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Dengue (DEN) is the most prevalent arbovirus among humans, and four billion people live at risk of
infection. The clinical manifestations of DEN are variable, and the disease may present subclinically

or asymptomatically. A quarter of patients develop classical dengue (CD) or severe dengue (SD),

which is potentially lethal and involves vascular permeability changes, severe hemorrhage and

organ damage. The involvement of the liver is a fairly common feature in DEN, and alterations range
from asymptomatic elevation of transaminases to acute liver failure. Since its introduction in Brazil

in 1990, two strains of Dengue virus (DENV) serotype 2 (DENV-2) have been detected: Lineage I,

which is responsible for an outbreak in 1991, and Lineage Il, which caused an epidemic greater than
the previous one and had a different epidemiological profile. To date, studies on different strains of
the same serotype/genotype and their association with disease severity are scarce. In addition, one

of the greatest challenges regarding the study of DEN pathogenesis and the development of drug

and vaccine therapies is the absence of an animal model that reproduces the disease as it occurs in
humans. The main goals of this study were to assess BALB/c mouse susceptibility experimentally
infected by two distinct DENV-2 strains and characterize possible differences in the clinical signs and
alterations induced in the liver resulting from those infections. Mice infected by the two DENV-2
lineages gained less weight than uninfected mice; however, their livers were slightly heavier. Increased
AST and AST levels were observed in infected mice, and the number of platelets increased in the first
72 h of infection and subsequently decreased. Mice infected with both lineages presented leukocytosis
but at different times of infection. The histopathological changes induced by both lineages were
similar and comparable to the changes observed in DEN fatal cases. The viral genome was detected in
two liver samples. The results demonstrate the susceptibility of BALB/c mice to both DENV-2 lineages
and suggest that the changes induced by those strains are similar, although for some parameters, they
are manifested at different times of infection.

DEN is considered the most important arboviral disease in the world and classified by the World Health Organi-
zation (WHO) as the vector-borne viral disease with the fastest dispersal; thus, it has enormous potential to cause
major epidemics worldwide'2. The disease is currently endemic in over 125 countries, and global estimates vary.
While a study suggests that approximately 50 to 200 million people are infected annually, with 500,000 episodes
of SD and more than 20,000 deaths related to the disease?, others estimate that approximately four billion people
are at risk of infection and 390 million are infected each year*>.
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DEN'’s etiological agent is the dengue virus (DENV), an arbovirus belonging to the genus Flavivirus, fam-
ily Flaviviridae. DENV presents four distinct but antigenically related serotypes, DENV-1, -2, -3 and -4, and
is maintained in nature by a transmission cycle involving vertebrate hosts and blood-sucking mosquitoes of
the genus Aedes, with humans being the only host capable of developing clinical forms of infection®. The viral
particles are enveloped and spherical, present an icosahedral nucleocapsid and measure approximately 50 nm
in diameter, and the viral genome consists of a single-stranded positive RNA of approximately 11,000 bases’,
which encodes three structural proteins (E [envelope protein], M [membrane protein], C [core protein]), that
constitute the viral particle and seven nonstructural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5)
that are expressed in infected cells®®.

DEN presents a wide spectrum of clinical manifestations with unpredictable evolution, and different organs
are involved’. In addition to manifesting classic dengue symptoms, the disease can present different clinical
forms, including asymptomatic cases, undifferentiated febrile illness, or severe hemorrhagic disease, such as
DHEF and DSS!!. Observations of a set of clinical and laboratory parameters have led to the early identification
of severe cases, and the WHO classifies DEN as dengue with or without warning signs and indicates that SD
is a potentially fatal outcome involving plasma leakage, fluid accumulation, respiratory distress, severe bleed-
ing, and organ impairment. The factors leading to the different DEN manifestations are yet to be understood.
However, severe forms of the disease are often associated with secondary infections, the DENV serotype, viral
strain virulence and host genetic factors!’.

Liver involvement is a fairly common feature in DENV infection'*!> and may be a direct effect of viruses
infecting cells because hepatocytes and Kupffer cells are susceptible to DENV'#!®7 or it may represent an immune
response against the virus because after recognizing DENV particles, Kupffer cells and macrophages release
cytokines that activate inflammatory cells'®-2. The tissue alterations caused by the infection range from an
asymptomatic increase in transaminases to acute liver failure, which has fatal outcomes*~*. The most commonly
reported clinical alteration is the elevation of ALT and AST levels, which are observed in the initial days after
onset of fever and peak in the period of convalescence'®*>. Hepatomegaly is common as well; however, it is more
frequently observed in patients with DHF!>2425,

Studies carried out with mouse models, HepG2 and Huh7 hepatoma cell lines and primary cultures of human
Kupffer cells have demonstrated that DENV is able to infect hepatocytes and Kupffer cells'*?¢-2%, Several mol-
ecules that act either as receptors for the virus or as attachment factors that facilitate viral concentration on the
membrane before binding to receptors have been identified in liver cells?*°. In humans, the viral genome could
be amplified from autopsy samples, and DENV antigen has been detected in hepatocytes, endothelial cells and
Kupffer cells'®!73!,

Histological changes, such as fatty changes (macro- and microvesicular steatosis), hepatocellular necrosis,
hepatocyte swelling followed by ballooning degeneration, Kupffer cell hyperplasia and destruction, Councilman
bodies and cellular infiltrates at the portal tract, hemorrhage foci and edema, were noted in necropsy samples of
DEN fatal cases'***-%. Most reports of histopathologic changes are based on samples obtained from fatal cases.
Thus, it is difficult to assess the degree of changes present in patients with milder disease, which leads researchers
to seek animal models to study DEN pathogenesis in different organs.

Genetic variability of DENV can be attributed to the lack of a mechanism underlying transcriptional fidelity.
At each round of genome replication, a mutation is produced*>*!. Phylogenetic and molecular epidemiologi-
cal data characterize DENV into different genotypes, which are generally associated with different geographic
areas*”. Based on the complete sequencing of the E gene, Weaver and Vasilakis** proposed the characterization of
DENV-1 into 5 genotypes, DENV-2 into 6 genotypes, DENV-3 into 5 genotypes and DENV-4 into 4 genotypes.

In Brazil, the DENV-2 Southeast Asian/ American genotype is currently circulating. After its introduction in
the country in the 1990s, two DENV-2 outbreaks occurred in Rio de Janeiro (1998 and 2008)*. Phylogenetic
studies have shown that the strains from both epidemics belonged to the Asian/American genotype; however,
isolates from the 2008 outbreak grouped together and gave rise to a new distinct lineage (Lineage II) from the
lineage that was initially introduced in the country (Lineage 1)*>°.

During the 1998 epidemic, more than 700 thousand cases were reported, mostly affecting the portion of
the population between 20 and 40 years old***. In addition to introducing a new epidemiological profile of
the disease that presents increased severity in children <15 years old, the 2008 epidemic led to 806,036 cases
countrywide. In Rio de Janeiro, approximately 322,000 DEN cases and 252 deaths were reported*->'. DENV-2
Lineage IT was associated with higher viremia in patients with SD than in patients with CD*2, however, the role
played by different lineages of a genotype is not completely understood.

The establishment of animal models is of great importance due to the lack of an effective tetravalent vaccine
and a specific treatment for DEN and the need to understand the pathophysiological mechanisms leading to the
different manifestations of the disease™°.

Although BALB/c mice may be less susceptible to DENV infection®, viral replication and dissemination have
already been observed in this murine model. When infected by an epidemic DENV-2 strain, BALB/c produces
viremia between the 2nd and 11th days after infection®’, and when adapted strains are used, viremia peaks on
the 6th day postinfection®®. Moreover, DENV-infected BALB/c present clinical signs similar to those observed in
humans, such as increased transaminase levels and thrombocytopenia. Infection by neuroadapted strains cause
severe disease with anorexia, weight loss, anemia, limb paralysis, and shock and lead to death!**7-%,

Similar to DEN human cases, multiple organs in BALB/c mice are affected by DENV infection, and the viral
genome and antigen have been detected in the spleen, liver, brain, heart, lung, kidney and saliva® . Further-
more, histopathological studies on the livers of infected BALB/c mice have shown inflammatory cell infiltrates,
intracellular edema, sinusoid capillary collapse, hemorrhage, hepatocellular vacuolization, increased binucleate
hepatocyte population and hepatocyte death!®7-3%63,
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Different serotypes and DENV strains may present differences in tissue tropism?*®. As previously mentioned,
one of the factors that may interfere with the DENV infection outcome is the virulence of viral strains'’. Here, we
aimed to assess the susceptibility of BALB/c mice to two distinct DENV-2 lineages and characterize the impact
of these lineages in the murine model liver.

Results

No mice died over the course of this study. All animals were euthanized at 24 hpi, 48 hpi, 72 hpi, 7 dpi or 14
dpi. Clinical signs, such as petechiae, tremors or diarrhea, as well as neurological signs, such as paralysis, were
not observed.

Body temperature. At 72 hpi, there was a decrease in the mean temperature of both infected and nonin-
fected mice (means: negative control =—0.223 °C, Lineage I=—0.67 °C and Lineage II=-0.355 °C). After 7 and
14 dpi, a small temperature increase was observed in noninfected mice (means: 0.715 °C and 0.307 °C, respec-
tively). The same did not occur with infected mice, whose mean temperature showed small decreases at 7 and
14 dpi (means: Lineage I=—0.626 °C and —0.006 °C, respectively; Lineage II=—-0.024 °C and —0.24 °C, respec-
tively). The difference between body temperature variation of the noninfected group and the group infected with
Lineage I was significant at 7 dpi (p <0.05).

Body weight variation. On average, mice from all experimental groups gained weight; however, aside
from Lineage I at 72 hpi (mean=0.709 g), the weight gain of infected mice was lower compared to that of the
control group. At 72 hpi, a small increase in body weight was observed in both noninfected and infected mice.
The average weight gain of Lineage II-infected mice was 0.311 g, and the variation among noninfected mice was
0.429 g. On the seventh day after infection, noninfected mice and mice infected with Lineage II presented an
increase in body weight (means: 1.069 g and 0.703 g, respectively), while the mean body weight of mice infected
with Lineage I was slightly lower than that at 72 hpi (mean=0.673 g). After 14 dpi, the mean for noninfected
mice was 1.623 g, and for infected mice, it was 1.02 g (Lineage I) and 1.339 g (Lineage II). The difference between
the body weight gain of the groups infected with Lineages I and II of DENV-2 was significant at 72 hpi (p <0.01),
and the difference between the negative control group and mice infected with Lineage I was significant at 7 dpi
(p<0.05) and 14 dpi (p<0.001) (Fig. 1).

Liver weight variation. Comparing the mean liver weight of noninfected mice (1.529 g) and mice infected
with Lineage I, it is possible to observe that the infected group presented heavier livers (mean=1.547 g) at 72 hpi
and the means were lower than that in control group after 7 dpi (1.493 g at 7 dpi and 1.442 g at 14 dpi). In mice
infected with Lineage II, the opposite was observed. At 72 hpi, the mean liver weight (1.494 g) was lower than
that of the control group and subsequently increased, presenting higher means of 1.560 g and 1.607 g at 7 and
14 dpi, respectively. The difference between the means of mice infected with Lineages I and II was significant at
14 dpi (p<0.05) (Fig. 2).

Liver weight/ body weight ratio (%). The average percentage of liver weight in relation to body weight
of mice infected with Lineage I was slightly higher at 72 hpi (5.55%) than that observed in uninfected mice
(5.42%). However, it decreased at subsequent kinetic points (7 dpi=5.331%; 14 dpi=5.323%). When comparing
the averages of mice infected with Lineage II and uninfected mice, a slight increase was observed on the third
and seventh days of infection (mean=>5.47% and 5.569%, respectively). After 14 days of infection, the liver
weight/body weight ratio showed a slight decrease (mean = 5.75%); however, it remained greater than that of the
control group (Fig. 3).

Hematological parameters. Plaelets. The mean number of platelets present in blood samples from
mice in the control group was 1103.89 thousand/mm?. In blood samples from mice infected with both DENV-2
strains, a slight increase was observed in the number of platelets at 72 hpi, with an average of 1304.43 thousand/
mm? for Lineage I and 1308.57 thousand/mm? for Lineage II. On the seventh and fourteenth days after infection,
the number of platelets in the infected samples decreased; however, except for the group infected with Lineage
I at at 7 dpi and 14 dpi (means=1038.7 thousand/mm? and 1103.3 thousand/mm?, respectively) and the group
infected with Lineage II at 14 dpi (mean=1002.4 thousand/mm?), the infected group averages were not lower
than that of the control group (Fig. 4).

Hematocrit. The HCT of blood samples from uninfected mice was 50.022% on average. In mice infected with
DENV-2 Lineage I, the averages observed three and seven days after infection were higher at 51.157% and
51.325%, respectively. In mice infected with Lineage II, the HCT decreased at 72 hpi and 7 dpi (48. 643% and
48.822%, respectively) and increased on the fourteenth day (50.44%), slightly surpassing the mean of the nega-
tive control group (Fig. 4). The difference between the group infected with Lineage I and Lineage II was statisti-
cally significant (p<0.01) at 72 hpi. The difference between mice infected with Lineage II at 72 hpi and 14 dpi
was also significant (p <0.05).

Leukocytes.  Seventy-two hours after infection, the leukocyte count of blood samples from mice infected with
DENV-2 Lineage I (mean =3.143 thousand/mm?®) and Lineage II (mean=4.2 thousand/mm?) was higher than
that observed in the control group (mean = 2.356 thousand/mm?). The difference between the control group and
the group infected with Lineage II was statistically significant (p <0.05). On the seventh day of infection, the
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Figure 1. Body weight gain of BALB/c mice uninfected and infected with DENV-2 Lineages before
infection (T,), 72 hpi (T,,), 7 dpi (T,4) and 14 dpi (T,44). (a) negative control; (b) DENV-2 Lineage I; (c)
DENV-2 Lineage II; (d) comparison of body weight gain means. NC: (n: To/ Ty, =21; T/ T7q=13; To/ T149=13);
Lin I: (N: Ty/ Ty, =58; T/ T7q=30; To/ T14q9=15); Lin IT: (N: To/ T, =58; T/ T7q=30; T/ T149=15). n: number
of mice, NC: negative control, Lin: Lineage, hpi: hours post-infection, dpi: days post-infection, *p <0.05,
**p<0.01.

white blood cell count of mice infected with Lineage I was lower than that of uninfected mice (2.34 thousand/
mm?), and the average number of individuals infected with Lineage II was equal to 3.664 thousand/mm°. At 14
dpi, the group infected with Lineage I showed an average of 2.75 thousand/mm?, and the group infected with
Lineage II showed an average of 3.08 thousand/mm? (Fig. 4).

Biochemical parameters. Aspartate aminotransferase (AST). 'The average level of AST in serum sam-
ples from uninfected mice was 158.6 U/L. Except for the group infected with Lineage II euthanized on the
third day of infection (mean=143.2 U/L), the infected mice generally showed increased levels of the enzyme
when compared to the control group. In mice infected with Lineage I, the level of AST was higher on 24 hpi
(mean =221 U/L), decreased on the second day of infection (mean =174 U/L) and then slightly increased at 72
hpi (mean=176.2 U/L). In mice infected with Lineage II, the AST levels were also higher compared with the
control group on the first day of infection (mean =185.6 U/L); however, the concentration of the enzyme peaked
at 48 hpi (mean=324.8 U/L). On the third day after infection, AST levels were lower than those in the control

group (Fig. 5).

Alanine aminotransferase (ALT). 'The mean level of ALT present in the sera of uninfected mice was 85.6 U/L.
In mice infected with Lineage I, the concentration of aminotransferase was higher in the serum of mice 24 hpi
(mean=144.6 U/L). On the second day of infection, the average was 86.4 U/L, and on the third day of infection,
it was 118.2 U/L. In samples from mice infected with Lineage II at 24 hpi, the ALT levels were lower than those
in the control group (mean=61 U/L). The enzyme concentration reached its peak on the second day of infection
(mean =204 U/L) and decreased on the third day (mean=107 U/L) (Fig. 5).

Viral genome detection. Viral RNA was detected in two liver samples. One mouse was infected with Line-
age I (1.2x 107! copies of RNA/pl), and one mouse was infected with Lineage II (3.93 x 10® copies of RNA/pl).

Scientific Reports |

(2021) 11:9723 | https://doi.org/10.1038/s41598-021-88502-2 nature portfolio



www.nature.com/scientificreports/

Liver weight (g)

(@]

Liver weight (g)

2.0 b 204
v o v °
1.8- 5 187
o 0,0 = | Saxbonn o 0,0
1.6 - og o .% 1.6 ﬁi‘h_ - og &
v oto 2 vyv 079
1.4 s St e A
a8 Ve 0g° 2 a4 Vy 0g°
1.2 A 5o = 1.2 A 06
o o
1.0 ; r . ; 1.0 T T T T
(¢) N N N <O Q\ é\ é\
A N D R A
2.0 —
B S &5 A
1.0
0 o ~| |« [}
8 BlEl BB
o —| |— e
0.0 5 —5F5
<O QA QA QD
< \’\Q\-’\Q \,\0\"\0 \’\0\'}(‘

CJ NC3 72hpi =3 7dpi E= 14dpi

Figure 2. Liver weight of BALB/c mice uninfected and infected with DENV-2 Lineages 72 hpi, 7 and 14 dpi.
(a) DENV-2 Lineage I; (b) DENV-2 Lineage II; (c) comparison of liver weight means. NC: (n=19); Lin I: (n: 72
hpi=22; 7dpi=15; 14 dpi=15); Lin II: (n: 72 hpi=22; 7dpi=15; 14 dpi=15). n: number of mice, NC: negative
control, Lin: Lineage, hpi: hours post-infection, dpi: days post-infection, *p <0.05.

Histopathology. The images of histological sections (Figs. 6 and 7)are representative of changes observed
in the liver samples of BALB/c mice infected with DENV-2 Lineage I or II and euthanized at 72 hpi. Table 1
shows the number of infected mice whose livers presented each alteration.

Liver samples from noninfected mice showed intact parenchyma, with no signs of edema, congestion, steatosis
or hemorrhage. The hepatocytes did not show nuclear or cytoplasmic alterations. Sinusoid capillaries were not
dilated and did not present cellular infiltration or hemorrhaging, and Kupffer cells did not present histopatho-
logical alterations (Fig. 6a). Morphological alterations induced by both DENV-2 lineages in BALB/c mouse
livers were focal and similar except for two cases. The most frequently observed alterations were inflammatory
infiltrates, which is commonly observed next to the portal area (Fig. 6b), hepatocyte swelling and cytoplasmic
loss, suggesting hepatic cell ballooning (Fig. 6¢), hepatocyte nuclear area enlargement and chromatin pattern
alterations (Fig. 6d), and vascular congestion (Fig. 6e). Sinusoid capillary dilation (Fig. 6f), which is more pro-
nounced around centrolobular veins, and nuclear atypia, which is characterized by nuclear inclusions (Fig. 7b) or
thin and regularly scattered chromatin, giving a relatively homogeneous appearance to the nuclei (Fig. 7a), were
also seen. Only one mouse infected with DENV-2 Lineage II presented lipid droplets within the liver parenchyma
(Fig. 7d), suggesting macrovesicular steatosis and focal hemorrhage (Fig. 7e). Signs of necrosis, or citoplasmic
rarefaction, were only seen in samples infected with Lineage II (Fig. 7¢).

Morphometry. Hepatocyte counting showed a significant increase in the number of binucleate cells in mice
infected with both DENV-2 lineages at 72 hpi compared with the control group (Fig. 8a). Morphometrical analy-
sis showed that the percentage of binucleate hepatocytes was 25.41% in mice infected with Lineage I (p<0.001),
28.1% in mice infected with Lineage II (p <0.001) and 20.05% in noninfected mice. However, when all hepato-
cytes were accounted for, a significant decrease in the cell population of infected mice was noted. Samples of
mice infected with Lineage I presented 32.4% fewer cells than control samples (p <0.001), and samples of mice
infected with Lineage II presented 28.7% fewer cells (p <0.001) (Fig. 8b).

Discussion

The DENV-2 introduction in Rio de Janeiro in 1990 led to the first cases of SD in the state and country*. Its re-
emergence in 2007 caused a great DEN epidemic in 2008%. Although the DENV-2 that reemerged in 2007-2008
still belongs to the Southeast Asia genotype, two distinct strains (Lineage I and Lineage II) within this genotype
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Figure 3. Liver weight / body weight ratio (%) of BALB/c mice uninfected and infected with DENV-2
Lineages 72 hpi, 7 and 14 dpi. (a) DENV-2 Lineage I; (b) DENV-2 Lineage II; (c) comparison of ratio means.
NC: (n=19); Lin I: (n: 72 hpi=22; 7 dpi=15; 14 dpi=15); Lin II: (n: 72 hpi=22; 7dpi=15; 14 dpi=15). n:
number of mice, NC: negative control, Lin: Lineage, hpi: hours post-infection, dpi: days post-infection.

have been described*>*. Genetic variations between both strains were observed; however, no consistent differ-
ences in the genome that could be correlated with the severity of the disease have been identified to date*®®”.
Therefore, the factors that determine why certain DEN patients present mild symptoms and others develop severe
disease are still not well defined. This study assessed the susceptibility of BALB/c mice to two distinct strains of
DENV-2 and characterized alterations induced by each strain.

DEN patients may manifest acute fever that persists for three to seven days after the virus incubation period®.
In this study, the average temperature variation was very small. Interestingly, only the control group showed a
slight increase in temperature at 7 and 14 dpi. In studies carried out in BALB/c mice infected with DENV-3 and
DENV-4 by our group, an increase in temperature at 72 hpi was observed®® (unpublished data). However, the
absence of a temperature rise and other clinical signs in this same animal model infected with DENV-2 have
been previously reported'®®® and may be related to asymptomatic DEN because only 25% of the cases of the
disease show symptoms'2.

Although no neurological signs were observed in this study, paralysis was reported in BALB/c mice infected
with DENV-2%%6_ In addition, DENV-1-infected BALB/c mice experienced mild hemorrhage in the brain but
no signs of neurological disease®.

The weight gain among infected mice was lower than that of the control group, which may be associated
with a loss of appetite, as observed in human DEN cases and immunocompetent models infected with DENV-
21187072 A cohort study conducted with DEN patients in a geriatric clinic reported that anorexia was the main
complaint and that weight loss was greater during infection’>. Among children, anorexia was reported in 78%
of DF cases and in 91.2% of patients presenting DHF”. In DENV-3-infected mice, Caldas® observed a slight
increase in mouse weight in comparison to the control group; nevertheless, the actual weight variation of each
individual was not assessed (unpublished data).

During DENV infection, changes in blood component counts are commonly observed and indicate disease
prognosis. Among the changes, thrombocytopenia (platelet count below 100,000/mm?) is a hallmark for both
mild and severe forms of DEN and may result from infection of bone marrow hematopoietic cell populations,
which reduces their proliferative capacity’>’#, platelet deposition in the microvascular bed, aggregation with
leukocytes or destruction from peripheral blood””. At 72 hpi, the platelet count of infected mice was higher
than that of the control group. At subsequent times of infection, the platelet count decreased and reached values
slightly lower than those of the control group. A decrease in platelet count is to be expected and has been observed
in immunocompetent mice infected with DENV-2%; however, the slight thrombocytosis at 72 hpi, which was
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Figure 4. Hematological parameters of BALB/c mice uninfected and infected with DENV-2 Lineages

72 hpi, 7 and 14 dpi. Platelet count (thousands/mm?®): (a) DENV-2 Lineage I; (b) DENV-2 Lineage IT; (c)
comparison of platelet count means. Hematocrit (%): (d) DENV-2 Lineage I; (¢) DENV-2 Lineage II; (f)
comparison of hematocrit means. Leukocyte count (thousand/mm?): (g) DENV-2 Lineage I; (h) DENV-2
Lineage II; (i) comparison of leukocyte count means. NC: (n=10); Lin I: (n: 72 hpi=10; 7dpi=10; 14 dpi=10);
Lin II: (n: 72 hpi=10; 7dpi=10; 14 dpi=10). NC: negative control, n: number of mice, hpi: hours post-infection,
dpi: days post-infection, *p <0.05, **p <0.01.

also observed in mice infected with DENV-3% (unpublished data), could be a response to factors triggered by
infection that increase thrombopoietin production’®.

Hemoconcentration can be observed as a result of plasma leakage!!. An increase of the HCT of 20% over
the baseline is a sign of DHE and its maximum elevation coincides with shock”. HCT significantly increased
in BALB/c mice infected with DENV-3* (unpublished data). Mice infected with DENV-2 Lineage I presented a
very slight increase (less than 2%) in HCT at 72 hpi and 7 dpi, and this observation was corroborated by histo-
pathological analyses since plasma leakage was not observed.

The leukocyte count is variable, and although leukopenia is more frequently reported, there are cases of
leukocytosis associated with SD78. Our study showed an increase in the leukocyte count of mice infected with
both lineages of DENV-2; moreover, this change was more preeminent in mice infected with Lineage II. After
peaking at 72 hpi, the leukocyte count started decreasing. Another mouse model infected with DENV-2 also
showed leukocytosis followed by leukopenia’, and DENV-3-infected BALB/c mice presented a decrease in the
number of leukocytes at 72 hpi, 7 dpi and 14 dpi®*.

Liver involvement is commonly seen in DEN, and although more frequently associated with SD, it is also
present in nonsevere cases of DEN'8%, Liver function abnormalities induced by DENV infection range from a
mild rise in transaminase and bilirubin levels to acute liver failure, which may lead to death?*82, ALT and AST
are considered indicators of liver abnormalities, as they are released into the bloodstream following liver cell
injury®’. Elevated levels of these enzymes are an early marker of DEN. Transaminase levels are higher in patients
presenting DHF or DSS, and the increase is usually mild or moderate; however, an increase in enzyme levels of
more than tenfold has been reported®*?>%4, An increase in transaminase levels has also been seen in immuno-
competent mice infected with DENV-217%_Qur studies also showed an increase in AST and ALT levels at all
times of infection in mice infected with Lineage I, while samples infected with Lineage II showed higher values
at 24 and 48 hpi (AST) and 48 and 72 hpi (ALT).
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Figure 5. Transaminases levels (U/L) of BALB/c mice uninfected and infected with DENV-2 Lineages 24,
48 and 72 hpi. AST: (a) DENV-2 Lineage I; (b) DENV-2 Lineage II; (c) comparison of AST levels means. ALT:
(d) DENV-2 Lineage I; (e) DENV-2 Lineage II; (f) comparison of ALT levels means. NC: (n=5); Lin I: (n: 24
hpi=5; 48 hpi=5; 72 hpi=5); Lin II: (n: 24 hpi=>5; 48 hpi=5; 72 hpi=5). NC: negative control, n: number of
mice, hpi: hours post-infection.

The average liver weight of mice infected with both DENV-2 strains increased slightly and exceeded that of
the control group at 72 hpi in mice infected with Lineage I and at 7 and 14 dpi in mice infected with Lineage II.
Liver enlargement is commonly observed in DEN, mainly in SD cases'"*>, and may result from edema due to
vascular permeability or accumulation of fat within hepatocytes>®. A study carried out with SD patients showed
a high prevalence (72.7%) of hepatomegaly and associated painful hepatomegaly with increased levels of ALT5%7.
When analyzing the liver weight/body weight ratio, we observed that it varied similarly to the liver weight, with
this ratio higher at 72 hpi on average in mice infected with Lineage I and at all points of infection in the Lineage
II group. These results suggest that the heavier liver in infected mice is not solely related to body weight gain and
may be a consequence of infection. The reduction in body weight gain observed in infected mice and detection
of the viral genome in macerates of the liver reinforce this hypothesis.

DENV infection-induced histopathological changes can be observed in the livers of experimentally infected
immunocompetent mice as well as in autopsy samples!®!%345738658589 - Although only two liver samples tested
positive for the viral genome (Lineage I: 1/10 and Lineage II: 1/10), a number of alterations were observed in our
samples. The micrographs presented are representative of alterations observed in our samples. Alterations were
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Figure 6. Liver micrographs of BALB/c mice. H&E staining. (a) negative control. (b-d) mice infected
with DENV-2 Lineage I (Lin I) or IT (Lin II). (b) (LinII) inflammatory infiltrate (arrow). (c) (Lin I) hepatic
cell ballooning (arrows) (d) (Lin I) enlarged cell nucleus (red-dotted outline). (e) (Lin II) vascular congestion
(dashed outline). (f) (Lin II) dilation of sinusoid capillaries (arrows). pv: portal vein. bd: bile duct. ha: hepatic
artery. sc: sinusoid capillary. h: hepatocytes.
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Figure 7. Liver micrographs of BALB/c mice infected with DENV-2 Lineage I (Lin I) or II (Lin IT). H&E
staining. (a) (Lin I), (b) (LinII) nuclear atypias (arrows). (c) (Lin II) signs of necrosis (dashed outline). (d) (Lin
IT) macrovesicular steatosis (arrow). (e) (Lin II) focal haemorrhage (dashed outline).

Inflammatory cell infiltration 7/10 (70) 8/10 (80) 15/20 (75)
Hepatic cell ballooning 7/10 (70) 8/10 (80) 15/20 (75)
Enlarged cell nucleus 7/10 (70) 8/10 (80) 15/20 (75)
Vascular congestion 6/10 (60) 8/10 (80) 14/20 (70)
Sinusoid capillary dilation 9/10 (90) 1/10 (10) 10/20 (50)
Nuclear atypia 7/10 (70) 3/10 (30) 10/20 (50)
Necrosis 0/10 (0) 2/10 (20) 2/20 (10)
Macrovesicular steatosis 0/10 (0) 1/10 (10) 1/20 (5)
Haemorrhage 0/10 (0) 1/10 (10) 1/20 (5)
Signs of necrosis 0/10 (0) 1/10 (10) 1/20 (5)

Table 1. Histopathological alterations observed in liver samples of BALB/c infected with DENV-2 Lineages I
or II. Number of mice whose livers presented the alteration/total number infected mice.
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Figure 8. Hepatocyte count from samples of BALB/c mice uninfected and infected with DENV-2 Lineages
I or II euthanized 72 hpi. (a) population of binucleated hepatocytes in negative control samples; (b) population
of binucleate hepatocytes in samples infected with DENV-2 Lineage I; (c) population of binucleate hepatocytes
in samples infected with DENV-2 Lineage II; (d) hepatocyte count per captured area. NC: negative control; Lin:
Lineage, hpi: hous post-infection. ***p <0.001.

focal, as reported elsewhere®%. The most frequently observed change was inflammatory cell infiltration, which
corroborates previous findings in BALB/c mice infected with DENV-2, -3 and -4°7*%646°88 Upon DENV infec-
tion, Kupffer cells and macrophages release cytokines and chemokines that activate inflammatory cells. Vasodila-
tion is a result of proinflammatory cytokine release by Th1 cells®. Sinusoid capillary dilation was more frequently
observed in samples infected with Lineage I (90%), whereas the frequency among samples infected with the
other lineage was 10%. This alteration has been observed in other studies using the same mouse model®3%%°,

Hepatic cell ballooning is presumably caused by the influx of fluids into the cell due to damage to the cyto-
plasmic membrane?". This alteration was present in 70% and 80% of samples infected with Lineage I and Lineage
11, respectively, and has been reported as a result of viral infection®**>. DENV infection is known to alter lipid
metabolism®!. Macrovesicular steatosis was observed in one sample infected with Lineage II. These changes were
observed in studies performed by our group with BALB/c mice infected with DENV-3 and -4%*¢° (unpublished
data). Intracellular accumulation of fat occurs in different DENV-infected human cells as well as in the A. albop-
ictus C6/36 cell line and may play a role in viral production®>*.

In this study, enlargement of the nucleus was observed. Kariocytomegaly can be caused by hepatocyte poly-
ploidy. There is no mention of hepatocyte kariocytomegaly in DEN; however, the increased number of hepatic
cells with enlarged nuclei has been associated with liver damage®”*8. Other atypical-looking nuclei presented
inclusions and altered chromatin patterns, which were also seen in the livers of BALB/c mice infected with
DENV-3% (unpublished data). Nuclear inclusions accumulate, in the nuclear matrix, substances that are not
found in the nucleus under normal circumstances and can be caused by viral infection. Hepatocytes may be a
result of glycogen accumulation®. Paes™ has also observed nuclear inclusions in liver samples of BALB/c mice
and described them as lipid-like. Further investigation is necessary to identify the nature of the inclusion.

Hepatocyte polyploidization and binucleation are features of liver growth and physiology, can be associated
with disease and could be favorable for pathogens or induced by them to improve survival'®. Moreover, binucle-
ate cells may be more capable of responding to a major demand for protein synthesis!®*~!%. Our infected samples
presented a significant increase in binucleation. The same change was observed in BALB/c mice by Sakinah®
and by our group in an ongoing study on reinfection!®. Binucleate cells may be formed by nuclear division or
cell fusion'®!%, and several viruses have fusogenic activity'*!%. Grizzi'® suggested that binucleation is a cell’s
response to hepatic illness because it increases with progression of the necroinflammatory state. It can also be
a sign of tissue regeneration because it was reported to increase after partial hepatectomy'®. Binucleation may
have increased as a response to infection. A decrease in the total number of hepatocytes was observed in infected
mice, which may indicate cell death. Indeed, some of our samples presented signs of necrosis, as seen in other
studies with DENV-257%888 and DENV-4% (unpublished data).

SD disease is associated with extensive involvement of the endothelium. Vascular permeability plays an
important role in SD pathogenesis'"''. Studies have shown that an increase in the number of infected hepatic
endothelial cells coincides with the onset of SD'! and that vascular permeability is caused by inflammatory
mediators rather than by infection of endothelial cells or cell death!'*!>!3, Although ours is not a SD model,
focal hemorrhage was observed in one liver sample, suggesting altered vascular permeability. This finding is in
accordance with human case reports*** and studies of this same experimental model infected with DENV-3
and DENV-4%+% (unpublished data).

The outcome of infection and tissue tropism can be influenced by infective strain virulence'***%. Indeed, a
study carried out with patient sera reported that the viremia level of Lineage II samples was two orders of mag-
nitude higher than that of Lineage I samples and an increase in the number of SD cases occurred after DENV-2
strain emergence in 2007%2. Although the viral genome was detected in only two samples (one of each lineage),
the titer found in the liver of mice infected with Lineage II was higher.
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In this study, two groups of BALB/c mice were experimentally infected with either Lineage I or Lineage II. No
rise in temperature was observed among infected mice. A decrease in body weight gain was observed in infected
mice. Although the 72 hpi mean weight gain of mice infected with Lineage II was significantly lower than that
of mice infected with the other lineages (p <0.01), at the end point of the experiment (14 dpi), it was inferior
among mice infected with Lineage I (p <0.01). It is noteworthy that while infected mice gained less weight, the
livers of infected individuals were heavier than control group 72 hpi in Lineage I infected mice and 7 and 14 dpi
in mice infected with Lineage II. The difference between the infected groups was statistically significant at 14
dpi (p<0.05). At 72 hpi, the viral load of a liver sample infected with Lineage II was 3.93 x 10® copies of RNA/
ul (higher than Lineage I) and liver weight of this group was inferior compared to the other lineage, and these
characteristics may be related to differences between the strains, the time of infection at which each lineage mani-
fests symptoms, or host genetic factors. Nevertheless, more studies are necessary to generate conclusive findings.

The platelet count increased on the first three days of infection in both groups and declined subsequently.
The mean number of platelets was lower than that in the control group at 7 dpi in mice infected with Lineage I,
whereas the mean was inferior to that in the control group at 14 dpi in mice infected with Lineage II. Nonethe-
less, there was no statistically significant difference among the groups.

Similarly, the number of leukocytes increased at 72 hpi in both groups and decreased afterwards. The leu-
kocyte count of Lineage IT was higher than that of the control group at all times of infection, and at 72 hpi, the
difference between means was statistically significant (p <0.005). At seven dpi, the leukocyte count was slightly
lower in mice infected with Lineage I than in the control group, but there was no significant difference between
the infected and noninfected groups.

Regarding the HCT, the curves of the infected group presented opposite profiles. Although the HCT increased
at 72 hpi and 7 dpi in mice infected with Lineage I, the values were lower than that of the control group 14 dpi;
however, the HCT values in mice infected with Lineage IT were greater than that of the control group at 14 dpi.
Significant differences were observed in the HCT between the infected groups at 72 hpi (p <0,001). Regarding
mice infected with Lineage II, the difference was significant between the groups euthanized at 72 hpi and 14
dpi (p <0.005).

The AST and ALT levels of the Lineage I group were higher than that in the control group at all times of
infection, while the AST and ALT levels of the Lineage II group were lower than that in the noninfected mice
at 24 hpi and 48 hpi, respectively. The levels of AST and ALT peaked at 24 hpi in mice infected with DENV-2
Lineage I (rise of 28.2% and 40.8% in relation to the control group, respectively) and at 48 hpi in mice infected
with Lineage II (increase of 51.1% and 58% compared to the control group, respectively). The highest differ-
ence between the control group and Lineage IT group concerning transaminase peak levels could be associated
with the higher viral load detected in the sample infected with this lineage. Paes””* reported that AST and ALT
peaked at the same time as the viral load in liver of BALB/c mice infected with DENV-2, although a cohort study
conducted with both SD and nonsevere dengue patients did not find a correlation between viral titer and level
of liver transaminases'®. No significant difference was observed.

Histopathological alterations induced by the two lineages were focal and mostly similar, and the frequency
at which alterations were observed varied. Some changes were seen at a much higher frequency in mice infected
with Lineage I (sinusoid capillary dilation and nuclear atypia), while others were only seen in samples infected
with the other lineage (macrovesicular steatosis and hemorrhage). There was a significant difference between
the infected groups concerning the number of binucleate hepatocytes, which were higher in Lineage II-infected
samples, and hepatocyte count, which was higher in Lineage I-infected samples. Morphological changes were
mild compared to those reported in fatal cases'***, and the samples were from mice euthanized at 72 hpi. How-
ever, in mice infected with Lineage II, the livers were heavier later in the infection; thus, it would be interesting
to investigate tissue from mice euthanized at 7 and 14 dpi as well.

In addition to the circulation of viral strains of Asian origin, the current hyperendemicity of DEN highlights
the need to investigate the role of these viruses in the occurrence of severe and fatal cases. Furthermore, after the
reemergence of serotype 2 in 2017 and the consequent change in the predominance of the circulating serotype
from DENV-1 to DENV-2!!4 there was an explosion of DEN cases in Brazil in 2019, with 905,912 probable
cases reported until August''®. Thus, the establishment of experimental models for the study of this serotype is
relevant. Here, we have demonstrated that although the changes induced by the infection of the two DENV-2
strains are similar in terms of certain alterations, differences are observed in the infection timeline and intensity.

Material and methods

Ethical statements. All procedures performed in this study were approved by the Animal Ethics Commit-
tee (protocol L-041/2015) and the Human Research Ethics Committee (protocol 247/05) of Instituto Oswaldo
Cruz, Fundagao Oswaldo Cruz. All methods were carried out in accordance with the relevant guidelines and
regulations and animal experimentation was in compliance with the ARRIVE guidelines for in-vivo studies.

Virus. DENV-2 strains BR/RJ66985/2000 (GenBank #HQ012518) and BR/RJ0337/2008 (GenBank
#HQO01253), representative of Lineage I and Lineage 11*>¢ were isolated from patient sera at Flavivirus Labora-
tory, IOC, FIOCRUZ, during the epidemics of 2000 and 2008, respectively. The serotype was confirmed by indi-
rect immunofluorescence using a DENV-type-specific monoclonal antibody (3H5) and reverse transcription
polymerase chain reaction (RT-PCR)!!6117,

Viral stock. Viral stocks were prepared by inoculating 100 pl of each strain into 175 cm? cell culture bottles
containing mosquito Ae. albopictus C6/36 cell line at a concentration of 5x 10° cells/ml. Titers of both strains
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(BR/RJ66985/2000:10%¢ TCID5,/1 ml and BR/RJ0337/2008:10° TCIDs,/1 ml) were calculated by the Reed &
Muench method'*®. The viruses did not undergo any passages through the mouse brain for neuroadaptation.

Mice. For the experimental infection, two-month-old male BALB/c mice, provided by Instituto de Ciéncia
e Tecnologia em Biomodelos (ICTB) of FIOCRUZ, were used. During the animal experimentation period, the
animals were kept under controlled temperature, photoperiod, nutrition and hydration conditions.

Study design. For infection with both lineages of DENV-2 (BR/RJ66985/2000 and BR/RJ0337/2008),
BALB/c mice were inoculated by the intravenous route (IV) through the caudal vein. The inoculum volume
was 100 pl, and the viral concentration was 10,000 TCID5,/0.1 ml. The mice were anesthetized and euthanized
(0.2 ml of ketamine, xylazina and tramadol solution) at 24, 48, 72 h postinfection (hpi) and 7 or 14 days postin-
fection (dpi) according to their experimental group. Blood was sampled by cardiac puncture before euthanasia
and centrifuged in a refrigerated centrifuge (4 °C) for 10 min at 5000 rotations per minute to separate the serum
from the cellular components. Liver samples destined for morphological analysis were fixed in Millonig buffered
formalin. The samples destined for molecular studies were stored in a -80 °C freezer. Biochemical and hemato-
logical tests were carried out immediately after sample collection. Body temperature and weight were verified
preinfection and before euthanasia and at 72 hpi, 7 dpi and 14 dpi. All liver samples were weighed immediately
after harvesting, and to evaluate whether the liver weight increase was due to DENV infection and not just a
consequence of body weight gain, a ratio (100 xliver weight/body weight) between both measurements was
calculated. Noninfected mice were used as negative controls.

Body temperature. The body temperature of noninfected (n=21) and infected (n=>58/lineage) mice was
verified immediately before infection (T,) and at 72 hpi, 7 dpi and 14 dpi, and variation means (72 hpi-T,, 7
dpi-T, and 14 dpi-T,) were calculated (Fig. 9, Table 2). Temperature was determined by dipping the measuring
extremity of a digital thermometer in mineral oil and then gently inserting it into the mouse rectum for one
minute.

Body weight variation. The body weights of noninfected (n=21) and infected (n=>58/lineage) mice were
measured immediately before infection (T) and at 72 hpi, 7 dpi and 14 dpi, and the variation (72 hpi-T,, 7 dpi-T,
and 14 dpi-T,) in the mean weight was calculated (Fig. 9, Table 2).

Liver weight. Livers of noninfected (n=19) and infected (n=>52/lineage) mice were weighed immediately
and at 72 hpi, 7 dpi and 14 dpi, and the mean weight was calculated (Table 2).

Hematological analysis. For both DENV-2 lineages, 30 mice were infected. The mice were divided into
three groups of 10 animals, and each group was euthanized at different times after infection (72 hpi, 7 dpi and
14 dpi). Before euthanasia, the mice were anesthetized and blood was collected by cardiac puncture. Blood from
noninfected mice (n=10) was collected on the same day as the 14 dpi group. To avoid coagulation, samples were
stored in EDTA-coated tubes. Platelets and leucocytes were counted, and hematocrit (HCT) was measured in
collaboration with ICTB utilizing a Poch 100-iV DIFF platform (Sysmex, Kobe) (Table 3).

Biochemical analysis. For both DENV-2 lineages, 15 mice were infected. The mice were divided into three
groups of five animals, and each group was euthanized at different times after infection (24, 48 and 72 hpi). Prior
to euthanasia, the mice were anesthetized and blood was collected by cardiac puncture. Blood samples were then
centrifuged for 10 min at 5000 rotations per minute to separate the serum from the cellular components. Blood
from noninfected mice (n=5) was collected on the same day as the 72 hpi group. ALT and AST blood levels
were measured by dry chemistry testing using a Vitros 250 system (Ortho clinical—Jonhson & Jonhson) and in
collaboration with ICTB (Table 3).

Nucleic acid extraction and quantitative RT-PCR. For each DENV-2 lineage, 5 BALB/c mice were
infected and euthanized at 72 hpi. Five noninfected mice were used as a negative control. Viral RNA was extracted
from liver samples of infected and noninfected mice. Organ samples were macerated with 500 pl of Leibovitz
medium (Sigma). RNA was extracted from 140 pul of supernatant of macerated liver samples by using a QIAmp
Viral RNA mini kit (Qiagen) as described by the manufacturer’s protocol. Viral RNA quantitation was carried
out using the primers and probes DEN2-R (5-ACCATAGGAACGACACATTTCC-3) and DEN2-F (5-CAA
CGCATTGTCATTGAAGGA-3) and (FAM-5-AGGGCCTTGATTTTCATCTTACTGACAGC-3-TAMRA).
TagMan Fast Virus One-step Master Mix (Applied Biosystems) was used for the amplification reaction. Five
microliters of extracted RNA and a mix containing 12.5 ul of reaction mix, 1 ul of DEN2-F and DEN2-R primers
(Sigma), 0.75 pl of DEN2-P probe, 3.65 pl of nuclease-free water (Gibco), 1 pl of MgSO, and 0.5 pl of Super-
Script III Platinum One-Step Quantitative RT-PCR (Invitrogen) were applied to a 96-well microplate. The assay
was performed using a 7500 FAST platform (Applied Biosystems). Thermal cycling parameters were as follows:
reverse transcription at 50 °C for 15 min (min), 1 cycle of enzyme activation at 95 °C for 2 min, 1 cycle of dena-
turation at 95 °C for 15 s, 40 cycles of annealing/elongation at 60 °C for 1 min (Table 3).

Bright field microscopy. For each DENV-2 lineage, 10 mice were infected. Five noninfected mice were
used as a negative control. At 72 hpi, the mice were euthanized and liver samples were collected and fixed in Mil-
lonig buffered formalin. The samples were then dehydrated in decreasing concentrations of ethanol, clarified in
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Figure 9. Number of mice used in clinical analysis at each time of infection. T,: before infection, hpi: hours
post infection, dpi: days post infection, (*) mice euthanized at that time of infection, Lin: Lineage.

Body temperature/weight Liver weight

Ty 72hpi | 7dpi | 14dpi | 72hpi | 7dpi | 14dpi
DENV-2/Lin I 58 58 30 15 22 15 15
DENV-2/Lin IT 58 58 30 15 22 15 15
Negative Control | 21 21 13 13 19
Total 137 123

Table 2. Number of mice used for clinical analysis and liver weight analysis. T: before infection, hpi: hours
post infection, dpi: days post infection, Lin: Lineage.

Histopathology/qRT-PCR | Hematological analysis | Biochemical analysis
N =130 mice 72 hpi 72hpi |7dpi | 14dpi |24hpi |48hpi |72 hpi
DENV-2 Lin I 10 10 10 10 5 5 5
DENV-2 Lin II 10 10 10 10 5 5 5
Negative control | 5 10 5
Total 25 70 35

Table 3. Number of mice used for histopathological, hematological and biochemical analysis and viral RNA
quantification. hpi: hours post infection, dpi: days post infection, Lin: Lineage.

xylene and embedded in paraffin. Tissue Sects. (5 pm thick) were obtained using a microtome and stained with
hematoxylin and eosin (H&E) for posterior analysis with a bright field microscope (AxioHome, Carl Zeiss). All
procedures were performed in collaboration with Pathology Laboratory, IOC/FIOCRUZ (Table 3).

Histomorphometry. The morphometric analysis goal was to quantify the number of binucleated hepato-
cytes as well as the total number of hepatocytes in each group of mice. Fifteen glass slides containing histological
sections of liver of BALB/c mice euthanized at 72 hpi and stained with H&E (five from noninfected mice, five
from mice infected with each lineage) were analyzed. Thirty images of random areas were captured at 40 x mag-
nification using a digital camera coupled to a bright field microscope (AxioHome, Carl Zeiss). Cells from a total
of 450 areas were counted. The values obtained were then compiled by group, and the mean was calculated.

Statistical analysis. A database was constructed with the data collected during the experiment. T-tests
were performed using SPSS 25 software (IBM) and graphics were constructed using GraphPad Prism 8.0.1 soft-
ware. P values of p<0.05 were considered statistically significant.
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