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Secondary dengue infection in immunocompetent murine
model leads to heart tissue damage
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Summary. - Dengue, considered the most important arthropod-borne viral disease affecting humans, is
transmitted by the bite of mosquitoes of the genus Aedes and caused by one of the four distinct serotypes of
dengue virus (DENV-1, -2, -3 and -4). Infection with one of the four serotypes provides lifelong homotypic
immunity. However, immunity against the heterologous serotypes is transient. As a consequence, secondary
infection may lead to severer manifestations due to cross-reactivity of antibodies and T-cells. Over 500,000
people are hospitalized every year and around 2,5 million, living in endemic areas, are at risk of infection. Given
the background, the development of vaccines and anti-DENV drugs is of the utmost importance, as is the char-
acterization of an animal model for testing them. The purpose of this study was to investigate ultrastructural
alterations caused by DENV secondary infection in BALB/c mice heart. To achieve our goal, six BALB/c mice
were infected with DENV-1 and, 4 months later, reinfected with DENV-2. Uninfected mice were used as negative
controls. Heart samples were collected and processed for ultrastructural and histopathological analysis. Our
results showed edema, endothelium activation characterized by the presence of transport vesicles, free platelets
in interstitium, mitochondria presenting rarefied matrix and degenerated cristae, and disorganization of muscle
fibers. These results point not only to BALB/c mice susceptibility to DENV infection, but also to the fact that,
although it is not an often reported occurrence, dengue can lead to heart damage.
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Introduction

Dengue (DEN), considered the most important human
arbovirosis by the World Health Organization (WHO,
2016), is the leading cause of disease and death in tropics
and subtropics, and represents a serious economic burden
(WHO, 2016; Shepard et al., 2016). According to the Centers
for Disease Control and Prevention (CDC, 2012), one third
of the world’s population lives in areas at risk for infec-
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Abbreviations: CDC = Centers for Disease Control and Preven-
tion; DEN = dengue; DENV = DEN virus; ECs = endothelial cells;
VLPs = virus-like particles; WHO = World Health Organization

tion. DEN is caused by one of the four distinct serotypes of
dengue virus (DENV-1, -2, -3 and -4), and is transmitted
by mosquitoes of the genus Aedes (Gubler, 2002). DENV
are enveloped viruses, presenting icosahedral symmetry.
Their genome is a positive-sense, single-stranded RNA,
constituted of approximately 11,000 nitrogen bases, which
encodes three structural (E, prM and C) and seven non-
structural (NS) proteins, only seen within infected cells (NS1,
NS2A, NS2B, NS3, NS4A, NS4B and NS5) (Rice et al., 1985;
Lindenbach and Rice, 2003). Infection with one of the four
serotypes provides lifelong homotypic immunity. However,
immunity against the heterologous serotypes is transient
(Sabin, 1952). As a consequence, secondary infection may
lead to severer manifestations of DEN due to cross-reactivity
of non-neutralizing antibodies and/or proliferation of low-
affinity T-cells (Mathew and Rothman, 2008; Duangchinda
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et al., 2010; Remmy, 2014). Currently, there is no available
treatment for DEN and the only way to prevent infection is
avoiding the bite of Aedes mosquitoes in endemic areas (CDC,
2012). Therefore, characterization of animal models is of
great relevance for better understanding DEN pathogenesis,
as well as testing of vaccines and anti-viral drugs (Guz-
man et al., 2010). Dengue presents a wide range of cardiac
manifestations. However, the outcome is frequently benign.
It is not known if involvement of heart is a direct effect of
viral infection of cardiac cells or caused by cellular immune
responses and cytokine mediators released by different
target tissues. Rhythm disturbance, raised levels of creatine
kinase-MB and troponin I, acute myocardial infarction,
acute pericarditis and third-degree atrioventricular block
are among alterations associated with the disease (Warke
et al., 2003; Arora and Patil, 2016; Ku and Yu, 2016; Virk et
al., 2016). Studies carried out by Barreto et al. reported that
immunocompetent BALB/c mice, when infected with non-
neuroadapted DENV, present viremia as well as clinical signs
such as tremor, diarrhea and increased body temperature. In
addition, tissue alterations, similar to the ones seen in human
cases of DEN, were observed in organs where viral genome
was detected (Barreto et al., 2004, 2007, 2009, 2015; Barth
et al., 2006; Jacome et al., 2015). Moreover, analysis of heart
samples of mice infected with DENV-2 showed platelets,
edema and mononuclear inflammatory cells in capillaries
and in tissue interstice and signs of endothelium activation
(Jacome et al., 2015). This paper reports histopathological
and ultrastructural alterations found in heart samples of
BALB/c mice infected with DENV-1 and reinfected with
DENV-2 or -3.

Materials and Methods

Ethical statement. All procedures performed during this study
were approved by the Animal Ethic Committee (protocol LW-
50/11) and the Human Research Ethic Committee (protocol 247/05)
of Funda¢ido Oswaldo Cruz (Fiocruz).

Virus. DENV-1 (BR/RJ70145/2008), DENV-2 (BR/RJ66985/
2000) and DENV-3 (BR/R]J289/2008) strains, kindly provided by
Flavivirus Laboratory (Oswaldo Cruz Institute, Fiocruz) were iso-
lated from serum samples of patients. Serotypes were confirmed by
indirect immunofluorescence, using DENV-type-specific monoclo-
nal antibodies (DENV-1: 15F3, DENV-2: 3H5 and DENV-3: 8A1),
and qualitative real-time polymerase chain reaction (Lanciotti et
al., 1992). Virus stock was prepared by inoculating 100 pl of each
strain into cell culture bottles containing mosquito Aedes albopictus
cell line (C6/36) at a concentration of 5x10° cells/ml. Titers of the
3 strains (DENV-1:107.5 TCIDSO/ml, DENV-2:106.66 TCIDSO/ml
and DENV-3: 108.23 TCID, /ml) were calculated by the Reed &
Muench method (1938). The viruses did not undergo any passages
through mice brain for neuroadaptation.

Mice. Two-month-old, male BALB/c mice, weighting about
25 g, provided by ICTB (Fiocruz animal breeding center), were
kept under controlled temperature, photoperiod, nutrition and
hydration conditions during the experiment.

Experimental design. For histopathological studies, ten mice at
two months of age were first infected by the intravenous (iv) route
with DENV-1. Four months later, five mice were reinfected, also by
the iv route, with DENV-2 and five, with DENV-3. Five uninfected
mice were used as negative control. Seventy-two hours after second-
ary infection, the mice were anesthetized with pentobarbital sodium
and euthanized for harvesting. Samples were fixed by immersion in
Millonig s fixative. During the period between first infection and
euthanasia, the animals were observed for identification/detection
of clinical signs, such as temperature, tremors, petechiae caused by
infection. For ultrastructural studies, six mice at two months of age
were first infected with DENV-1 by the iv route. Reinfection was
carried out four months after primary infection. Three mice were
inoculated with DENV-2 and three, with DENV-3. Four nonin-
fected mice were used as negative control. Seventy-two hours after
the secondary infection, mice were anesthetized with pentobarbital
sodium, fixed by perfusion with 4% paraformaldehyde in 0.2 M
sodium phosphate buffer and euthanized. Harvested samples were
fixed by immersion in 2% glutaraldehyde in 0.2 M sodium caco-
dylate buffer. Inocula volume was 100 pl and viral concentration
was 20,000 TCID, /0.1 ml for DENV-1, 2,000 TCID, /0.1 ml for
DENV-2 and 125,000 TCIDSO/O.I ml for DENV-3.

Histopathology. Heart samples, previously fixed in Millonig's
fixative, were dehydrated in increasing concentrations of ethanol
and embedded in paraffin. Sections (5 um thick) were stained with
hematoxylin and eosin and analyzed using a Zeiss Axiophot light
field microscope.

Transmission electron microscopy. Heart samples were processed
as described by Barreto-Vieira (2010). Briefly, samples were fixed
by immersion in 2% glutaraldehyde diluted in sodium cacodylate
buffer (0.2 M, pH 7.2), cut into smaller fragments (~1 mm?),
post-fixed in 1% osmium tetroxide and dehydrated in increasing
concentrations of acetone. Subsequently, samples were embedded
in Epoxy resin (Electron Microscopy Sciences, USA). For light
microscopy, semithin sections (0.5 pm) were stained with meth-
ylene blue and azure II and analyzed using a Zeiss PrimoStar light
microscope. Ultrathin sections were stained with uranyl acetate
and lead citrate and analyzed using a Jeol JEM 1011 transmission
electron microscopy.

Results

In order to mimic secondary infection, BALB/c mice were
infected with DENV-1 and reinfected, four months later,
with either DENV-2 or -3. No mice died in the course of this
experiment. They were all euthanized 72 h post-reinfection.
Clinical signs, such as petechiae, tremors or diarrhea, as well
as neurological signs, such as paralysis, were not observed,
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Fig. 1

Heart of uninfected BALB/c mice
Note organized fibers (*), erythrocytes (red arrow) within integral capil-
laries (C), nucleus (N).

however, on the tenth day after primary infection, all animals
presented bristly fur.

The micrographs presented are representative of altera-
tions seen in heart samples of BALB/c mice infected with
DENV-1 and reinfected with DENV-2 or -3. Samples from
control mice did not show alterations observed in infected
samples (Fig. 1). Tissue alterations observed in animals
reinfected with either DENV-2 or DENV-3 were similar.
Our histopathological analyses showed focal alteration,
mainly, vascular congestion (Fig. 2a,b,c), mononuclear cells
(Fig. 2¢) and erythrocytes (Fig. 2a-d) free in the interstice.
Ultrastructural studies also revealed focal alterations: fluid
accumulation was seen in capillaries, mononuclear cells
were found free in the interstice (Fig. 3a) and cardiomyo-
cyte mitochondria showed crista degeneration (Fig. 3c).
Observed endothelial cells (ECs) seemed integral, presenting
unaltered junctions (Fig. 3a-b), although some of them were
swollen due to the presence of numerous vesicles within the
cytoplasm (Fig. 4c). Additionally, intense membrane vesicle

Fig. 2

Heart of BALB/c mice infected with DENV-1 and reinfected with DENV-2 or DENV-3 shows focal histopathological alterations
(a, b and ¢) Vascular congestion (VC). (a and d) Erythrocytes free in the interstice (circled area). (c) Mononuclear cells (arrowhead) in the interstice.

Capillary (C). [Reinfection. 2a, b, d: DENV-2; 2c: DENV-3].
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Fig. 3

Heart of BALB/c mice infected with DENV-1 and reinfected with DENV-2 shows focal ultrastructural alterations
(a and b) Organized fibers (*), capillary with unaltered endothelium (arrow), mononuclear cells (IC) free in the interstice. (b) Capillary showing intact
endothelial junctions (EJ/circled area) and presenting fluid accumulation (edema) (E). (c) Mitochondrion (m) showing degeneration of its cristae (red
arrows). Endothelial cell (EC), nucleus (N), sarcomere (S).

trafficking between ECs and cardiomyocytes (Fig. 4a-b) as  cardiomyocytes (Fig. 5c-d). The aforementioned alterations
well as degranulated platelets adhering to capillary wallsand ~ are commonly seen in cases of heart involvement during the
cardiomyocytes (Fig. 5a-b) could be observed, and virus-  course of DENV infecton.

like particles (VLPs) were seen in the interstice between
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Endothelial cells from heart of BALB/c mice infected with DENV-1 and reinfected with DENV-2 show signs of activation and swelling
(a and b) Intense membrane vesicle trafficking (arrows) between endothelial cells (EC) and cardiomyocytes (C). Mitochondria (m), fibers (*).

Fig. 5

Platelet adhesion and virus-like particles (VLPs) in heart samples from BALB/c mice infected with DENV-1 and reinfected with DENV-2
(a) Degranulated platelet (p) adhered to capillary (C) wall. (b) Platelet (p) adhered to cardiomyocytes. (c and d) (magnification of 5¢ area) VPL (red ar-
rows) located in space among cardiomyocytes. Mitochondria (m), sarcomere (S), endomysium (¥).
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Discussion

DEN presents a wide range of clinical manifestations with
unpredictable outcome (Shepard et al., 2016) and, although
the most frequently affected organ is the liver (Pévoa et al.,
2014), DENV has been detected in other organs as well (Jes-
sie et al., 2004; Lima et al., 2011). Whilst cardiac manifesta-
tions during DEN are among the least common ones, when
present, they are often associated with severe forms of DEN.
The most commonly seen cardiac impairment is myocarditis
(Satarasinghe et al., 2007; Lee et al., 2009; Salgado et al., 2010;
Weerakoon et al., 2011; Arora and Patil, 2016), which may
be caused by indirect effect of cellular immune responses
or cytokine mediators released from other DENV target
tissues (Warke et al., 2003). However, studies carried out by
Salgado et al. (2010) suggest that cardiac muscle dysfunction
associated with DEN is the direct result of DENV infection
of myocytes. Patients with primary and secondary DENV
infection may develop severe cardiac dysfunction such as
hypotension and arrhythmia (Kularatne et al., 2007; Sheetal
et al., 2016). Cardiac rhythm disorders observed during
course of infection are atrioventricular blocks, atrial fibril-
lation, sinus node dysfunction and ectopic ventricular beats
(Chuah, 1987; Khongphatthallayothin et al., 2000; Veloso
et al., 2003; Promphan et al., 2004). In order to assess the
suitability of BALB/c mice as a model for studying cardiac
involvement caused by DEN secondary infection, we were
interested in seeing whether the morphological changes
present in heart of infected mice could be associated to
cardiac disorders seen in DEN patients. In our samples,
mononuclear cells were seen infiltrated in the interstice, such
findings are in accordance with DEN myocarditis reports
(Shah, 2007; Lee et al., 2010; Marques et al., 2013; Pévoa et
al.,2014). VLPs were observed in our samples, and, although
it is not clear whether myocarditis is the direct effect of
DENYV infection of myocytes or indirectly caused by im-
mune response mediated by cytokines, DENV-like particles
were seen within cardiomyocytes of BALB/c mice infected
with DENV-2 (Jacome et al., 2015). Thus, previous studies
have confirmed the presence of DENV in human cardiac
cells by detecting either the viral genome or the viral antigen
(Jessie et al., 2004; De Aradjo et al., 2009; Lima et al., 2011;
Pé6voa et al., 2014). Our results also show mitochondrial
alterations characterized by degeneration of mitochondrial
cristae. Ultrastructural analyses of fatal cases carried out by
Pévoa (2014) also evidenced mitochondrial alterations as
well as pycnotic nucleus, which suggest apoptotic process of
cardiac fibers. Moreover, necrosis of myocardial fibers was
observed in heart samples of DEN patients (Guadalajara-
Boo et al., 2014). DENV has the ability to infect human
ECs as demonstrated by previous studies (Jessie et al., 2004;
Pévoa et al., 2014). In addition, it has been reported that
a significant increase in number of infected hepatic ECs

in a murine model for antibody dependent enhancement
coincides with the onset of severe disease (Zellweger et al.,
2010). Severe dengue disease is associated with extensive
involvement of endothelium (Basu and Chaturvedi, 2008),
however, morphological alterations are seldom reported
(Chanthick et al., 2016). Our results show erythrocytes
and inflammatory cells free in the interstice, which sug-
gests endothelial permeability and corroborates findings
of Yu and colleagues (1989), who analysed samples of skin
eruptions of DEN patients. We did not see any evidence
of plasma leakage, a common feature of more severe cases
of DENV infection (WHO, 2009), however, we observed
a number of capillaries presenting fluid accumulation.
Our samples presented no severely damaged ECs, and the
endothelial junctions we observed were intact. Swelling of
few ECs was noted. These conditions were also observed
in samples of capillaries in skin biopsies (Sahaphong et
al., 1980). Sahaphong’s results showed gap formations in
vascular wall as well. Intense vesicle trafficking between
ECs and cardiomyocytes was often observed and it has been
pointed out that transcellular hyperpermeability may play a
role in the pathogenesis of plasma leakage in severe forms
of DEN (Myers and Wegner, 2017). Prominent increase in
pinocytic vesicles in cytoplasm of endothelial cells was seen
by Sahaphong and colleagues (1980). Thus, swelling of ECs
seen in our samples resulted from the presence of numerous
vesicles within cytoplasm, which may occur due to increase
of caveolae-mediated albumin transcytosis in this cell type
during DENV infection (Chanthick et al., 2016).

Thrombocytopenia is a hallmark for both mild and more
severe forms of DEN (Hottz et al., 2011). This condition
may be caused by infection of bone marrow hematopoietic
cell populations, which reduces their proliferative capacity
(Nakao et al., 1989; Basu and Chaturvedi, 2008), or destruc-
tion of platelets from peripheral blood due to lysis by the
complement system and involvement of antiplatelet anti-
bodies, or formation of platelet-EC and platelets-leucocyte
aggregates (Azeredo et al., 2015). Our samples showed what
could be the beginning of platelets-EC aggregation. Platelet
showed signs of destruction, evidenced by cytoplasmic
loss. Moreover, observed platelets presented degranulated
cytoplasm, which, according to Ghosh (2008), is a sign of
activation and supports statements of platelets activation
during DENV infection (Hottz et al., 2014; Jeewandara et
al., 2015).

Conclusions

Our results show that secondary infection of immuno-
competent BALB/c mice with DEN results in heart tissue
alterations similar to the ones observed in human cases of
the disease and that although it is not a common hallmark of
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DENV infection, cardiac involvement should be taken into
consideration during DEN patient management.
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