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A B S T R A C T

During a pathogenic infection, an inflammatory process is triggered in which several inflammatory mediators,
such as cytokines, chemokines, growth factors, complement system components, nitric oxide, and others induce
integrity alteration on the endothelial barrier. Chemokines are responsible for regulating leukocyte trafficking
under homeostatic conditions as well as activating immune system cells under inflammatory conditions. They
are crucial molecules in the early stages of infection, leading to the recruitment of immune cells, namely neu-
trophils, monocytes, natural killer (NK) cells, natural killer T cells (NKT), dendritic cells (DC), T lymphocytes and
all cells expressing chemokine receptors for inflammatory sites. Other functions, such as collagen production,
tissue repair, a proliferation of hematopoietic precursors and angiogenesis, are also performed by these mole-
cules. Chemokines, amongst inflammatory mediators, play a key role in dengue immunopathogenesis. Dengue
fever is a disease caused by the dengue virus (DENV). It is characterized by a broad spectrum of clinical man-
ifestations ranging from asymptomatic cases to mild and severe symptomatic ones. As for the latter, the ap-
pearance of hemorrhagic manifestations and changes in vascular permeability may lead the patient to develop
cavitary effusions, organ involvement, and even death. As chemokines exert an influence on various homeostatic
and inflammatory processes, acting vigorously on vascular endothelial activation and cell migration, the main
purpose of this chapter is to discuss the influence of chemokines on the alteration of endothelial permeability
and migration of T lymphocytes in DENV infection.

1. Immunopathogenesis of dengue: a brief review

1.1. Dengue virus

Dengue is considered a serious public health issue, stading within
the 17 most neglected tropical diseases [1,2]. There is a hyper-en-
demicity of multiple dengue virus serotypes in many countries and the
alarming impact both on human health and on global and national
economies [3]. The World Health Organization (WHO) estimated a
total of 390 million dengue infections per year, in which 96 million
manifests clinically [4], with a 3.9 billion people prevalence, in 128
countries, at risk of infection [5]. According to the 2016 Global Burden
of Disease Study, there was a significant increase in mortality from
dengue between 2006 and 2016; from 20,800 deaths in 2006 to 37,800
deaths in 2016, whereas age-standardized rates increased from 0.3
deaths per 100,000 in 2006 to 0.5 deaths per 100,000 in 2016 [6].
Dengue epidemics have been expanding from tropical to subtropical
regions in recent decades, partly fueled by urbanization and travel

[7–9]. Dengue is now endemic in regions of Africa, the Americas,
Eastern Mediterranean, Southeastern Asia and the Western Pacific. The
Americas, Southeastern Asia and Western Pacific are the most seriously
affected [3].

Dengue is a vector-borne viral acute infection caused by the dengue
virus (DENV). The virus belongs to the Flaviviridae family which com-
prises a wide diversity of arboviruses of great impact for the world
health, such as Yellow Fever virus (YF), Saint Louis Encephalitis virus
(SLEV), West Nile virus (WNV) and the Zika virus (ZIKV) [10,11]. Since
the isolation of the first DENV serotype in 1943, four antigenically
distinct serotypes (DENV-1–DENV-4) are known with approximately
67–75% structural homology between them [12,13]. It is widely ac-
cepted that an infection by any serotype offers immunity to disease due
to that same serotype, but only short-term heterologous immunity to
other serotypes. In addition, a secondary infection is more likely to take
place with more severe symptoms than the primary infection. Never-
theless, how exactly the previous infection history modulates the risk of
subsequent infection outcome is not entirely clear, partly because of the
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difficulty in using the current methodology in retrospectively de-
termining the entire individuals’ infection history [14]. Differences
between serotypes confer different genotypes. Five DENV-2 genotypes
(Asian 1, Asian 2, Asian/American, American, Cosmopolitan and Wild)
and four DENV-4 genotypes (I -III and Wild) are reported in the lit-
erature [15]. All serotypes are transmitted by female mosquitoes from
genus Aedes, through their bite, in a human-mosquito-human cycle.
DENVs are enveloped icosahedral viruses consisting of a single-strand,
positive-sense RNA molecule of approximately 11 kb with a single open
reading frame encoding a polyprotein that, when processed by viral
proteases and cellular, gives rise to three structural proteins: capsid [C],
Membrane [M] / transcribed in the form of its precursor [prM] and
envelope [E] as well as seven primordial non-structural proteins for
viral replication process: NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5.
The infectious (mature) viral particle is approximately 50 nm long in
diameter and contains the structural proteins C, M, E and the RNA
genome [16].

1.2. Clinical manifestations of dengue

Dengue has a wide spectrum of clinical manifestations, often with
unpredictable clinical outcome. Most patients have a mild, self-limited
febrile condition. A small proportion progresses to the severe form of
the disease, characterized by plasma extravasation and/or hemorrhage,
which may evolve into shock [17]. There is no specific treatment for
dengue and clinical management is aimed at symptom relief, fluid re-
placement and administration of analgesics following the re-
commendations of the WHO [3].

Until 1997, DENV infections were grouped into categories according
to patients' clinical status: Dengue Fever (DF) and Dengue Hemorrhagic
Fever (DHF). DHF was subdivided into four degrees of severity, with
grades III and IV being defined as Dengue Shock Syndrome (DSS). With
the spread of dengue in the world, it became evident that such classi-
fication was not applicable to all regions of the globe. In 2009, the study
conducted by TDR/WHO (World Health Organization's Training and
Research Program on Communicable Diseases) compared the clinical
guidelines for the disease in different countries in order to evaluate
variations of its classification in Latin America and Asia. The results
suggested the need for new guidelines standardization. Thus, from 2009
the WHO adopted new classification criteria and divided the disease’s
clinical picture into dengue fever without (DF) or with signs of alarm
(DFWS) and severe dengue fever [18]. A study by Barniol and collea-
gues in 2011 [19] compared the 1997 and 2009 classifications and
came to the conclusion that the 1997 classification applicability was
limited, since 13.7% of the evaluated cases did not fit into any of the
DF, DHF and DSS frames, whilst in the current 2009 ranking, only 1.4%
did not fit it.

Dengue symptoms begin abruptly, following three phases: acute,
critical and recovery/convalescence. The acute phase lasts from 2 to7
days and is characterized by high viraemia, fever, and may present
several symptoms, such as arthralgia, headache, retroorbital pain,
diarrhea, facial erythema, myalgia, nauseas, and vomit. At this stage,
the positive loop test is an important finding for the differential clinical
diagnosis [20]. Other frequent laboratory findings are leukopenia and
thrombocytopenia [21]. After the febrile period, most of the patients
present clinical improvement, recovering in the defervescence phase.
However, during the critical phase, a small portion of the patients may
develop worsening of the clinical condition [18]. The critical phase
occurs in the period near the recovery phase (24–48 h), where there
may be an increase in plasma extravasation, resulting in metabolic
acidosis, disseminated intravascular coagulation (DIC), hypovolemic
shock (caused by loss of blood volume), organs’ insufficiency and severe
bleeding. They are manifestations accompanied by the marked increase
in hematocrit leve as well as leucopenia and thrombocytopenia. In
general, after this period the patient goes to a phase of rapid clinical
improvement, defined as the convalescence phase. The recovery/

convalescence phase is defined by the disappearance of clinical signs,
restoration of normal platelet, leukocyte and hematocrit levels and
gradual reabsorption of extravascular fluid. Notwithstanding, compli-
cations such as encephalopathy, bradycardia and, in rare cases, myo-
carditis and encephalitis may appear [22].

2. Immunological mechanisms enrolled in immunopathogenesis
of dengue

Immunological clearance of DENV in vivo is coordinated by immune
cells and immunological mechanisms. These include innate immune
responses elicited by immune sentinels, including dendritic cells (DCs),
Langerhans cells (LCs), macrophages and mast cells (MCs) directly in-
fected with DENV at the mosquito bite site on the skin [23,24].
Moreover, the recruitment of cytotoxic cells subtypes, including natural
killer (NK) cells and natural killer T (NKT) cells are involved in the
production of type I and type II interferons, thus leading to direct killing
of DENV-infected target cells [25–27]. Nevertheless, the induction of
adaptive immunity, involving multiple antibodies’ subclasses and var-
ious B and T cells subsets, may contribute to the resolution of primary
infection, preventing symptomatic infection by homologous DENV
strains during secondary infection [28]. We will briefly discuss how the
adaptive immune response to DENV may contribute to the pathological
responses.

Humans can acquire symptomatic DENV infection more than once
in life, due to the circulation of four antigenically distinct serotypes,
DENV1-DENV4. There is a consensus that antibodies (IgM and IgG) are
likely to be critical effectors in viremia resolution and long-term im-
munity against DENV, a complex of four serotypes [29,30]. Immune
memory responses are neutralizing and largely protective of same ser-
otype viruses upon re-exposure. However, they are also cross-reactive
against all 4 serotypes for only 2–3 months, after which the protection
is specific to a given serotype [31]. When short-term cross-protection
decreases, secondary DENV-infected patients showed an increased risk
of severe disease [32], although this risk has not been observed uni-
versally [33]. The underlying mechanism for increased disease severity
is explained by antibody-dependent enhancement (ADE).

First postulated by Hawkes in 1964 [34] and then by Halstead and
colleagues [35,36], this model states that cross-reactive antibodies or
sub-neutralizing concentrations of antibodies bind heterologous DENV
to facilitate virus entry through FcγRII receptors expressed on target
cells, such as monocytes and macrophages [36,37], as well as basophils
and mast cells [38]. Mechanistically, ADE (Antibody-dependent en-
hancement) is a more efficient pathway for viral entry than cognate
receptor-mediated endocytosis [39]. Moreover, virus-host interaction
during ADE also enables the virus to evade host antiviral and immune
responses which would otherwise limit infection [39,40]. Collectively,
ADE thus results in a greater burden of infection that induces im-
balanced pro-inflammatory and anti-inflammatory responses [41],
which are thought to promote capillary endothelial pathology and
vascular leakage [42]. This mechanism was also observed with anti-
prM antibodies considered to be potent inducers of ADE. As mature
viral particles do not express the prM protein, such particles are not
neutralized by the specific prM antibodies. Partially mature viral par-
ticles are also generated and, by expressing the prM protein, they can be
neutralized by specific prM antibodies [43]. In addition, antibodies
against E proteins domains I and II and DENV NS1 protein are ADE
inducers. Hence, preexisting IgG cannot exclusively predict the severity
of the disease or more, the risk of ADE is not universal among all sec-
ondary DENV infections, but only in those who had baseline preinfec-
tion antibodies within a narrow range of titers [44,45]. Indeed, at the
lower range of antibody concentrations, the DENV bound to the anti-
body will co-bind the more abundantly expressed activating Fc re-
ceptors, increasing viral entry into target cells [46]. Under other con-
ditions, high concentrations of antibodies will form larger viral
aggregates to co-bind the less abundant inhibitory Fcγ receptor, FcγRIIB
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[47]. FcγRIIB signals inhibit phagocytosis, thus reducing viral entry
into target cells [46]. Interestingly, Syenina et al. [48] showed that
mast cells activation can be augmented by preexisting DENV-specific
IgG that is dependent not on enhanced virus replication, but on FcγR-
mediated augmented mast cells degranulation responses. Consequently,
preexisting in vivo IgG during a natural infection IgG can enhance both
mast cells degranulation and mast cells-dependent vascular leakage.

Several lines of evidence suggest that both CD4+ and CD8+ T cells
are involved in resolving DENV infection. First, for specific serotypes,
CD4+ and CD8+ T cell responses are observed in humans with pri-
mary DENV infection [49,50]. Secondly, DENV NS3-specific human
CD4+ T cells proliferate, producing IFN-γ and lyse infected target cells
[50,51]. Third, CD8+ T cells specific for NS1, NS3 and E can destroy
infected target cells [25], suggesting that serotype-specific T cells are
activated and functional in humans with primary DENV infection.
Furthermore, higher frequencies of DENV-specific IFNγ-producing T
cells are present in children who subsequently develop subclinical in-
fection compared to those who develop symptomatic secondary DENV
infection [52]. However, similarly to antibody responses, T cell re-
sponses may potentially exacerbate the immune pathology [53–55]. It
has been proposed cross reactive T cells raised against the original in-
fecting serotype dominate, during a secondary heterologous infection, a
phenomenon that has been coined “original antigenic sin”. This term
was first applied to the humoral response to influenza epidemics
[56,57] and has also been observed in CD8+ T cell responses against
lymphocytic choriomeningitis virus (LCMV) [58]. This hypothesis
postulates that, during secondary infection expansion of pre-existing,
lower avidity, cross-reactive memory T cells dominate the response
over naive T cells that are of higher avidity for the new DENV serotype.
It is further hypothesized that peptide variants derived from the sec-
ondary infection serotype can induce a response that is qualitatively
different from the response induced by the original antigen, such as
inducing a different pattern of lymphokine production [54,59]. None-
theless, this hypothesis conflicts with the observation that heterologous
T cell responses are not always needed to produce DHF in infants. In-
deed, a study has shown a temporal mismatch between the CD8+ T cell
response and commencement of capillary leakage, suggesting that
CD8+ T cells are not responsible for early capillary leakage triggering
in children with DHF [60]. Furthermore, studies have shown that dif-
ferent HLA alleles are associated with differential magnitude of anti-
DENV responses as well as HLA alleles associated with increased risk of
severe disease with DENV are associated with weaker CD8+ responses
[61–64]. Thus, the absence of a multifunctional T cell response linked
to individuals carrying non-protective HLA alleles, may be responsible
for the immune pathogenesis linked in these individuals [65].

Finally, the Cytokine Storm described in 1993 by Ferrara et al. [66]
associated a deregulated production of cytokines and chemokines such
as IL-1β, IL-6, TNF and CXCL8/IL-8 to the development of graft-versus-
host disease. Since then, the Cytokine Storm theory has been linked to a
variety of infectious diseases (eg Cytomegalovirus, Epstein-Barr, Influ-
enza, Smallpox, SARS) and non-infectious diseases (eg multiple
sclerosis, pancreatitis, multiple dysfunction of organ, sepsis) [67].

3. Chemokines on alteration of vascular endothelium in dengue

3.1. Chemokines and their receptors: a brief review

Chemokines are low molecular weight proteins (7–12 kDa), con-
stituting the largest family of cytokines. They are responsible for reg-
ulating of leukocyte traffic under homeostatic conditions as well as
activating immune cells under inflammatory conditions, besides ex-
erting several functionalities, such as collagen production, tissue repair,
a proliferation of hematopoietic precursors and angiogenesis [68,69].
They are crucial molecules in early stage of infections and are generally
produced after the onset of an infectious process in response to the
activation of pattern recognition receptors (PRRs) by epithelial, stromal

and immune cells. Chemokines lead to the recruitment of several im-
mune cells, such as neutrophils, monocytes, natural killer (NK) cells,
natural killer T cells (NKT), dendritic cells (DC) and all those which
express chemokine receptors [70,71]. Currently, 50 distinct chemokine
molecules are described and classified based on their structural orga-
nization in 4 subfamilies: C, CC, CXC and CX3C, according to cysteine
residue positions (C) and the amino acid residues (X) present in its
structure. According to their functionality, they can also be classified
into 3 subfamilies: homeostatic, proinflammatory and mixed [71,72].

Proinflammatory chemokines (e.g. CCL2/MCP-1, CCL5/RANTES
and CXCL8/IL-8) are produced by leukocytes and tissue cells in re-
sponse to different stimuli, such as during pathogen-induced infectious
processes, mechanical damage or released toxins by cellular compo-
nents. Chemokines are chemoattractants of leukocytes to the inflamed
region, contributing to the restoration of homeostasis [73]. However,
homeostatic chemokines (e.g. CCL19/ELC, CCL21/SLC and CXCL13/
MIP-3) are constitutively expressed by leukocytes and other cell types.
They regulate cell the migration and their positioning. CCL19/ELC and
CCL21/SLC chemokines, produced in lymph nodes, induce migration of
immature dendritic cells expressing CCR7 from the dermis to regional
lymph nodes [74]. Mixed chemokines (eg, CCL21/SLC, CCL27/CTACK
and CXCL1/GRO-α) may assume homeostatic and proinflammatory
functions, varying according to the tissue location in which it is se-
creted. For example, CCL27/CTAK is constitutively expressed in the
skin and can also be induced during cutaneous inflammation, mediating
T cell traffic [75].

Chemokine receptors belong to the ɣ-serpentine receptors sub-
family, displaying 7 transmembrane domains coupled to a heterotrimer
G protein. Twenty chemokine receptors are currently described. These
receptors are present in all immune system cells as well as in other cell
types, such as tumor ones [72]. Chemokine receptors can be grouped
according to the presence or absence of an amino acid sequence: As-
partate-Arginine-Tyrosine-Leucine-Alanine-Isoleucine-Valine (DRY-
LAIV), positioned at the end of the transmembrane domain III of re-
ceptor, essential for the G protein coupling. This sequence is essential
for the receptor signaling cascade initiation, thus activating several
modified phospholipid enzymes, such as phosphatidyl inositol-3-kinase
(PI3K), phospholipases A2 (PLA2) and D (PLD), tyrosine kinases (PTK)
and proteins mitogen-activated kinases (MAPK). Binding-receptor in-
teraction also leads to the activation of some low molecular weight
molecules, such as Rac, Rho and cdc42, involved in cell migrating
process. Interestingly, chemokines’ and their receptors’ interaction are
quite "promiscuous," with a linker having the ability to bind to different
chemokine receptors [76].

There is a second group of chemokine receptors lacking the
DRYLAIV motif. Therefore, they do not signal through G proteins, thus
not not inducing cell migration. The main functionality of these re-
ceptors is binding many chemokines with high affinity and, via β-ar-
restin signaling, mediate internalization of receptor-bound ligands and
the degradation of chemokines [77]. Such receptors comprise chemo-
kine receptors which have been described as scavengers, decoys, or
chemokine-binding proteins. After a recent update of the chemokine
receptor nomenclature, this subclass is now designated the atypical
chemokine receptors (ACKRs) [71,76].

3.2. Participation of chemokines on cell migration

During the inflammatory process, neutrophils, monocytes, macro-
phages, immature dendritic cells and NK cells can be found at the initial
site of inflammation. Expression of chemokine receptors and adhesion
molecules on the immune cells provide these populations’ recruitment
to target regions during the inflammatory process [70,73]. The initial
stage of cell migration occurs through the interaction of leukocytes with
activated endothelial cells of the venules near the inflamed region. The
endothelium is then activated via pro-inflammatory mediators such as
TNF-α and IL-1β produced by resident antigen presenting cells, infected
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cells and / or neighboring cells. Thus, the endothelium increases ad-
hesion expression molecules such as E-selectin (CD62E) and leukocytes
increase P-selectin expression (CD62P), inducing cell adhesion to the
endothelium. However, this adhesion is not strong enough to contain
blood flow and it is constantly broken, leading to the rolling of these
cells on the endothelium. In this step, in addition to chemotaxis in-
duction, chemokines promote increased affinity of integrins, such as
VLA-4 (very late antigen 4), present on the leukocyte surface and ad-
hesion molecules present in the endothelium [78,79]. Among the che-
mokines, CX3CL1/Fraktalkine produced by activated endothelial cells,
induce proteoglycans adhesion on endothelial surface cells and increase
the affinity of these integrins. This leads to the promotion of firm ad-
hesion of leukocytes to the endothelium [80]. Such interaction pro-
motes a cellular cytoskeleton rearrangement, leading to the diapedesis
of these leukocytes both through the transcellular and paracellular
pathways [79]. The continuous migration of immune cells between
lymphoid and non-lymphoid organs is an important immune system
feature, as it ensures these components distribution to virtually all
compartments of the body and chemokines plays a key role in this
process [71].

The ability to differentiate naive T lymphocytes to effectors and
memory is one of the cellular immune response essential points. These
T lymphocyte subpopulations are distinguished according to a receptor
expression phenotype which will influence the migration and func-
tionality of such cells [81]. We can mention naive T cells, whose CCR7
and CD62L expression keeps it re-circulating between blood and sec-
ondary lymphoid organs. Central memory T cells, on the other hand,
also express CCR7, present a similar pattern to naive T cell traffic. CCR7
expression allows the entry of these two T cell populations into the
peripheral node of the high endothelial venules by chemotaxis through
the chemokines CCL19/ELC, CCL21/SLC and adressins. Resident
memory T cells, regulatory T cells (Tregs) and effector T cells are also
dependent on CCR7 to return to the secondary lymphoid organs. Thus,
effector T cells differentiate by alternating the expression of chemokine
receptors and thereby allowing recruitment to specific inflamed tissues
[75].

Chemokine receptors are important pieces for the characterization
and understanding of these T lymphocytes subpopulations [81,82]. As
an example, the CCR5 and CXCR3 expression differentiates CD4 Th1
cells (IFN-γ and IL-2 producers), while CCR3 and CCR4 are expressed in
Th2 cells subpopulations (producing IL-4, IL-5, IL-6, IL-10 and IL-13)
[82–84]. Likewise, CXCR3 and CCR4 are expressed in CCR7+ central
memory CD4 T cells subpopulations and characterize the pre-Th1 and
pre-Th2 profiles [85].

Deregulated and compartmentalized chemokines’ production can
lead to excessive leukocyte migrating populations, increasing the local
inflammatory process. T cells obtained from patients with multiple
sclerosis, for example, have a higher migration capacity when stimu-
lated with CCL5/RANTES and CCL3/MIP-1α. It suggests that the in-
crease in T lymphocytes in the central nervous system is related to a
higher chemokines’ expression in these T cell populations [86].

Some chemokines, such as CXCL8/IL-8, CXCL10/IP-10, CCL2/MCP-
1, CCL3/MIP-1α and CX3CL1/Fraktalkine are also produced in the
central nervous system and have been described as increasing the in-
vasive process of HIV-1 virus through the chemoattraction of infected
leukocytes, allowing the virus to spread to other cells in the central
nervous system [87–89].

3.3. Vascular endothelium: a brief review

The vascular system is vitally important in various activities of the
organism, such as nutrient supply, elimination of metabolic residues,
thermoregulation, oxygen and carbon dioxide transportation as well as
in assisting the transport of antigens and traffic of immune system cells
from peripheral tissues to secondary lymphoid organs and circulation to
tissues. This vascular system is coated inside by endothelial cell

monolayers which act as a semipermeable barrier regulating the mo-
lecule and fluids exchange between the circulation and body tissue
compartments [90]. Such regulation occurs via paracellular transport
(between cells through inter-endothelial junctions) or transcellular
transport (through the endothelial cell), through interaction with re-
ceptors on endothelial cells, adhesion molecules and tight junctions
[91].

In the transcellular route, albumin and other macromolecules are
transported through the endothelial cell mostly by vesicles called ca-
veolins. The caveolins vesicles, formed during transcellular transport,
can reach up to 15% of the total endothelial cell volume, being formed
via interaction between macromolecules and existing receptors on the
endothelial surface. For instance, the gp60 receptor [90,91]. Regarding
the paracellular transport, the interendothelial junctions are crucial in
this process, also contributing to the maintenance of endothelial in-
tegrity and cell-cell communication. Interendothelial junctions contain
complex junctional structures, namely adherens junctions (AJ), tight
junctions (TJ) and gap junctions (GJ). They play pivotal roles in tissue
integrity, barrier function and cell–cell communication, respectively.
Claudin family members and occludin are the major TJ transmembrane
constituents [92,93]. Gap junctions comprise connexins 21, 37, 40 and
43 [94]. VE-cadherin is a component of endothelial cell-to-cell adherent
junctions [95]. These interendothelial junctions work together to aid
the paracellular ions’ and solutes’ passage. In addition, tight junctions
also act as linkers for these junctions to the adhesion molecules and to
the actin cytoskeleton [96]. Adhesion molecules such as ICAM-1 (in-
tercellular adhesion molecule 1) and VCAM-1 (vascular adhesion mo-
lecule 1) act in the interaction of endothelial cells and leukocytes,
helping the migration process of these leukocytes to inflammatory sites
[97]. Finally, other proteins and signaling pathways are also involved
in keeping the endothelial barrier function, one of which involves the
activity of the CD73 protein, an ectonucleotidase anchored to glyco-
phosphatidyl inositol expressed in endothelial cells. It works increasing
cyclic AMP intracellular levels and increasing expression of adhesion
molecules and tight junctions [98–100].

The vascular endothelium presents different characteristics and di-
versity, and it can be divided into macrovasculature (arteries and veins)
and microvasculature (arterioles, capillaries and venules). The macro-
vascular endothelium exhibits a lower porosity; it presents, in addition
to the endothelial layer, a medium tunica layer consisting of smooth
muscle cells and an adventitial tunica layer composed of connective
tissue, which hinders and limits the vascular permeability process.
While the microvascular endothelium can be either continuous or dis-
continuous, it consists only of an endothelial-cells monolayer adhered
to an extracellular matrix [101,102]. These distinct characteristics be-
tween the types of endothelium influence molecular transport between
the various compartments of the human body [102].

Endothelial cells are one of the major cells involved in the immune
response and in different stages of the inflammatory process, such as
regulation of leukocyte extravasation, angiogenesis, cytokine produc-
tion, chemokines and proteases, extracellular matrix synthesis, vascular
permeability and antigen presentation [103]. In addition to that, en-
dothelial cells represent an important replicative niche for various
viruses, bacteria and other parasitic organisms present in blood and/or
lymph. For many pathogens, after initial invasion, the ability to access
the vascular compartment is an essential step for its dissemination and
perpetuation [101]. The inflammatory process begins when several
inflammatory mediators, such as cytokines, chemokines, growth fac-
tors, complement system components and nitric oxide induce a dys-
function on the endothelial barrier [104–107]. This dysfunction can
lead to plasma and hemorrhagic extravasation, as observed in several
infectious processes caused by hantaviruses, arenaviruses and DENV
[104].
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4. Influence of chemokines on plasma leakage and cellular
migration in the dengue

As previously described, dengue has a marked characteristic which
is the increase in vascular permeability, more frequently observed in
severe cases. This increase in permeability leads to plasma extravasa-
tion in vascular microvasculature target areas, such as the pericardial,
pleural and abdominal cavity, mostly observed during the deferves-
cence period [18,90]. There is consensus in the literature that the in-
volvement of cytokines, chemokines and others inflammatory media-
tors excessively secreted by immune and non-immune cells can
contribute to vascular leakage and endothelial permeability. That may
lead to severe forms of dengue disease [108–110]. Notwithstanding,
studies failed in showing DENV-infected ECs and have not demon-
strated major morphological damage to the capillary endothelium
[111,112]. Consequently, some in vivo evidences suggest ECs are poorly
infected by DENV and are not important targets for DENV replication
[113–115]. To evaluate the ability to induce transendothelial leakage
and infectivity, a recent study tested in vitro two closely related DENV
serotype-2 strains of the Cosmopolitan genotype. Remarkably, the less
infective strain induced the more transendothelial cell leakage in ECs
monolayer upon infection and secreted more non-structural protein
(sNS1) from DENV into the culture supernatant. Two mutations within
the NS1 protein coding region, F103S and T146I, that significantly
changed amino acid properties, were found in the strain which secreted
lower NS1 levels and caused less leakage [116]. Thus, some mechan-
isms have been described to report how secreted sNS1 triggers human
ECs hyperpermeability in vitro as well as systemic vascular leakage in
vivo. In primary human myeloid cells, NS1 was shown to activate toll-
like receptor 4 signaling, thus leading to pro-inflammatory cytokines
secretion and vascular leakage [117]. Furthermore, NS1 induces sialic
acid degradation and heparan sulfate proteoglycans shedding dis-
rupting the endothelial glycocalyx layer on human pulmonary micro-
vascular ECs [118]. Recently, the macrophage migration inhibitory
factor (MIF) directly participates in NS1-induced glycocalyx degrada-
tion and hyperpermeability via heparanase 1 and metalloproteinase 9
activation [119].

One of the interesting cells to actively take part in endothelial cell
activation is mast cells. The authors showed an increase in VEGF
plasma levels, tryptase proteases and chymase secreted by mast cells in
patients with severe dengue [120]. In addition, DENV within mast cell
granules results in increased production of VEGF-A and neuropilin, a
co-receptor for VEGF [121]. VEGF and neuropilin participate in the
activation and proliferation signaling of neighboring endothelial cells,
in addition to facilitating viral transmission. It provides a lymphatic
pathway by which DENV in extracellular granules can travel to the
drainage of lymph nodes for systemic propagation [122].

On the other hand, in vitro studies have proposed that DENV infects
human umbilical ECs through heparan sulfate-containing cell surface
receptors. Consequently, several soluble mediators, including IL-6, IL-8,
CXCL9, CXCL10 and CXCL11 involved in immune responses enhance-
ment and capillary permeability, are released from DENV-infected ECs
[123]. factor-α (TNF) tumor necrosis has been strongly associated with
vascular infiltration [124,125]. TNF induces changes in adherent
junctions and human DENV-infected ECs tight junctions, thus sug-
gesting a synergistic role of TNF in relation to increased endothelial
permeability in dengue [126].

Chemokines are important mediators present in DENV infection,
influencing even the clinical patients’ outcome. We report below a
series of studies relating the participation of chemokines and their re-
ceptors in dengue. We highlight the chemokines CXCL8/IL-8 and CCL2/
MCP-1, present at high levels in patients with DHF/DSS. Both influence
on the transendothelial permeability of HMEC-1 (human mammary
epithelial cells) and HUVEC (human umbilical vein endothelial cells)
endothelial cell lines, demonstrated by regulating the tight junctions
and cytoskeleton of these cells in in vitro assays. Pretreatment of DENV-

infected monocyte supernatants with CXCL8/IL-8 and CCL2/MCP-1
blocking antibody resulted in partial reversal of permeability change in
endothelial cell cultures with these monocytes supernatant. It indicates
the role of such monocyte’s chemokines in the process [127–129].
Recombinant chemokines CXCL8/IL-8, CXCL10/IP-10 and CCL5/
RANTES induce filopodia protrusions formation in HBMEC (human
brain microvascular endothelial cells), HMVEC (endothelial cells) and
HUVEC endothelial cells, which, according to the authors, would con-
tribute to leukocyte extravasation [103]. Moreover, TNF and CXCL8/IL-
8 have already been found in supernatants DENV-infection THP-1 cells
(monocytic cell line of acute leukemia cells). These supernatants were
able to induce alteration of the permeability of HMVEC cells, demon-
strated by the reduction of transendothelial electrical resistance (TEER)
and increased expression of surface molecules, such as VCAM-1 and E-
selectin [130].

Different molecules have been used as circulating vascular infiltra-
tion biomarkers. Increased levels of IL-12p70, TNF, IL-6, IL-1β, CXCL8/
IL-8, CXCL10/IP-10, CCL2/MCP-1 and CXCL9/MIG were found in DSS
patients when compared to DHF patients and patients with other febrile
diseases. Only CCL5/RANTES chemokine was detected at decreased
circulating levels in DSS patients compared to other patients, which led
to an association between low levels of CCL5/RANTES with poor clin-
ical prognosis in dengue [131]. Associations with the CCCCA haplo-
types of the CXCL10/IP-10 gene and AGTTTAC of the CXCL11/I-TAC
gene in DENV-infected patients from Malaysia were demonstrated in
cases of severe dengue hospitalized patients that presented some type of
vascular leakage during the epidemic [132]. Recently, the previous
study conducted a meta-analysis covering 56 studies which analyzed
different soluble mediators in DENV infected patients. This study
compared levels of pro-inflammatory mediators between patients with
DF and severe dengue patients, seeking to identify severity biomarkers.
According to the authors’ data, severe patients have elevated levels of
CXCL8/IL-8, IL-10 and IL-18. On the other hand, CCL5/RANTES, IL-7,
TGF-β and VEGFR2 were reduced in this same group. Thus, the authors
concluded the influence of such mediators on dengue im-
munopathogenesis and suggested these mediators as biomarkers for
severe dengue [133].

Altogether, proinflammatory mediators appear to influence vascular
endothelium, promoting activation and deregulation of intercellular
junctions (PECAM-1/CD31, ICAM-1/CD54 and VCAM-1/CD106).
Elevated levels of ICAM-1/CD54 and VCAM-1/CD106 are present in
severe patients and have already been associated with vascular damage.
Endothelial permeability deregulation makes the vascular monolayer
susceptible to leukocyte adhesion (increasing the cell migration pro-
cess), exchange of macromolecules (such as albumin) and vascular
lumen water for other tissues [134]. High albumin serum levels
[135,136], hyaluronic acid, urinary heparan sulfate [135,137,138],
syndecan-1 and chondroitin sulfate claudin-5 were associated with
dengue shock syndrome (DSS) and plasma leakage cases. Thus, these
molecules have been used as circulating vascular infiltration bio-
markers [135]. Moreover, angiopoietin 1 and 2 (ang-1 and ang-2),
VEGF, sVEGRF2 baseline levels are also found in the blood. Increased
ICAM expression and VCAM is seen on the surface of endothelial cells
[139].

Assessments in experimentally DENV-infected animal tissues and
human fatal cases by natural dengue infection are extremely important
to understand the leading mechanisms to vascular damage and its
consequence. In 1972, authors have demonstrated the spread of dengue
viruses in several tissues of experimentally infected rhesus monkeys
[140] and in 1982 in infected mice tissues [141]. Similar approaches
have been performed in human fatal cases which have developed severe
dengue forms. In this context, Miagostovich et al. studied 5 fatal cases
of dengue infection associated with encephalopathy. They showed
DENV antigen in the cytoplasm of phagocytic mononuclear cells from
liver, spleen, lung, and central nervous system (CNS). Furthermore,
CD68+ macrophages and dengue antigen-positive cells share similar
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morphology and localization. It suggests a unique identity of these cells
and the infiltration of virus-infected macrophages could be one of the
pathways by which viruses might enter the brain in dengue encephalitis
[142]. Several works have discussed such topic, as Póvoa et al. observed
hemorrhage, edema and other injuries in several tissues from dengue
fatal cases. The authors detected DENV NS3 antigens and virus RNA
negative strand in hepatocytes, type II pneumocytes and cardiac fibers,
as well as in resident and circulating monocytes/macrophages and
endothelial cells [143]. Afterwards, Póvoa et al. demonstrated an in-
creased frequency of IFN-ɣ, TNF and CCL5 / RANTES expressing cells in
association with increased cell infiltration and presence of viral anti-
gens in liver, lung and kidney tissue samples from these same patients.
It indicates the presence of inflammatory mediators in this tissue would
be strongly related to severe cases [144]. Our group was able to present
an increase in CCL5/RANTES+ cells frequency in liver tissue in fatal
cases, as opposed to low circulating levels of CCL5/RANTES found in
patients who developed mild forms of the disease. It might suggest the
involvement of these inflammatory mediators in the migration of im-
mune cells subpopulations from the blood to the tissues [145].

As far as immune cells migration from the blood to the tissues is
concerned, we highlight the effector profile associated with increased
chemokine receptors’ expression of these blood immune cells in dengue.
Our group portrayed a high frequency of CCR5-expressing CD4 and CD8
T cells, CXCR3-expressing CD4 T cells, and CCR4-expressing CD8 T cells
in acute dengue patients. All these lymphocytes coexpressed activation/
migration and cytotoxicity markers (CD44, CD29, CD127low e
CD107a). Thus, it has been suggested T lymphocytes are activated and
acquire migrating capacity since they increase the expression of che-
mokine receptors. Therefore, they would be able to control tissue viral
infection to which they migrated [145]. Afterwards, Weiskopf et al.
demonstrated that donors exposed to DENV showed high polarized
DENV-specific CD4+ T cells, with a strong bias towards a CX3CR1+
cytotoxic T lymphocyte phenotype. Importantly, these cells were re-
lated to a protective HLA DR allele, having direct ex vivo DENV-specific
cytolytic activity. The authors speculated cytotoxic dengue specific
CD4+ T cells may play a role in the control of dengue infection in vivo
[146].

Finally, in murine models, authors used CCR1, CCR2, CCR4 or
CXCR3 and CXCL10 genetically deficient (−/−) mice chemokine.
CCR1−/− mice presented similar infection characteristics to WT (wild)
mice, while CCR2−/− and CCR4−/− mice presented more attenuated
clinical manifestations compared to WT mice [147]. CXCL10−/− mice
were more susceptible to DENV infection with presence of CXCR3+ T
lymphocyte infiltrates in the brain, like the group of infected WT mice,
but with a high viral load in the brain region. This result demonstrates
increased susceptibility of DENV-infected CXCL10−/− mice may be
related to the antiviral capacity of the chemokine and not to increased
recruitment of lymphocytes to the region [148]. In addition, CXCR3−/

− mice are more susceptible to DENV infection, presenting higher
mortality and high viral load compared to WT mice, indicating a pro-
tective effect of the CXCR3 receptor on DENV infection [149].

5. Conclusion

A small proportion of dengue patients develop poor clinical out-
come characterized by severe bleeding and/or vascular effusions. Under
homeostatic conditions, the vascular endothelium acts as a semi-
permeable membrane, regulating molecules’ exchange, fluids and cell
migration. On the other hand, endothelial cells are involved in the
immune response and in different stages of inflammatory process.
Moreover, vascular endothelium may also represent an important re-
plicative niche of pathogens, such as viruses. It plays a key role in
spreading and perpetuating pathogens. Studies have divergent views on
DENV ability to directly infect endothelial cells yet most of them agree
that DENV stimulates cytokines and chemokines production by en-
dothelial cells. In infectious and in inflammatory conditions, cytokines,

Fig. 1. Under infectious and in inflammatory conditions, cytokines, chemo-
kines, growth factors, components of the complement system, nitric oxide,
among others, induce an endothelial barrier dysfunction and may lead to
plasma extravasation as observed in severe cases of dengue. Vascular en-
dothelium represents an important replicative niche of viruses, playing a key
role in their spread and perpetuation. Nevertheless, studies disagree on DENV
ability to directly infect endothelial cells yet most of them agree DENV stimu-
lates the cytokines’ and chemokines’ production by endothelial cells.
Furthermore, an increase in endothelial permeability favors viral dispersion and
migration of immune cells to target tissues. Under intense and persistent in-
flammatory conditions, chemokines have an important role in activating and
migrating immune cells to different target tissues, which can lead to tissue
damage in the dengue patient.
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chemokines, growth factors, components of the complement system,
nitric oxide, among others, induce an endothelial barrier dysfunction
and may lead to plasma extravasation, as observed in dengue severe
cases. Furthermore, an increase in endothelial permeability favors viral
dispersion and migration of immune cells to target tissues. Under in-
tense and persistent inflammatory conditions, chemokines participate
in immune cells’ activation and migration to different target tissues,
which can lead to tissue damage in the patient. This conclusion is de-
scribed in Fig. 1.
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