, Brazil (224). Pathological
findings reported by Wilson et al. (224) 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 IHC 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 (224).

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
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persistent; and developing persistent characteristic lesions,
such as myocarditis (27, 43). 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 (179).

Helicobacter pylori is a spiral Dbacterium
(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 (116). Although, Helicobacter
spp- have been naturally identified in the stomach of
marmosets, no association with specific pathological
findings was observed (122, 190). There is no information
on Helicobacter spp. in free-ranging NWP.

Mycobacterium tuberculosis complex (MTBC)

MTBC is a group of Mpycobacterium 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 (54, 116).
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 (116, 131). Rosenbaum et al.
(171) found molecular evidence of M. tuberculosis complex
in NWP, mainly from Atelidae and Cebidae family, from
different 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
inmultiples organs, but especially in the lungs, associated with
variable amount of intralesional alcohol-acid resistant bacilli
(54, 116). 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 (116). 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
(54, 131). IHC and PCR can be performed to confirm
the intralesional agent (54). 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 (116), and
there are no reports of infections in free-ranging NWP.

Hemotropic bacteria

Bartonella spp. are facultative intracellular Gram-
negative bacillus that infects 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 (161). Bartonella spp. have been
poorly described in captive and free-ranging NHP (81, 97,
153). Bonato et al. (20) investigated Bartonella infection in 112
free-ranging capuchins and tamarins from S3o Luis, Brazil,
by blood quantitative PCR (qPCR), 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 (204).

Mycoplasma 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 (4aotus
trivirgatus) (14, 123, 141, 184). There are some studies detecting
hemoplasmas in free-ranging NWP as well (20, 44, 181).

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)
(181). 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 (20). Cubilla et al. (44)
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.
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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 (218). E. canis was detected
by blood PCR in one of 19 healthy free-ranging marmosets
(108). Interestingly, the genotype of the E. canis sequenced
from this marmoset was very similar to other genotypes
identified in domestic dogs, indicating the overlap of
habitats between these animals.

Brucella spp.

Brucella spp. are 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)
(152). 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.) (186, 221). However, studies searching for
serological evidence of this bacteria in free-ranging NWP
had negative results, even in regions with brucellosis
endemic herds (23, 128, 164), questioning the real important
of this disease for an NWP population.

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 (116). 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).

Human herpesvirus — HSV-I and 11

HSV-I and 1II 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 (116). Histopathology shows
a necrotizing and ulcerative lesion with multinucleated
syncytial cells on the edge and eosinophilic intranuclear
viral inclusion bodies (116). 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 (16, 31, 40,
76, 83, 115, 187, 223). 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
(76), 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 (21, 40,
102, 223). Pathological findings in NWP are similar to
the ones described in humans, but they tend to be 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 (Fig. 6) (16, 31, 40, 115, 223). Necrotizing
hepatitis and conjunctivitis, although less common, is also
observed (223). 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 (16, 40, 115, 223). Importantly, in a study with 16
cases of HSV in free-ranging marmosets, only HSV-type I
was detected (223).

There is one single report of a possible HSV-type
Il 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 (106). 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 with the initial infection,
becoming a carrier and transmitting it to a human host, in an
unusual monkey-to-human transmission.

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) (116, 220).
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 (22). When transmitted to another susceptible
NWP, such as tamarins, owl monkeys and marmoset,
SaHV will lead to a systemic and lethal disease (116,
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220). SaHV-1 causes a disseminated necrotizing disease
affecting skin, oral mucosa, and parenchymal organs, with
syncytial cells and nuclear inclusion bodies (220); 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 (116).

Others gammaherpesviruses have been described
in NWP as well, such as herpesvirus ateles from spider
monkeys and Callitrichine herpesvirus 3 (CalHV-3), that
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Figure 6. Encephalitis caused b

y Human Herpesvirus (HHV) in a free-ranging Geofroyi marmoset (Callithrix geofroyi). (A) Encephalitis

was isolated from spontaneous lymphoma in captive
marmosets (7, 121, 162). 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 (210). 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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was characterized by marked necrosis, hemorrhage, and vasculitis with lymphoplasmacytic infiltrate, rich in neutrophils, brain, HE, 100x
(B) Multiple basophilic viral nuclear inclusions were observed in the neurons (arroxws), brain, HE, 200x. (C) Neuronal intracytoplasmatic
immunolabeling of anti-HHV, brain, Permanent Red, 400x.
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Flaviviruses

Yellow fever virus (YFV) is an arbovirus
transmitted by mosquitos belonging to the genera Sabethes
and Haemagogus in the sylvatic cycle, or Aedes 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 (100).

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 (Fig. 7) (59,
61, 93, 116). Official diagnosis is performed by liver
histopathological evaluation with intracytoplasmic antigen
immunolabeling in hepatocytes by IHC, confirmed by RT-
gPCR (61, 68). Viral isolation and immunofluorescence can
also be performed but is unusual (10).

Santos et al. (180) 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 (180). 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 (61). Titi-
monkeys (Callicebus spp.) is also highly susceptible to YFV,
developing a massive necrotizing hepatitis with high viral
loads (59). Importantly, this high susceptibility of YFV in
howler monkeys reflects directly in its wild population that
drastically decreases during YF outbreaks (135).

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 (68, 82, 196). During this
period there were more than 2,000 human cases with
approximately 30% of lethality (68). 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 (50, 207). During this outbreak was
also detected by RT-qPCR YFV-positive marmosets from
urbanized regions of S@o Paulo, Brazil, increasing concern
about the development of the urban cycle of the disease,

which has not occurred in Brazil since 1942 (46, 60). 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 (60).
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 (62).

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 (57, 209), suggesting
that these species could play a role as a sylvatic reservoir
of ZIKYV, contributing to the maintenance of this virus in
the environment (75). Histopathology from 16 of the 32
positive animals revealed only nonspecific findings, such as
pneumonia, cholangiohepatitis, splenic lymphoid reactive
hyperplasia, interstitial nephritis, and myocarditis (209).
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 (8).

Other flaviviruses have being investigated in wild
NWP populations (35,39, 51, 103, 134, 165, 205,209). NWP
are susceptible to most of flavivirus infections with human
and veterinary importance in experimental conditions, being
used as models to study this disease (8, 116).

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 (DENYV), Saint Louis encephalitis virus (SLEV) and
West Nile virus (WNV) in asymptomatic howler monkeys
(35, 39, 51, 134). DENV was also identified in free-ranging
capuchins and squirrel monkeys from Costa Rica (35, 51)
and there is one report of positive serology for Equine
eastern encephalitis virus (EEEV) in on spider monkey from
Bolivia (84). At Brazil, SLEV was observed in one free-
ranging howler monkey and eight capuchins from Porto
Rico County region, between the states of Parana and Mato
Grosso do Sul (205). Ilheus virus (ILHV) and Bussuquara
virus (BSQV) was also detected in one free-ranging howler
monkey from Argentina (134), although these two viruses
have less importance in human medicine.

Rabies virus (RABV)

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
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Figure 7. Yellow fever virus (YFV) infection in free-ranging howler monkey (4/ouatta spp.). (A) Grossly, the liver is enlarged, diffusely
yellowish, with multiple focuses of hemorrhage (Cortesy of Dr. Fabiana Pizzolato de Lucena — Instituto Municipal de Medicina
Veterinaria Jorge Vaitsman, Rio de Janeiro, Brazil). (B) Marked mediozonal hepatic necrosis, with apoptotic hepatocytes (namely
Councilman-Rocha Lima bodies - arrow), steatosis of de adjacent hepatocytes and minimal lymphoplasmacytic infiltrate, liver, HE, 400x
(Cortesy of Dr. Daniel Oliveira dos Santos — Universidade Federal de Minas Gerais, Belo Horizonte, Brazil).
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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) (19,
58, 88, 107, 136). Interestingly, outbreaks of RABV were
initially concentrated in the states of Ceara and Pernambuco
(up to 2012) but now extended to other states, such as Piaui
(since 2013), Bahia (2017), and Rio de Janeiro (2019) (19).

A juvenile infected marmoset that died with
neurological signs was recently reported in urbanized
area from Niterdi, Brazil (136). In this case the sequenced
viral DNA showed characteristic of hematophagous bats
Desmodus rotundus RABV strain (AgV3), similar to the
one detected in the cases from Bahia. C. jacchus antigenic
RABYV strain was also identified in 20 reported cases from
the Brazilian Northeast (19). Capuchins (Sapajus sp.),
although less frequent than marmosets, were also identified
as a potential reservoir for RABV (107) with a confirmed
symptomatic lethal case (86). 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 (86).

Classical pathological finding is the non-
suppurative encephalitis with round intracytoplasmic
eosinophilic inclusion bodies (Negri-bodies) observed
mainly in neurons including Purkinje cells (116). Official
diagnosis is performed by immunofluorescence and mouse
inoculation test, but histopathology is highly indicative of
the disease (136).

Parvoviruses

Parvoviral infections in NHP have being poorly
described in free-ranging and captive OWP (5, 189, 200).
Its relevance and role as a zoonotic agent in NWP is poorly
known, especially in a wild environment. Chaves et al. (34)
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 (Afeles 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 between
the human and NWP strains from these cases may indicate
a cross-species transmission with a zoonotic potential (34).

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 (34). 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 (116).

Simian foamy virus (SFV)

SFV are a complex zoonotic exogenous retrovirus
that naturally infects OWP and NWP, with occasional
reports in humans that have close contact with these primates
(138, 139, 159, 178). 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 (66, 126, 137, 159, 178), although co-infections
with simian immunodeficient virus (SIV) accelerated
SIV immunodeficiency-induced death (159, 178). 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 (178). T lymphocyte
differentiation and monocyte activation was observed in
humans chronically infected with SFV (65).

In captive NWP the prevalence ranges from 23% to
61%, being detected by serology and molecular evaluation
(139; 178). SFV was detected in 34.8% (32/92) recently
wild-caught tamarins from Rio de Janeiro, Brazil, by gPCR
of saliva, with similar prevalence between sex and age
(126). Importantly, prevalence increased in animals with
more than seven months in captivity. This same profile was
observed in NWP from Peru, where captive animals had a
prevalence of 47%, contrasting with 19% in free-ranging
animals (66). Two distinct lineages of SFV co-circulating
in this groups of tamarins, SFVIcm-1, known as infective
for Cebiade family, and SFVlcm-2, infective for capuchins
(Sapajus xanthosternos) and marmosets (C. jacchus) (126).

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 (36, 167). 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 (36, 225). Importantly,
free-ranging and captive marmosets and capuchins also
showed neutralizing antibodies for human AdV in Brazil
(56) and Adv was detected by PCR in 17.9% (12/67) fecal
samples of free-ranging howler monkeys (Alouatta pigra)
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from Mexico (12). 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 (36, 167). Intranuclear
inclusion bodies can be observed in epithelial cells present
in the borders of the necrotizing lesions (167). 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 (167).

Hepatitis A virus (HAV)

HAV 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% (188), contrasting with
the high frequency of 22% to 37% observed in free-ranging
OWP (26, 42). 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 (206). HAV
is a 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 (63). Naturally and experimental
infections are reported in OWP and NWP, being described
natural disease in owl monkeys, marmosets, and tamarins
(45). 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
(45). Importantly, NHP HAVs are potentially zoonotic, and
primates can become infected with human strains (116).

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 (116). 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 (116). 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 (92). This is the only report in NWP, with no
data about this virus in wildlife.

Measles virus

Measles virus is a morbillivirus from the
Paramyxoviridae family that have humans as primary hosts,
butNHPare 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. Once measles virus
is strongly immunosuppressive, opportunistic co-infections
are often observed (116).

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 (119). The COVID-19
pandemic has further undermined measles vaccination
coverage, with vaccination levels reducing by up to 40%
in the past two years (191, 198). 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.

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 (1).
VACYV is an Orthopoxvirus, closely related to cowpox virus,
a virus that captive NWM, especially callitrichids, seems to
be highly susceptible to infection (116). 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 (114).

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 meningitis or meningoencephalitis
(17). 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 (67).
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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
(87, 116). PV infection in NWP is scarcer, with reports in
asymptomatic captive marmosets, squirrel monkeys, howler
monkeys, spider monkeys and titi monkeys (37,47, 199). In
wildlife PV was detected by PCR in oral swabs of two free-
ranging NWP, one capuchin and one howler monkey, both
from Argentina (176). HPV was investigated by IHC in a
case of multicentric cutaneous keratoacanthomas in a free-
ranging marmoset, but no viral antigen was detected (49).

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
SARS-CoV-2 is an RNA virus responsible for
the COVID-19 pandemic that began in 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
(70, 104, 166, 201, 213). 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 (2, 175). A total of 111 NWP was evaluated by RT-
gPCR of oral and nasal swabs, blood and/or tissues and by
PRNT, but no SARS-CoV-2 positive samples were detected,
regardless of NWP species or biome tested (2, 175), 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 (156).

Other viruses

Molina et al. (129) 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.

Protozoan parasites

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 (155, 177).
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 (116).
Pathological findings are represented by random necrotizing
lesions in many organs (Fig. 8), especially at liver, lungs,
spleen, and brain, associated with intralesional tachyzoites,
that are better observed by IHC (71, 116, 155, 177, 183).
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 (144, 177). There are only
few reported cases of death by toxoplasmosis in free-ranging
NWP, being three howler monkeys (4. guariba) (55) and one
southern muriqui (B. arachnoides) (183) However, a recent
study demonstrated that toxoplasmosis is also an important
cause of lethality in free-ranging Callithrix spp., being
identified as the cause of death of 1.6% of 1,001 marmosets
examined, but the disease affects more commonly animals in
urbanized areas (151). In both cases, intralesional tachyzoites
were observed in multiple organs, highlighted by IHC.
Molecular studies are important to characterize the genotype
of the 7" gondii, which may play a role in the pathogenicity of
the disease (177, 183).

In captive, due to its acute lethal course, NWPusually
dies from the infection before developing an immunological
response (155), 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. (130) 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 (23, 94, 128, 143), 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) (6),
justifying this contrasting results. In fact, it is known that
capuchins are more resistant to infection than others NWP,
even in similar exposure environment (155, 177).

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 (98, 101, 109, 150, 182). 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
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microgranulomas and lymphoplasmohytiocytic interstitial
nephritis with macrophages containing amastigotes in
all organs evaluated (109). 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. paniscus) that presented weight loss and pale
mucous membranes and blood PCR detected Leishmania

amazonensis (98).
In wildlife there are serologic and molecular
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evidence of Leishmania infantum, Leishmania mexicana,
Leishmania shawi, L. amazonensis, and Leishmania
braziliensis in a wide range of NWP from endemic areas
(4, 23, 28, 78, 89, 90, 112, 120, 154, 172, 182, 212), 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 (150, 182),
being a potential reservoir of this parasite contributing to
its maintenance in the environment.

Figure 8. Toxoplasma gondii infection in neotropical primates. Grossly, it is observed marked pulmonary edema and congestion (A),

enlarged liver, diffusely pale, with focuses of hemorrhage and necrosis (B), and enlarged spleen, with multifocal to coalescente areas

of necrosis (C). (D) Random necrotizing hepatitis characterized by lytic necrosis (arrow) with intralesional tachyzoites (down right,
HE, 400x). Steatosis may be observed in the adjacent hepatocytes.
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Trypanosoma spp.

Trypanosoma cruzi is a mammal parasite, being
the etiological agent of Chagas disease in humans, endemic
throughout Latin America and classicaly transmitted by wound
bites contaminated with feces of blood-sucking triatomine bugs
(125). Oral transmission is also recognized in humans and
animals, by ingestion of infected triatomines or contaminated
foods and drinks (52, 80, 216). Pathological findings associated
to Trypanosoma infections, especially for 7. cruzi, are better
known in captive primates, mainly reported in OWP. For
T 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 (48). Importantly, sometimes the amastigotes
are not easily observed in the tissue, therefore IHC and in situ
hybridization (ISH) are important tools to confirm the diagnosis
(48). PCR is also frequently use and is important to differentiate
from Leishmania sp. and others Trypanosoma species (28).

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. (23). 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 signs, being considered the most important
wild reservoir for that genotype (99). However, mild cardiac
alterations by electrocardiogram and hypergammaglobulinemia
were identified by other studies in golden lion tamarin 7. cruzi-
infected, suggesting that, although difficult to identify, tamarins
may have clinical signs and pathological disturbance similar
to infected humans (132, 133). 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 (227) and a study with captive NWP
identified positive primates and bugs in the same enclosure
(125). 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 (A4loautta pigra, Alouatta caraya, and A.
palliata), spider monkeys (4. geoffroyi), tamarins (Saguinus
bicolor) and capuchins (Sapajus apella) (28, 38, 113,172, 173,
193). 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 (28, 38). No symptomatic
animals were identified in those studies.

Plasmodium spp.
Plasmodium spp. are extremally studied due to its
importance on public health, being the causative agents of

malaria, the deadliest human vector-transmitted disease in the
world. The species associated with this disease are Plasmodium
vivax and Plasmodium falciparum, with cases of mixed infections
(169). 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, being classified as quartan malaria
parasite, which is considered harmless but have been associated
with the development of renal disease (91).

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 (3,
33, 41, 145, 169). 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 (3, 145, 169). 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 (41). In
another study, histopathology revealed hemozoin pigment at
the spleen of the infected animals (3).

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) (23, 33, 64, 169), spider monkeys (Ateles sp. and
Ateles hybridus) (33, 169), titi monkeys (Callicebus dubius
and Callicebus caligatus) (25), sakis (Pithecia sp.) (25), and
squirrel monkeys (S. scireus) (33). 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.

Metazoan parasites

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
(32, 157, 168, 170, 202, 208, 226). Free-ranging animals are
usually parasitized and asymptomatic (32, 168, 208). However,
in cases of any disturbance in the organism homeostasis, this
balance is broken, and the animal may progress to clinical signs
and death (148). Some parasites, such as Platynosomum sp. and
Prosthenorchis sp., are well described in captive NWP, being
extremally lethal and difficult to control (149, 194, 203), 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 or tissues of
the animals (Fig. 9). 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 (226).
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Figure 9. Metazoan infection in free-ranging marmoset (Callithrix spp.). (A) Fibrosing and proliferative cholangiohepatitis with
intraductal trematode morpholocally compatible with Platynosomum spp. Liver, HE, 200x. (B) Myriad of intravascular microfilariae
associated with mild fibrin clusters. Lung, HE, 400x. (C) 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. (D) Pyogranulomatous
portal hepatitis with intralesional bi-operculated nematode eggs (down right, Masson’s trichome, 400x), compatible with hepatic
capillariosis. Liver, HE, 200x. (E) Adult intravascular nematode, lung, HE, 200x. (F) Pulmonary pseudocyst containing trematode
mesocercaria immersed in a myxomatous matrix. Lung, HE, 200x.
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Fungi

Fungal infections in NWP have been rarely
described, even in captive animals (116).

Aspergillus spp.

Aspergillus sp. is a commensal fungus from NWP
mucosa and is considered an opportunistic pathogen (116).
Guerra et al. (73) described one single report of an A.
Jfumigatus pulmonary infection in a free-ranging howler
monkey infected by YFV. In this case the animal developed
a necrosuppurative bronchopneumonia with angioinvasive
fungal hyphae. Chromogenic ISH (CISH) was performed
to highlight the fungi in the tissue and PCR with DNA
sequencing confirmed the diagnosis (73).

Dermatophytosis

Dermatophytosis was investigated in 232 free-ranging
tamarins (L. chrysomelas) with isolation of Microsporum cookie
in one young healthy female (142). The diagnosis was performed
by fungal culture on Sabouraud dextrose agar and phenotype
identification. Malassezia spp. were isolated from 32.8% of a
free-ranging tamarin population, being more frequently isolated
from the haircoat than the ear canals of these animals (142).
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.

Concluding remarks and perspectives

This comprehensive review clearly indicates
an increasing number of studies and publications on
infectious diseases of free-ranging neotropical primates.
For a long period of time, disease investigation in wildlife
was neglected. However, there are growing numbers of
evidence that antrhropic influences may create conditions in
which infectious diseases may decimate entire populations.
Therefore, the effort on disease investigation is of maximum
priority under a conservation medicine point of view.
Furthermore, the One Health concept has gained momentum
so neotropical primates may play a key role for a thorough
undestanding of the epidemiology, disease manifestion, and
zoonotic risk in the context of several tropical diseases.
Together, these notions strongly indicates that scientific
investigation of non-human primate diseases is a field of
study that should experience marked expansion, both
quantitatively and qualitatively, in the foreseable future.
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