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ORIGINAL ARTICLE

Experimental yellow fever virus infection in the squirrel monkey 
(Saimiri spp.) I: gross anatomical and histopathological findings  
in organs at necropsy
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BACKGROUND Non-human primates contribute to the spread of the yellow fever virus (YFV) and the establishment of 
transmission cycles in endemic areas. 

OBJECTIVE To describe the severe histopathological aspects of YFV infection, 10 squirrel monkeys were infected with YFV and 
blood, brain, liver, kidney, spleen, heart, lung, lymph node and stomach were collected at 1-7, 10, 20 and 30 days post-infection (dpi). 

METHODS Histopathological analysis and detection of the genome and viral antigens and neutralising antibodies were performed 
by RT-PCR, immunohistochemistry and neutralisation test, respectively. 

FINDINGS Only one animal died from the experimental infection. The genome and viral antigens were detected in all investigated 
organs (1-30 dpi) and the neutralising antibodies from seven to 30 dpi. The brain contained perivascular haemorrhage (6 dpi); 
in the liver, midzonal haemorrhage and lytic necrosis (6 dpi) were observed. The kidney had bleeding in the Bowman’s capsule 
and tubular necrosis (6 dpi). Pyknotic lymphocytes were observed in the spleen (1-20 dpi), the lung had haemorrhage (2-6 dpi), 
in the endocardium it contained nuclear pyknosis and necrosis (2-3 dpi) and the stomach contained blood in the lumen (6 dpi). 

MAIN FINDINGS Squirrel monkeys reliably reproduced the responses observed in human cases of yellow fever and, therefore, 
constitute an excellent experimental model for studies on the pathophysiology of the disease.
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Yellow fever virus (YFV) is member of the family 
Flaviviridae, genus Flavivirus. YFV has single-strand-
ed RNA genome, positive polarity and only one sero-
type.(1) Some non-human primates (NHP) are excellent 
sentinels because their deaths following natural infec-
tion with YFV are an indicator of virus activity, which 
alerts public health agencies to begin efforts to prevent 
the virus spreading into urban areas.(2) Although urban 
yellow fever (YF) has not been registered in Brazil since 
1942, the sylvatic cycle manifests itself in an irregular 
way, with sporadic cases in forested areas (Amazon) 
during interepidemic periods. The recent extensive YF 
epidemic in Brazil (2017-2018) has brought to the fore 
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the possibility of re-emergence of the virus in urban ar-
eas and the need for the organisation of public health 
services to control and combat the disease.(3)

The susceptibility of NHP to YFV was originally 
demonstrated in 1927 with the viral prototype (Asibi 
strain) in rhesus monkeys(4) and subsequently with de-
scriptions of experiments with the capuchin (Cebus) 
monkey (Sapajus), woolly monkey (Lagothrix), spider 
monkey (Ateles), squirrel monkey (Saimiri) and mar-
mosets (Callithrix).(5,6) The infection presents differently 
among NHP; Macaca mulatta (rhesus monkeys) and 
monkeys the genera Alouatta, Ateles, Saimiri and Calli-
thrix are more susceptible to YFV compared to Sapajus, 
that are easily infected but have a low lethality rate.(2)

Most information about the pathology of YFV infec-
tion is derived from experimental studies of Old-World 
monkeys and from fatal human cases.(7,8) These descrip-
tions emphasise the intense hepatic damage and the se-
lectivity of the virus for the midzonal region of the liver. 
In this context, studies on the pathophysiology with sys-
tematised descriptions of the histopathological changes 
of YF in New World NHP models are still little explored 
in the literature. Monkeys of the genus Saimiri are wide-
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ly distributed throughout the Amazon,(9) indicating a po-
tential role as YFV primary hosts, viral amplifiers and 
sources of information on the dynamics of virus circula-
tion during the between epidemic period and epidemics.

In view of the above, we examined the pathologi-
cal aspects of YFV infection in experimentally infected 
squirrel monkeys (Saimiri spp.) in order to better under-
stand the pathophysiology of the disease, to contribute to 
the establishment of diagnostic criteria for the disease, 
as well as to stimulate future studies on critical events 
in the pathogenesis of the disease, organ-specific viral 
therapies and vaccine-induced adverse events.

MATERIALS AND METHODS

Virus – A strain of the South American genotype I 
(BeH655417) was used, originally isolated from a seri-
ous human case in Roraima in the year 2014 available 
by the Evandro Chagas Institute (IEC) and a single 
mouse passage. Viral propagation was performed by 
additional passage in a continuous cell line of Aedes 
albopictus (clone C6/36)(10) and confirmation of cell 
infection was performed using monoclonal antibod-
ies (Bio-Manguinhos/Fiocruz, Brazilian Ministry of 
Health, Health Surveillance Secretariat) by the indirect 
immunofluorescence test.(11) 

Animals – Eleven male squirrel monkeys (Saimiri 
spp.), males, adults (six to seven years old) with an aver-
age weight of 786 g from a breeding colony at the Na-
tional Primate Centre (CENP) were used in this study. 
All animals were negative for anti-flavivirus antibodies 
(YFV, dengue virus 1-4, Ilheus virus, Rocio virus, Sant 
Louis virus) in the haemagglutination inhibition test.
(12,13) The animals were distributed in individual stainless 
steel cages with retractable bottom (0.80 m long × 0.80 
m wide x 0.90 high) and were fed with PNH specific 
Megazoo P25 ration, mix of fruits, vegetables, tubers, 
milk and eggs and water at will, according to the nutri-
tional protocol recommended by CENP. All procedures 
were performed at biosafety level 3 at the IEC. 

Ten of the animals were infected with the BeH655417 
isolate [infectious dose: 1 × 106 plaque forming units 
(PFU)/mL] via the intradermal route in the third right in-
tercostal space. The 11th animal was maintained as a neg-
ative control until the end of the experiment. In the first 
seven days and at 10, 20 and 30 dpi, an animal received 
prior anaesthesia, ketamine hydrochloride (10-15 mg /kg) 
and xylazine hydrochloride (1 mg/kg) by intramuscular 
route. The overdose was performed with fentanyl (40 
mcg/kg) and ketamine hydrochloride (20 mg/kg) intrave-
nously(14) (Fig. 1). To examine the carcass, mucous mem-
branes and organs of the animals, a form was used with 
the parameters and scores that characterised the findings 
and the changes were recorded with the Fujifilm HS10 
digital camera. Blood and fragments of the brain, liver, 
kidney, spleen, lymph node, lung, heart and stomach were 
collected in triplicate, two samples were stored at -700C 
and one in 10% neutral formalin buffer until processing.

Viral load and serology – Total RNA was extracted 
with the Maxwell 16 Viral Total Nucleic Acid Purifica-
tion kit (Promega, Madison, USA) and the Maxwell ex-

traction platform (Promega). The viral load was quanti-
fied according to.(15) For this purpose, the Go Taq Probe 
1-Step RT-qPCR System commercial kit (Promega) was 
used in conjunction with the absolute quantification 
method using a pGEM Easy (Promega) vector cloned 
plasmid from the YFV genome. The GoTaq qPCR 
Master Mix (Promega) kit, processed in the ABI Prism 
7500 Sequence Detection System (Applied Biosystems, 
Foster, USA) and the YFV F-GCTAATTGAGGTG-
YATTGGTCTGC primers were used for real-time quan-
titative (RT-qPCR) and YFV R-CTGCTAATCGCT-
CAAMGAACG. The RT reaction occurred in cycles of 
500C for 5 min and 950C for 2 min, followed by 45 cycles 
of 950C for 3 s, 600C for 30 s and finally 40C to infinity. 
Viral load was expressed as number of viral particles/
μL. For the detection of antibodies, the mouse neutrali-
sation test (MNT) was performed.(16) For this, the lethal 
dose (LD)50 (per 0.02 mL)(17) was calculated and samples 
with a logarithmic neutralisation index (LNI) greater 
than or equal to 1.7 were considered positive.

Histopathology and immunohistochemistry (IHC) 
– Tissue samples were fixed in 10% neutral buffered 
formalin, routinely processed, embedded in paraffin, 
sectioned at 5 μm and stained with haematoxylin and 
eosin (H&E) for histological examination. The detec-
tion of YFV antigens in tissues by IHC was based on 
the formation of a biotin complex with streptavidin alka-
line phosphatase.(18) The VECTASTAIN®ABC Kit was 
used, according to the manufacturer (Thermo Scientific, 
EUA): primary mouse monoclonal anti-VFA antibody, 
produced at IEC,(18) diluted 1:200 in PBS; secondary 
anti-mouse biotinylated horse IgG antibody diluted 1: 5 
in PBS. The primary-secondary antibody complex was 
linked to streptavidin with various biotin molecules con-
jugated to the alkaline phosphatase enzyme at 1:20 dilu-
tion in PBS, followed by the substrate. The slides were 
stained with haematoxylin and fixed with entelan®. Posi-
tive and negative NHP controls were included.

Fig. 1: experimental kinetics of the study with star monkey infect-
ed with the virus of the experimental kinetics of the study with star 
monkey infected with the yellow fever virus (YFV). Non-human pri-
mates (NHP) (Saimiri spp.) were infected with 0.5 mL of the yellow 
fever virus intradermally [infective dose = 1 x 106 plaque forming 
units (PFU)/mL] and one animal was kept until the end of the experi-
ment as a negative control (NC). One animal was sacrificed on pre-
established days post-infection (dpi) for the collection of blood, brain, 
lymph node, heart, lung, liver, stomach and kidney samples.
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Tissue specimens were analysed by optical micro-
scope (AXIO IMAGER Z1-ZEISS-model 4560006, Carl 
Zeiss, Germany). For the semiquantitative analysis, a 1 
cm2 graduated reticulum (area 0.0625 mm2) was used 
under a 400X objective. Ten microscopic fields were 
counted and the mean of the immunolabelled cells was 
calculated for each area investigated and the result was 
divided by 0.0625 mm2.(8)

Ethics – Was approved by the Ethics Committee on 
the use of Animals (protocol 0014/2014) and [Nation-
al System of Biodiversity Information (Sisbio)/Chico 
Mendes Institute for Biodiversity Conservation (IC-
MBio)] (protocol: 38744-1). 

RESULTS

The study lasted for a period of 30 days. Bleeding 
points on the skin were seen on the ventral back at 7 
dpi (Fig. 2A). In the liver, a marked follicular pattern 
(more reddish areas interspersed with paler areas) was 
observed at 4-5 dpi with subcapsular multifocal petechi-
ae (7 dpi) (Fig. 2B), severe bleeding (6 dpi) (Fig. 2C, D) 
and diffuse jaundice (2-20 dpi) (Fig. 2E). Axillary lymph 
nodes located near the inoculation area presented with in-
farcts (1-2 dpi, data not shown). The brain exhibited mod-
erate congestion in the leptomeninges with perivascular 
haemorrhages (1-6 dpi) and a hematoma in the skullcap (6 
dpi) (Fig. 2G, H). The right lung was slightly reddish ho-
mogeneously (10 dpi) (Fig. 2J). The spleen borders were 
rounded (5-20 dpi) and white or dark red areas were visu-
alised on the capsular surface (6-7 dpi) (Fig. 2K, L). The 
heart was pale between 4 and 7 dpi (data not shown), and 
the stomach showed moderate bleeding in the lumen (6 
dpi) (Fig. 2N). One animal died at 6 dpi presumably due 
to severe disease. No macroscopic changes were observed 
in the organs of the animal that survived up to 30 dpi, sug-
gesting the complete regeneration of the same. Negative 
controls of the liver, brain, spleen and stomach are repre-
sented in Figs. 2F, 2I, 2M and 2O and showed no changes.

The viral genome was detected irregularly in all ex-
perimentally infected organs. In the brain, kidney, lymph 
node and stomach viral RNA was detected between 1-20 
dpi, in the spleen, lung and heart between 1-10 dpi and 
in the liver between 2-6 dpi. Viral load peaks were ob-
served at 1 dpi in the lymph nodes, brain and kidney, 3 

dpi in the lung and heart, 4 dpi in the liver and 6 dpi in 
the spleen and stomach (Fig. 3A). Neutralising antibod-
ies were detected between 7-30 dpi by MNT (Fig. 3B).

Viral antigens were detected by IHC in all organs 
of the infected monkeys. In the brain, liver, kidney, 
spleen and stomach, YFV antigens were detected be-
tween 1-30 dpi. In the brain, kidney, lung and stomach, 
increased immunostaining was visualised at 1-6 dpi. In 
the lymph node, lung and heart, immunostaining was 
irregular and was observed up to 6 dpi (Fig. 3C). Vi-
ral antigens were detected in all organs of the animal 
that died (6 dpi) and the kidney was the organ with the 
highest number of immunolabelled cells (268.80 cells/
mm2). Fig. 4 highlights the immunostaining in organs 
of the animal that died 6 dpi.

In the dermis of the inoculated area, a mild multifo-
cal perivascular mononuclear infiltrate was observed that 
was maintained throughout the experiment in all animals 
(1-30 dpi, data not shown). The animal that died (6 dpi) 
showed thickening of the meninges, oedema, conges-
tion, and haemorrhage (Fig. 5A). The deep layers at white 
matter in the occipital cortex (6 dpi) exhibited areas of 
vacuolation of neuropilus where there are astrocytes with 
abundant eosinophilic cytoplasm; the latter were also 
observed occasionally in other areas in the white mat-
ter without vacuolisation. The cerebellum of a euthanised 
animal at 7 dpi also showed a discrete vacuolisation in 
the white matter. Hepatic damage of the infected animals 
was marked by centrilobular and midzonal haemorrhage, 
steatosis and lytic necrosis mainly of hepatocytes (1-6 
dpi) (Fig. 5B). In the kidney, an infiltrate with light mul-
tifocal mononucleated was seen (2-6 dpi). Light diffuse 
congestion occurred in the lung (5 and 10 dpi), with rare 
areas of tubular mineralisation in the spinal cord (10-20 
dpi). In the animal that died (6 dpi), tubule cell cytoplasm 
vacuolisation, haemorrhagic spots on Bowman’s capsule 
and tubular necrosis were observed in the kidney (Fig. 
5C). The spleen showed rare pyknotic lymphocytes and 
nuclear debris (1-20 dpi) with white and red pulp hyper-
plasia and haemorrhagic foci (6 dpi) (Fig. 5D).

The axillary lymph nodes near the inoculated area 
had moderate haemosiderosis, but no evident follicles 
(2-6 dpi). Splenic follicles showed slight rarefaction with 
pyknotic nuclei (3 dpi), prominent cortical interspersed 
by tumefied cell nuclei, prominent nucleoli and vacu-

Fig. 2: gross photographs changes observed in squirrel monkeys (Saimiri spp.) infected by the yellow fever virus (YFV). (A) Ventral back of 
the abdomen with bleeding points at 7 days post-infection (dpi). (B) Diffuse yellow liver with haemorrhagic spots and subcapsular multifocal 
petechiae at 7 dpi. (C, D) Heavy bleeding throughout the liver of the animal that succumbed to 6 dpi. (E) Liver diffusely yellowed at 20 dpi. 
(F) Normal liver. (G) Brain with congestion and haemorrhage. (H) Skull lid with subcutaneous hematoma at 6 dpi (arrow). (I) Normal brain. 
(J) Marked pulmonary congestion (left). (K, L) Spleen with rounded edges and whitish and/or dark red areas (arrows). (M) Normal spleen. (N) 
Stomach with contents (blood/digested) in the lumen. (O) Normal stomach. NC: negative control.
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olated cytoplasm (macrophages or large lymphocytes) 
(4 dpi). Bleeding was also observed in the centre of the 
cortical region (6 dpi) (Fig. 5E). There was mild diffuse 
lymphoid hyperplasia and congestion (7 dpi) with ne-
crosis in the follicles that was characterised by the pres-
ence of debris in the macrophage cytoplasm. There was 
a small amount of foamy macrophages in the spinal cord 
and occasional light vacuoles between the lymphocytes 
in the cortical region (10-30 dpi). In the lung, oedema, 
congestion, severe haemorrhage and mononuclear in-
flammatory infiltrate (6 dpi) (Fig. 5F) and mild diffuse 
congestion was seen 1-30 dpi. The myocardium in ar-
eas close to the endocardium contained myofibres with 
increased eosinophilia, some with nuclear pyknosis and 
cytoplasmic vacuoles (1 and 6 dpi) (Fig. 5G). Discrete 
areas of incipient ischemic necrosis in the endocardium, 
bordered by vacuolated myocyte, were observed at 2-3 
dpi. In the stomach (Fig. 5H), inflammatory infiltrate (6 
dpi), moderate numbers of acidophilic cells with nucle-
ar pyknosis and increased eosinophilia (1-10 dpi) were 
observed. The detailed description of histopathological 
changes is described in the Supplementary data, Table.

DISCUSSION

YF in NHP is an acute infection of variable severity. 
In rhesus monkeys and members of the Alouatta genus, 
the disease is fulminant due to the high susceptibility 
of these animals to the virus.(19) Because of the abrupt 
onset and rapid course of infection, most NHPs show 
few signs of disease. Likewise, the clinical presentation 
of infection in humans ranges from asymptomatic to se-
vere and sometimes fatal haemorrhagic disease.(20) The 
difficulty of accessing the NHP restricted the use of one 
animal per day during experimental kinetics. However, 
this did not limit the study, as we observed that most 
animals developed clinical signs commonly exhibited 
by humans and we presume complete organ recovery, as 
seen at 30 dpi. YFV infection in squirrel monkeys was 
viscerotropic and neutralising anti-YFV antibodies were 
detected in most animals (7-30 dpi). The animal that died 
from the experimental infection at 6 dpi showed severe 
histopathological changes in all organs.

After reaching the bloodstream, the YFV spread 
throughout the body and reached virtually every organ 
of the infected squirrel monkeys. This has been shown 
by detecting the viral genome in blood/serum (1-10 dpi) 
as well as brain, liver, kidney, spleen, lymph node, heart, 
lung and stomach fragments between 1-20 dpi and by the 
immunomarcation of YF viral antigens between 1-30 dpi 
in these organs. A peculiar characteristic evidenced in 
our study was the low viral load detected in the serum 
(105 copies/μL) when compared to the other organs, in 
which 1015 copies/μL were detected on average (mini-
mum value: 102 copies/μL and maximum value: 1015 
copies/μL). Low viral levels in the blood/serum reflect 
different phases of blood viral load dynamics, with vi-
ral compartmentalisation observed in several organs and 
the action of immune factors in the blood with the pro-
duction of anti-YFV antibodies similar to that observed 
in HIV infection.(21) Additional studies are needed to 
confirm such findings.

Fig. 3: detection of the genome, viral antigens and neutralising anti-
bodies in monkeys’ squirrels (Saimiri spp.) infected with yellow fever 
virus (YFV). (A) Detection of viral RNA by RT-qPCR. (B) Detection 
of neutralising anti-YFV antibodies. (C) Detection of viral antigens 
by immunohistochemistry. LD50: lethal dose; LNI: logarithmic neu-
tralisation index.
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Fig. 4: detection of viral antigens in the organs of the squirrel monkeys (Saimiri spp.) infected with yellow fever virus (YFV) that died at 6 days post-
infection (dpi). (A) In the brain, immunostaining was predominant in glial cells in the neural parenchyma (black arrow) and neurons (red arrow).  
(B) YFV tropism by infecting hepatocytes (black arrow) was obvious at 6 dpi. (C) In the kidney, the immunostaining was marked in the renal 
tubules (black arrow). (D, F) In the spleen, lymph node and lung, immunostaining was enhanced in the mononuclear cells. (G, H) Myocardial and 
stomach cells were the preferred target of YFV at 6 dpi (black arrow). 400X (20 µm). IHC: immunohistochemistry; NC: negative control.
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Fig. 5: anatomopathological changes observed in the organs of the squirrel monkeys (Saimiri spp.) infected with yellow fever virus (YFV), which 
died at 6 days post-infection (dpi). (A) Thickening of the meninges (black circle) with oedema, congestion and haemorrhage blue circle. Oedema 
in the neural parenchyma was characteristic (yellow circle). (B) In the liver, tissue damage was characterised by centrilobular and midzonal 
haemorrhage (black circle) and lytic necrosis (blue and yellow circle). (C) In the kidney, there were haemorrhagic points in Bowman’s capsule 
(black circle) and tubular necrosis was a relevant finding (blue and yellow circle). (D) The deleterious effects on tissue in the spleen are manifested 
mainly in haemorrhagic foci (black, blue and yellow circle). (E) In the lymph node, bleeding was evidenced in the centre of the cortical region 
(black, yellow and blue circle). (F) Pulmonary parenchyma showed congestion and haemorrhage (black, blue and yellow circle). (G) In the heart, 
nuclear pyknosis in myocardial cells was impressive (black, blue and yellow circle). (H) In the stomach with inflammatory infiltrate (6 dpi) (black 
circle) and moderate numbers of acidophilic cells with nuclear pyknosis (blue and yellow circle). H&E: 400X (20 μm). NC: negative control.
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Haemorrhage was the most frequently observed 
change, but jaundice did not reach the intensity de-
scribed in humans. Signs of bleeding of recent origin 
were visualised in the integument, liver, kidneys, lung, 
lymph node, stomach and brain. Petechiae visualised on 
the surface of slightly greenish skin (6-7 dpi) were small-
er than those commonly found in humans.(22) The histo-
pathological findings in the skin showed the presence 
of a mononuclear inflammatory infiltrate around the 
site of virus inoculation. This probably represented the 
first stage of immune response to the virus, from which 
a response cascade will be triggered that will probably 
influence the clinical evolution of the infection as ob-
served in other flaviviruses.(23) Human axillary lymph 
nodes occasionally exhibit congestion, pallor and a mod-
erate increase in size, as evidenced in the axillary lymph 
nodes nearly the site of virus inoculation in the animals 
of in this study. This increase probably reflects the host’s 
immune response to viral inoculation into the skin. Af-
ter being phagocytosed, cells presenting viral antigens 
migrate to the regional lymph nodes where they are 
processed and presented to naïve CD4+ T lymphocytes, 
with the initiation of the effector immune response cas-
cade.(24) Likewise, the hyperplasia of splenic white pulp, 
in addition to congestion, provides a histological picture 
of the spleen reaction to the infectious process.

Digested blood in the stomach occurs in almost all 
human YF cases. In NHP, it is evidenced at lower fre-
quency, but is remarkably similar in appearance. In both 
cases, black vomit (haemolysed blood) is often associ-
ated with bleeding in the gastric mucosa and duodenum. 
YFV viral antigens were detected in the gastric mucosa, 
which had not previously been described in the litera-
ture.(5,6,20) The presence of these antigens shows the di-
rect viral tropism by the organ, which probably plays a 
role in the genesis of gastric haemorrhage described both 
in PNH and in humans. In addition, the presence of mild 
multifocal mononuclear inflammatory infiltrate, as well 
as the intense congestion, also point to a role of the gas-
tric immune system in the compartmentalised immune 
response to the virus, and its probable influence on the 
vascular alterations of the gastric mucosa that contribute 
to gastric haemorrhage and are described in other sites 
or organs in the course of the disease.(25)

In the liver of the animal (6 dpi) that died of YFV 
infection, the main lesion observed was a necrotising 
hepatopathy, which extended from the centrilobular to 
the midzone region and many aspects resemble that ob-
served in human cases of YF.(8) It is important to point 
out that the descriptions of the occurrence of midzonal 
liver lesions is also associated with other infections, as 
well as non-infectious cases. Although marked in YF, it 
can no longer be considered pathognomonic of the dis-
ease. Furthermore, it is not present in all NHP species, 
such as the marmosets.(26)

Kidney function is profoundly affected and plays an 
important role in the death of humans with YF. The renal 
necrotic process is mainly represented by acute tubular 
necrosis, which is due to vascular and haemorrhagic dis-
orders in severe YF cases. But it is usually not massive 
and tends to be discontinuous in a way that resembles the 

pathology of the liver. Necrosis was not a visible trait in 
the NHP kidneys studied, although focal haemorrhagic 
changes and tubular cell changes were observed in our 
sample. In human cases, patients recovering from infec-
tion, the extent of necrosis is small and cellular losses 
are repaired through the hypertrophy of surviving cells, 
accompanied by complete tubular regeneration resulting 
from direct multiplication of the epithelium.(27)

In the lung, we observed intense intra-alveolar oedema 
and haemorrhage, which in both experimental models of 
YF in NHPs and in humans is likely the immediate cause 
of death. Haemorrhagic pulmonary involvement was in-
tense, and these changes reflect the consequence of vas-
cular involvement with organ haemorrhage. It is evident 
that the lung is a site of great importance in evolution of 
the disease, since its structure, rich in vascularisation, is 
certainly compromised by the vascular changes induced 
by the virus and the inflammatory factors that lead to en-
dothelial alteration during the course of the disease. 

The myocardium presented areas close to the endocar-
dium containing myofibrers with increased eosinophilia, 
some with nuclear pyknosis and cytoplasmic vacuoles (1 
and 6 dpi). Discrete areas of incipient necrosis in the endo-
cardium bordered by vacuolated myocytes were displayed 
at 2-3 dpi. Myocardial changes such as cytoplasmic eo-
sinophilia, nuclear pyknosis and vacuolisation are charac-
teristic of ischemic necrosis of the tissue and may occur 
due to vascular changes observed in severe cases of the 
disease. These changes may lead to functional alterations 
of the heart that, together with the pulmonary changes, 
contribute to death in these haemorrhagic cases.(27)

One of the surprising clinical aspects of YF in hu-
mans is the mental clarity of patients during the disease 
and close to death. In view of this, brain and central 
nervous system (CNS) injuries in humans are generally 
minimal.(27) Among the rare reports on CNS involvement 
in humans with YF, we have macrophages containing 
blood pigment and cell infiltration in leptomeninges and 
chromatolysis of nerve cells and glial proliferation(28) 
and small perivascular haemorrhage, similar to that ob-
served in our infected animals, nearby small arteries 
and veins where moderate oedema was also found, but 
without significant cellular infiltration.(29) In some cases, 
perivascular haemorrhage can cause death, even if the 
other organs are not damaged. In this context, it was 
concluded that brain involvement in naturally acquired 
human YFV infection is minimal, which is probably re-
lated to the general bleeding tendency and, therefore, is 
not a true encephalitis.(29) These findings are adequate 
to explain most of the neurological complications of YF, 
such as eyelid ptosis and partial facial paralysis.(30) In 
rhesus monkeys, YFV is neurotropic administered by 
any route and results in severe encephalitis that differs 
radically from the mild encephalitis described in hu-
mans.(25) For an accurate understanding of the inherent 
mechanisms of injury in the various organs and systems 
in YFV infection, studies using different techniques 
are necessary in order to have a global and at the same 
time detailed view of the physio pathological events and 
changes observed in the various organs of these animals.
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Although there was some variation in the intensity or 
extent of involvement of tissue damage, it is evident that 
pathological processes occurring in humans and squir-
rel monkeys during YFV infection are similar. Thus, the 
squirrel monkeys (Saimiri spp.) is a good model for stud-
ies on the pathogenesis of YF.

ACKNOWLEDGEMENTS

To CENP, for its support in the behavioural and clinical 
signs evaluation of animals, José Antônio Muniz, Jean Araújo 
and Obadias Silva, to the pathology laboratories of the IEC 
and CENP, to Walter Campos, Maria Lourdes Lima, Orlando 
Amador Neto, Osvaldo Santos Filho and Flaudemir da Sil-
va, who assisted us in processing the samples, and to Lívia 
Martins, Samir Casseb and Walter Felix Franco Neto, for their 
support with molecular tests.

AUTHORS’ CONTRIBUTION

Bibliographic research and data collection and analysis: 
MSF and PFCV; biological sample collection and methodol-
ogy: MSF, PSBJ, VDC, GRCR, CAOJ, PHGC, GAS, WSB, 
AAI and APSA; figures: MSF, PSBJ, VDC, GRCR and JRS; 
writing – original draft: MSF, PFCV and JRS; writing – re-
view and editing: MSF, FAS, RBT JASQ and PFCV; funding 
acquisition: PFCV.

REFERENCES

1. International Committee on Taxonomy of Viruses. San Diego: El-
sevier Academic Press; 2017.

2. Ministério da Saúde (BR). Guia de vigilância de epizootias em 
primatas não humanos e entomologia aplicada à vigilância da fe-
bre amarela. 2nd ed. Brasília (DF): MS; 2014.

3. Ministério da Saúde (BR). Informe nº 25 2017/2018. Monitora-
mento do período sazonal da febre amarela Brasil, 2018 [Inter-
net]. Brasília (DF): MS; 2018. [cited 2018 Oct 31]. Available from: 
http://portalarquivos2.saude.gov.br/images/pdf/2018/maio/09/
Informe-FA.pdf

4. Stokes A, Bauer JH, Hudson NP. Transmission of yellow fever to 
Macacus rhesus, preliminary note. JAMA. 1928;90(4):253-4.

5. Davis NC. Susceptibility of capuchin (Cebus) monkey to yellow 
fever virus. Am J Med Hyg. 1930;11(2):321-34.

6. Davis NC. Susceptibility of marmosets to yellow fever virus. J 
Exp Med. 1930;52(3):405-15.

7. Engelmann F, Josset L, Girke T, Park B, Barron A, Dewane J, et 
al. Pathophysiologic and transcriptomic analyses of viscerotropic 
yellow fever in a rhesus macaque model. PLoS Negl Trop Dis. 
2014;8(11):e3295.

8. Quaresma JAC, Barros VLRS, Fernandes ER, Pagliari C, Takaku-
ra CFH, Vasconcelos PFC, et al. Reconsideration of histopathol-
ogy and ultrastructural aspects of the human liver in yellow fever. 
Acta Trop. 2005;94(2):116-27.

9. Alfaro JWL, Boubli JP, Paim FP, Ribas CC, Silva MNF, Messias 
MR, et al. Biogeography of squirrel monkeys (genus Saimiri): 
south-central Amazon origin and rapid pan-Amazonian diversifi-
cation of a lowland primate. Mol Phylogenet Evol. 2015;82:436-54.

10. Igarashi A. Isolation of a Singh’s Aedes albopictus cell clone 
sensitive to dengue and Chikungunya viruses. J Gen Virol. 
1978;40(3):531-44.

11. Gubler DJ, Kuno G, Sather GE. Mosquito cell cultures and spe-
cific monoclonal antibodies in surveillance for dengue viruses. 
Am J Trop Med. 1984;33(1):158-65.

12. Clarke DH, Casals J. Techniques for hemagglutination and hem-
agglutination- inhibition with arthropod-borne viruses. Am J 
Trop Med Hyg. 1958;7(5):561-73.

13. Shope RE. The use of a microhemagglutination-inhibition test to 
follow antibody response after arthropod-borne virus infection in 
a community of forest animals. Ann Microbiol. 1963;11:167-71.

14. Brazilian National Committee for Animal Experimentation Con-
trol. Normative resolution Nº 28, November 13, 2015 [Internet]. (cit-
ed 2016 April 15). Available from: https://www.mctic.gov.br/mctic/
export/sites/institucional/institucional/concea/arquivos/legislacao/
resolucoes_normativas/Resolucao-Normativa-CONCEA-n-28-de-
13.11.2015-D.O.U.-de-16.11.2015-Secao-I-Pag.-44.pdf

15. Domingo C, Patel P, Yillah J, Weidmann M, Méndez JA, Nakouné 
ER, et al. Advanced yellow fever virus genome detection in point-
of-care facilities and reference laboratories. J Clin Microbiol. 
2012;50(12):4054-60.

16. Hammon W, Work T. Arbovirus infection in man. In: Len-
nette EH, Schmidt NJ, editors. Diagnostic procedures for viral 
and rickettsial diseases. New York (NY): American Public Health 
Association; 1964. p. 268-311.

17. Reed LJ, Muench H. A simple method of estimating fifty per cent 
end point. Am J Trop Med Hyg. 1938;27(3):493-7.

18. Travassos da Rosa APA, Travassos da Rosa ES, Travassos da Rosa 
JFS, Dégallier N, Vasconcelos PFC, Rodrigues SG, et al. Docu-
mento técnico nº 2. Os arbovírus no Brasil: generalidades, méto-
dos e técnicas de estudo. Belém (PA): Instituto Evandro Chagas/
Fundação Nacional de Saúde; 1994.

19. Ministério da Saúde (BR). Manual de vigilância epidemiológica 
de febre amarela [Internet]. Brasília (DF): MS; 2004. [cited 2017 
Mar 2]. Available from: http://bvsms.saude.gov.br/bvs/publi-
cacoes/manualdavigilancia_epid_febre_ amarela.pdf

20. Strode GK. Yellow fever. New York (NY): McGraw-Hill; 1951.

21. Anderson ADJ, Politcha JA, Nadolskia AM, Blaskewicza CD, 
Pudneya J, Mayerc KH. Targeting Trojan Horse leukocytes for 
HIV prevention. AIDS. 2010;24(2):163-87.

22. Monath TP. Yellow fever: an update. Lancet Infect Dis. 
2001;1(1):11-20.

23. Garcia M, Wehbe M, Lévêque N, Bodet C. Skin Innate immune re-
sponse to flaviviral infection. Eur Cytokine Netw. 2017;28(2):41-51.

24. Quaresma JA, Pagliari C, Medeiros DBA, Duarte MIS, Vascon-
celos PFC. Immunity and immune response, pathology and patho-
logic changes: progress and challenges in the immunopathology of 
yellow fever. Rev Med Virol. 2013;23(5):305-18.

25. Hudson NP. Pathology of experimental yellow fever in Macacus 
rhesus; gross pathology; microscopic pathology; comparison with 
pathology of yellow fever in man. Am J Pathol. 1928;4(5):395-429.

26. Cunha MSE, Costa AC, Fernandes NCCA, Guerra JM, Santos 
FCP, Nogueira JS, et al. Epizootics due to yellow fever virus in 
São Paulo state, Brazil: viral dissemination to new areas (2016-
2017). Sci Rep. 2019;9:5474.

27. Bugher JC. The pathology of yellow fever. In: Strode GK, editor. 
Yellow fever. New York (NY): McGraw-Hill; 1951. p. 137-63.

28. Jakob A, Fialho A, Villela EL. Uber die veranderungen in zentral-
ner-vensystembei gelbfieber. Dtsch Z Nervenheilkd. 1929;111:111-6.

29. Stevenson LD. Pathologic changes in nervous system in yellow 
fever. Arch Pathol. 1939;27(2):249-66.

30. Findlay GM, Stern RO. Essential neurotropism of yellow fever vi-
rus. J Pathol Bacteriol. 1935;41(3):431-8.

http://portalarquivos2.saude.gov.br/images/pdf/2018/maio/09/Informe-FA.pdf
http://portalarquivos2.saude.gov.br/images/pdf/2018/maio/09/Informe-FA.pdf
https://www.mctic.gov.br/mctic/export/sites/institucional/institucional/concea/arquivos/legislacao/resolucoes_normativas/Resolucao-Normativa-CONCEA-n-28-de-13.11.2015-D.O.U.-de-16.11.2015-Secao-I-Pag.-44.pdf
https://www.mctic.gov.br/mctic/export/sites/institucional/institucional/concea/arquivos/legislacao/resolucoes_normativas/Resolucao-Normativa-CONCEA-n-28-de-13.11.2015-D.O.U.-de-16.11.2015-Secao-I-Pag.-44.pdf
https://www.mctic.gov.br/mctic/export/sites/institucional/institucional/concea/arquivos/legislacao/resolucoes_normativas/Resolucao-Normativa-CONCEA-n-28-de-13.11.2015-D.O.U.-de-16.11.2015-Secao-I-Pag.-44.pdf
https://www.mctic.gov.br/mctic/export/sites/institucional/institucional/concea/arquivos/legislacao/resolucoes_normativas/Resolucao-Normativa-CONCEA-n-28-de-13.11.2015-D.O.U.-de-16.11.2015-Secao-I-Pag.-44.pdf
http://bvsms.saude.gov.br/bvs/publicacoes/manualdavigilancia_epid_febre_%20amarela.pdf
http://bvsms.saude.gov.br/bvs/publicacoes/manualdavigilancia_epid_febre_%20amarela.pdf
https://www.ncbi.nlm.nih.gov/pubmed/?term=Garcia%20M%5BAuthor%5D&cauthor=true&cauthor_uid=28840835
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wehbe%20M%5BAuthor%5D&cauthor=true&cauthor_uid=28840835
https://www.ncbi.nlm.nih.gov/pubmed/?term=L%C3%A9v%C3%AAque%20N%5BAuthor%5D&cauthor=true&cauthor_uid=28840835
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bodet%20C%5BAuthor%5D&cauthor=true&cauthor_uid=28840835
https://www.ncbi.nlm.nih.gov/pubmed/28840835

