
 International Journal of 

Molecular Sciences

Review

Astrocytes in Flavivirus Infections

Maja Potokar 1,2,*, Jernej Jorgačevski 1,2 and Robert Zorec 1,2,*
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Abstract: Virus infections of the central nervous system (CNS) can manifest in various forms of
inflammation, including that of the brain (encephalitis) and spinal cord (myelitis), all of which may
have long-lasting deleterious consequences. Although the knowledge of how different viruses
affect neural cells is increasing, understanding of the mechanisms by which cells respond to
neurotropic viruses remains fragmented. Several virus types have the ability to infect neural
tissue, and astrocytes, an abundant and heterogeneous neuroglial cell type and a key element
providing CNS homeostasis, are one of the first CNS cell types to get infected. Astrocytes are
morphologically closely aligned with neuronal synapses, blood vessels, and ventricle cavities, and
thereby have the capacity to functionally interact with neurons and endothelial cells. In this review,
we focus on the responses of astrocytes to infection by neurotropic flaviviruses, including tick-borne
encephalitis virus (TBEV), Zika virus (ZIKV), West Nile virus (WNV), and Japanese encephalitis
virus (JEV), which have all been confirmed to infect astrocytes and cause multiple CNS defects.
Understanding these mechanisms may help design new strategies to better contain and mitigate
virus- and astrocyte-dependent neuroinflammation.
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1. Introduction

Astrocytes are abundant, heterogeneous neuroglial cells in the central nervous system (CNS)
that provide crucial support for the functioning of neurons and hence contribute to brain information
processing [1,2]. In general, astrocytes are considered the main cells that provide homeostasis [2] with
many key functions, and that act as supporters of neuronal functions by modulating the extracellular
levels of neurotransmitters, gliotransmitters, and ions, by regulating synaptogenesis, by providing
energy and metabolic support to neurons, by maintaining the blood–brain barrier (BBB) and also by
removing waste material via the glymphatic system [2–13]. Astrocytes occupy a relatively large part
of the brain parenchyma and in addition to enwrapping neuronal synapses, they are in contact with
brain capillaries, ventricle cavities, and pia. Close apposition of astrocyte endfeet with the vascular
endothelial cells of brain capillaries and pia (Figure 1), appears to make them central in mediating
virus infections and infections by other agents [14].
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Figure 1. Astrocytes are among the first cells to be infected in the central nervous system (CNS). Viruses
(denoted as dots) that circulate within blood vessels can enter the CNS by crossing the blood–brain
barrier, which is composed of endothelial cells (EC). The endfeet of astrocytes closely align ECs, thus
making astrocytes very receptive to virus uptake. Virus-infected cells are highlighted in olive.

Several viral families, including flaviviruses, have members that are neurotropic, i.e., they have
the ability to infect neural tissue [15]. In general, like other neurotropic viruses, flaviruses first trigger
viremia (they enter the bloodstream), and when a high level of virus particles is reached in the blood
(high viremia), they can invade the CNS [16,17]. Several possible routes are considered to mediate
the entry of flaviviruses into the CNS. These include (1) infection of peripheral nerves and olfactory
neurons where retrograde transport delivers viruses into the spinal cord and the brain, respectively;
(2) traversing the epithelium of endothelial cells of brain capillaries in virus-infected lymphocytes or
by direct infection of the endothelial cells by breaching the BBB; (3) breaching the barrier between
meningeal blood and cerebrospinal fluid (CSF, blood–CSF barrier), consequently infecting (entering)
the CSF; and (4) breaching of the blood–CSF barrier by virus-infected leukocytes or by viruses present
within blood vessels of the choroid plexus (CHP) [15–17]. Once in the brain, a virus may become
neurovirulent, meaning that it is able to replicate and cause damage within the CNS [17]. After entry
into the CNS, astrocytes are among the first cell types to come in contact with or intercept the virus;
these cells form a structure termed glia limitans, lining the brain capillaries and pia mater (Figure 1).
The nature of astroglial involvement in retaining and spreading the virus throughout the brain and
astrocyte-mediated pathogenicity of virus-infected CNS is unclear. However, in recent years, studies
focusing on how astrocytes respond to flavivirus infections have provided a new perspective on
astrocytes in virus infections. While it is known that neurologic symptoms emerge from virus-injured
neurons due to neurocytotoxicity of the virus and the induction of an immunopathogenic response [17],
the contribution of flavivirus-infected astrocytes to neuropathogenesis has emerged as significant.
Recent studies revealed that the infection of astrocytes is important for retention of the virus in the CNS,
i.e., for virus production, for spread of the virus to neurons and other cells, and for the immunologic
response [18,19] as addressed in the next section.

2. Neurotropic Flaviviruses that Infect Astrocytes

Astrocytes can be infected with several flaviviruses, including those that cause severe
neurologic symptoms, on an epidemic scale. These viruses can be transmitted to humans from
mosquitos (mosquito-borne viruses), ticks (tick-borne viruses), and from yet unknown vectors [17].
Human-to-human transmission has also been confirmed [20]. Genus Flavivirus (family Flaviviridae)
consists of single positive-stranded RNA viruses enclosed within a lipid envelope, carrying attachment
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molecules (E and M proteins), considered to be required for binding to host cell receptors [17]. Once
sequestered into intracellular membrane-bound vesicles, they traffic in the cytoplasm along the
endocytotic pathway [19,21–26]. The trafficking of endocytotic vesicles in astrocytes can be altered in
numerous pathologic conditions [27–29]. Once in endosomal compartments, viruses travel along the
host cell cytoskeleton until fusion of the virus envelope and endosomal membrane results in the release
of the viral nucleocapsid into the host cytoplasm, followed by translation, replication, and production
of new virions [17,30]. As described below, for all these processes, viruses appear to hijack several
cellular proteins and target organelle membranes. In recent years, the impact of several flaviviruses on
astrocyte morphology and physiology has been studied. From the anatomic position of astroglia and
their homeostatic role in the CNS, one can predict that virus invasion may lead to important functional
consequences for the entire CNS upon interaction of astrocytes with viruses (Figure 1).

Given that neurotropic virus infections pose a significant health hazard and consequential
socio-economic burden, neurotropic viruses of interest include tick-borne encephalitis virus (TBEV)
(with 10,000–15,000 cases of tick-borne encephalitis every year in Europe and Asia), mosquito-borne
viruses including Zika virus (ZIKV; linked to an outbreak of microcephaly with a 20-fold increase in
human birth defects in 2016 and estimated to cause more than three quarters of a million suspected and
confirmed infections in the Americas), West Nile virus (WNV; with over 15,000 cases of encephalitis
annually and millions of people infected) and Japanese encephalitis virus (JEV), which endangers
nearly half of the human population with an annual incidence up to 50,000 and one third mortality
rate [17,19,31–38].

2.1. Tick-borne Encephalitis Virus

TBEV is an important human pathogen that may result in dangerous neuroinfections (meningitis,
inflammation of the meninges; meningoencephalitis, inflammation of the brain and meninges; myelitis,
inflammation of the spinal cord). It is endemic in Europe and in Asia, mirroring the natural habitat of
its principal vectors Ixodes ricinus (sheep tick) and Ixodes persulcatus (taiga tick) [16,17,33]. Similar to
other flaviviruses, the pathways and mechanisms of TBEV invasion of the CNS are largely unclear.
Similarly, the neurologic pathogenic potential of TBEV-infected astrocytes is unknown. However,
infection of astrocytes with TBEV has been confirmed in recent years, first in primary rat astrocytes,
followed soon after by human and mouse astrocytes [18,19,31,32]. TBEV successfully replicates in
astrocytes, reaching a higher virus load (TBEV RNA copies/cell) than in cells used for the preparation
of virus stocks (i.e., Vero E6 cells) [19,31,32]. The finding that TBEV is successfully replicated in
astrocytes was important because several species of small rodents are TBEV-amplifying hosts and
have the potential to maintain TBEV through latent persistent infections [17,39]. TBEV was detected
in different rodent organs for longer periods after infection, reaching a very high TBEV RNA virus
load specifically in the brain [40]. High virus load and long-term presence of the virus in the rodent
brain is intriguing. It was reported that primary rat astrocytes show high resilience on TBEV infection;
their viability remained unaltered for 14 days after infection [19]. This finding indicates that astrocytes
epitomize a potential mediator of brain infection and a reservoir of brain TBEV in rodents. In humans,
brain astrocytes may have a similar role.

Interestingly, the viability of primary human brain cortical astrocytes was predominantly
unaffected by TBEV infection, although some infected cells underwent necrotic cell death [31]. Despite
relatively high resistance of astrocytes to TBEV-triggered cell death, TBEV infection induces several
morphologic and physiologic changes in infected rat and human astrocytes. These include changes that
enhance virus entry into the host cell (possibly involving changes in the expression of TBEV receptors
on host cells), alterations in TBEV-laden vesicles in respect of size and mobility dynamics along the
cytoskeleton, changes in actin and tubulin cytoskeleton polymerization, and extensive morphologic
changes in the endoplasmic reticulum, Golgi complex, mitochondria, and phagosomes [19,31]. In
addition to primary astrocytes, TBEV infection of glioblastoma cells also induced rearrangement of
rough endoplasmic reticulum and disintegration of cytoskeletal filaments [18]. The consequences
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of TBEV-induced changes of the cytoskeleton need to be studied in detail, because cytoskeleton
alterations have a significant effect on vesicle traffic in the host cell [41]. Endocytotic TBEV-laden
vesicles move along molecular motor-associated filaments; their speed corresponds to the speed
of processive myosins along actin filaments and kinesins along microtubules [19]. Interestingly,
their mobility increases over longer periods after infection, probably indicating changes in local
virus-induced protein synthesis that enhance vesicle trafficking [19,42]. Strategies to modify vesicle
traffic in TBEV-infected astrocytes may be used to alleviate TBEV brain insults.

Persistent infection with TBEV induces the formation of extensive membranous tubule-like
structures of the rough endoplasmic reticulum; the purpose of these remains to be elucidated [31,43].
It is possible that these protrusions are associated with recently discovered morphologic membrane
modifications induced by the adhesion of nanofibers on the bacterial surface [44]. In addition to
altering organelle membranes, TBEV triggers astrocyte activation (similar to other flaviviruses),
confirmed by increased production of glial fibrillary acidic protein (GFAP), a marker for reactive
astrogliosis [45]. Moreover, upon virus infection, astrocytes as well as immune cells and other cell
types in the CNS (microglia, oligodendrocytes, myelinating cells of the CNS, endothelial cells of the
brain microvasculature, and neurons) release inflammatory cytokines and chemokines [31,46–49].
These, in combination with substantial virus production in astrocytes, can lead to deterioration in
the viability of neurons and may invoke a more severe course of the disease with a higher fatality
rate [50,51]. For instance, human brain cortical astrocytes have been shown to significantly increase
the expression of pro-inflammatory cytokines and chemokines after TBEV infection; this increase was
transient and coincided with the peak increase in TBEV RNA [31].

Clearly, altered TBEV-mediated morphology and physiology of astrocytes may significantly affect
the functioning of neighboring cells. In addition to affecting neurons, TBEV infection of astrocytes
may also alter the permeability of the BBB, as shown in mice [52]. Because astrocytes tightly line
the endothelial cell layer and help maintain the BBB, alteration in astrocyte functioning affects the
permeability of the BBB [3,53]. The specifics of this contribution remain to be investigated. Nevertheless,
first indications show that disruption of the BBB occurs after TBEV enters the CNS [52] and is largely
influenced by cytokine/chemokine overproduction in the brain [52]. Screening of the production
of various cytokines/chemokines by astrocytes will elucidate their role in neuroinflammation. So
far, measurements of the expression of interleukin 1β (IL-1β), interleukin 6 (IL-6), interleukin 8
(IL-8), interferon α (IFN-α, tumor necrosis factor α (TNF-α), macrophage inflammatory protein 1 β

(MIP-1β/CCL4) and interferon γ-induced protein 10 (IP-10/CXCL10) mRNAs revealed upregulation
on TBEV infection of human astrocytes [31,53]. One of the key molecules that affects the integrity of
the BBB in neuroinflammatory diseases may also be the matrix metalloproteinase 9 (MMP-9), which is
significantly overproduced in TBEV-infected astrocytes in vitro, and increased in the serum and CSF of
TBEV-infected patients [31,54,55].

In addition to contributing to neurotoxicity, neuroinflammation, and disintegration of the BBB,
astrocytes can also act protectively [32]. It was recently shown that TBEV infection of mouse astrocytes
initiated a rapid interferon (IFN) response through upregulation of type I IFNs, which restricted viral
replication and virus spread, allbeneficial to survival of astrocytes and neurons in certain regions of
the CNS [32,56].

In summary, acute and persistent TBEV infections of astrocytes significantly affect neuronal
viability (Table 1). Because astrocytes are an important reservoir of brain TBEV (at least in rodents) and
mediators of neuroinflammation, several cellular processes in astrocytes, such as virus entry, traffic of
virus-laden vesicles and virus multiplication, are appealing targets for novel therapeutic interventions.
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Table 1. Confirmed effects of tick-borne encephalitis virus (TBEV) infection on astrocytes and
whole brain.

TBEV Confirmed
Infection CPE Cell

Death

Effect on
Blood–Brain

Barrier

Chemokines/
Cytokines

Traffic of
Endosomes Reference

Primary human
astrocytes + + +/− + + N/A [31]

Primary mouse
astrocytes + + + (IFNAR

knockout) N/A + N/A [32,56]

Primary rat
astrocytes + − − N/A N/A + [19]

Glioblastoma cell
line + + + N/A N/A N/A [18]

Human brain + + + N/A N/A N/A [57]

Mouse, vole,
shrew brain + N/A N/A + + N/A [39,40,50,52]

CPE, extensive morphologic changes in the cytoplasm/cytopathogenic effect. Chemokines/cytokines, detected
release of chemokines and cytokines from astrocytes. IFNAR, IFNα/β receptor; N/A, not applicable (not reported);
+, the effect or upregulation was detected; −, the effect was absent; +/−, both effects observed.

2.2. West Nile Encephalitis Virus

WNV was first discovered in 1937 in Uganda, and it was reported to cause dengue-like illnesses
until the end of the 20th century, when its highly neuroinvasive strains initiated large outbreaks with
severe cases of WNV encephalitis (WNVE) in Europe and North America [58–63]. After an acute
phase, patients infected with WNVE can suffer from consequences of the infection for a long time.
About 40% of patients recovering from WNVE have long-term physical, cognitive, and functional
impairments (muscle weakness, loss of concentration, confusion, and light-headedness) for a year
to even a decade after infection [64–66]. The nature of such long-lasting pathogenic consequences of
WNVE need to be elucidated, as well as patterns of WNV entry into the CNS. One of the recognized
routes for entry of WNV into the brain is through the BBB; therefore it is not surprising that astrocytes,
being tightly associated with the BBB, are one of the most important cells that are infected with
WNV before infection of neurons, as in infection with TBEV [67–71]. Therefore, it is important to
understand astrocyte responses to WNV infection in order to understand their influence on neurons in
virus-infected brain tissue.

Although it has been confirmed that neurons and glial cells in the human CNS can be infected with
WNV, the detailed pathophysiology remains to be further untangled [70]. Histologic and immunologic
pathologies of human autopsy tissue attributed to WNV show alterations of the gray matter, including
neuronal necrosis with infiltrates of microglia and polymorphonuclear leukocytes, perivascular
cuffing, neuronal degeneration, neuronophagia, focal glial nodules, and astrogliosis [59,70]. In human
astrocytes and neurons, WNV replicates efficiently but distinctively with a higher and faster replication
rate in astrocytes [58]. Interestingly, data on the viability of WNV-infected astrocytes show somehow
conflicting results, even though the same strain (WNV-NY99) was used for infection. For instance,
although the demise of primary human fetal astrocytes was clearly faster than that of primary human
fetal neurons, a human astrocytic (U373) cell line did not show any signs of apoptotic cell death in
contrast to a neuronal (LAN-2) cell line [58,70]. The differences may arise from the use of different viral
strain passages, the use of different cell models, and from sampling at different times after infection.
Similar to data obtained in primary human astrocytes, WNV also caused astrocyte activation and cell
death in a mouse brain slice culture [72]. On the other hand, new-born primary mouse astrocytes
were prone to cell death to some extent after WNV infection; some resisted cell death despite clearly
observed alterations in cell morphology or a cytopathic effect (CPE). Moreover, CPE evolved more
slowly in astrocytes than in neurons [73]. Importantly, of particular interest is the finding that primary
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murine astrocytes in culture established persistent WNV infection, suggesting that these cells may be
involved in chronic or persistent WNV infection in the CNS [73].

Astrocytes have an active role in the spread of WNV in the CNS, and in maintenance of the
neuroinvasive potential of WNV. Both processes are strain dependent as elucidated by a study of
highly virulent and avirulent strains, which revealed differences in the WNV dissemination profile
within the CNS [74]. Replication of two different WNV strains (avirulent and neuropathogenic) had
different replication dynamics in human brain cortical astrocytes, whereas in neurons, the dynamics
were similar for both strains. The lower replication rate of an avirulent strain in astrocytes was not
attributed to the action of IFNs, but to astrocyte-specific restriction of WNV particle production through
furin-like proteases [74,75]. Thus, astrocytes represent an attractive target for cell-specific amelioration
of WNV-induced neuropathology [74].

In addition to CPE and the expression of proteins for specific restriction of WNV particle
production, other physiologic and morphologic changes are also triggered in astrocytes. Among them
is the expression of endoplasmic reticulum stress-related genes linked to WNV neurovirulence [70]. In
human WNVE cases, endoplasmic reticulum stress-related genes were markedly higher, especially in
astrocytes [70]. This finding is of particular interest in view of several studies showing that different
viral infections play a role in endoplasmic reticulum stress and consequently in both protective and
pathogenic courses of neurologic infections [76,77]. Altogether, more than 20 genes linked to the
activation of WNV-induced IFN signaling were highly upregulated, including those encoding GTPases,
antiviral proteins, immune cell attractants, and proteins involved in the regulation of IFN signaling [72].

WNV-infected astrocytes also upregulate the expression of several chemokines, but only after
infection with replication competent virus and not with inactivated virus [58,70,78]. Similarly, in
patients with WNVE, upregulation of pro-inflammatory genes, including CCL2, CXCL10, IL-1 β, and
indolamine-2’,3’-deoxygenase, was detected [70]. The role of specific chemokines in WNV infection of
astrocytes is considered multifaceted; e.g., on the one hand, CXCL10 is reported to be neuroprotective;
on the other hand, it shows neuropathogenic potential by triggering apoptosis [70,78].

An increase in IFN levels was detected in WNV-infected human brain cortical astrocytes, which
was especially prominent in cells infected with a highly pathogenic strain of WNV [74]. In general,
type I IFNs promote the expression of antiviral molecules in response to virus infections by inducing
signaling cascades that culminate in the expression of proteins that block all steps of the host cell viral
cycle, from entry to egress, contributing to alleviating neuropathogenesis in the CNS [79]. In agreement
with this, high levels of IFN-β suppressed viral spread and replication in astrocytes [74]. IFNα/β
receptor (IFNAR) signaling appears to be region specific, because WNV-infected astrocytes from
distinct brain regions showed a different pattern of neuropathogenicity in mice brain. For instance, in
hindbrain, enhanced BBB permeability, early viral neuroinvasion, and increased immunopathologic
neuronal cell death were observed in the absence of IFNAR signaling in astrocytes [80].

Further studies are required to assess the effects of WNV on BBB permeability, especially in view
of the specific chemokines and cytokines that are upregulated in WNV-infected astrocytes. In general,
the production of inflammatory cytokines, including TNF-α, IL-6, IL-1β, and IFN-γ, is linked to altered
BBB permeability, and it appears to be brain-region specific during virus infection, because it was
reported to be more extensive in the cerebellum than in the cerebral cortex [81].

It appears that WNV triggers a kind of biphasic response in BBB permeability, tightly dependent
on type I IFN responses [82]. Further research should focus on astrocytes, given that WNV infection
of astrocytes specifically, and not direct infection of brain endothelial cells, was linked to altered
permeability of the BBB [67] (Table 2).
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Table 2. Reported signs of West Nile Virus (WNV) infection on astrocytes and whole brain.

WNV Confirmed
Infection CPE Cell

Death

Effect on
Blood–Brain

Barrier

Chemokines/
Cytokines

Traffic of
Endosomes Reference

Primary human astrocytes + N/A N/A + + N/A [58,67,74,75,83]
Primary mouse astrocytes + + + N/A N/A N/A [73,82]
Human astrocyte cell lines + N/A − N/A + N/A [70]

Human brain + N/A N/A N/A + N/A [70]
Astrocytes in mouse brain slices + N/A + N/A N/A N/A [72,80]

Mouse brain + N/A + N/A + N/A [78]

CPE, extensive morphologic changes in the cytoplasm/cytopathogenic effect. Chemokines/cytokines, detected
release of chemokines and cytokines from astrocytes. N/A, not applicable (not reported); +, the effect or upregulation
was detected; −, the effect was absent.

2.3. Zika Virus

ZIKV is a mosquito-borne flavivirus that was first isolated in 1947 from a sentinel rhesus
monkey in Uganda Zika forest [84]. It was first detected outside Africa and Asia in 2007 on a
southwestern Pacific island, where it caused an outbreak with relatively mild syndromes, most
frequently involving conjunctivitis, rash, and joint pain [84]. First extensive neurologic symptoms
related to ZIKV infection were reported during ZIKV epidemics in French Polynesia, South and
Central America, and the Caribbean [85–88]. Today, ZIKV has been confirmed to cause neurologic
symptoms in adults (Guillain-Barré syndrome, myelitis, encephalitis, and neuralgia) and in fetuses
and neonatal children (fetal growth restriction, abnormalities of the CNS, including microcephaly)
caused by intrauterine infections in pregnancy [20,85,89–92]. Abnormalities of ZIKV-infected CNS
become noticeable in the mid-gestation period, recognized as microcephaly, atrophy of the cerebrum,
cerebellum, and brain stem, agyria, hydrocephalus, and various calcifications [20,86,92]. In addition to
destruction of neuronal structures, reactive astrocytes extending into the subarachnoid space were
identified in affected brain regions in brain slices from a 32-week fetus [20]. Aberrations in astrocyte
functioning in the fetus may have a significant impact on the functioning of neurons during brain
development. Namely, at the mid-gestation period, extensive neurogenesis and gliogenesis occurs,
contributing to the growth of the fetal cerebral cortex [93–96]. Impaired functioning and growth of
astrocytes at this time can contribute significantly to microcephaly. A high rate of infection of astrocytes
at later developmental ages is proposed to affect damage to the cortical plate induced by prolonged
infection of astrocytes, leading to spread of infection to other cortical cell types, inducing inflammation
and further damage, even in uninfected cells, induced by astrocyte loss [97].

In general, ZIKV infection in neuronal cells halts cell-cycle progression, disrupts differentiation
and proliferation, alters the immune response, and triggers cell death, which can all restrict fetal
brain growth [26,98–101]. Any ZIKV-induced malfunctioning in astrocyte cellular processes plausibly
affects brain development, because astrocytes orchestrate the functioning of neurons; e.g., they regulate
synaptogenesis and integrate synaptic transmission, control the incorporation of neurons into networks,
provide metabolic support for neurons, and affect brain microcirculation, the permeability of the BBB,
and immune response [2,4,6,7,10,14,102,103].

The mechanisms of ZIKV-induced neuropathologies remain unclear [104]. Detection of viral
antigens exclusively in microcalcifications associated with glial cells and neurons [101] makes these
cell types of particular research interest. Astrocytes, together with microglia, are proposed to be
major ZIKV targets in fetal brain development [26]. One of the confirmed entry routes for ZIKV
infection of astrocytes is clathrin-mediated endocytosis upon binding to the Axl receptor from the
Tyro3 Axl Mer (TAM) family [26]. Efficient infection of primary fetal human astrocytes was shown
by several studies, starting with radial glia and, later in development, astrocytes, which proved
especially vulnerable to ZIKV infection [97]. Primary fetal human astrocytes particularly stand
out for their susceptibility to ZIKV infection in comparison with neurons and neural progenitor
cells [97,99,104]. Different strain-dependent infection rates signify that viral genetics, where the
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exchange of several amino acids appears to be sufficient, affects the replication kinetics [99,104–106].
In addition to active viral replication, productive infection of primary fetal human astrocytes has also
been confirmed [97,104,105].

ZIKV infection also triggers morphologic changes in primary human astrocytes [104,107]. African
and Asian strains evoked progressive CPEs, leading to extensive cell death, including apoptosis,
several days post infection [104]. Large cytoplasmic paraptosis-like vacuoles in ZIKV-infected primary
human astrocytes indicate that ZIKV also triggers caspase-independent cell death [108]. In addition to
vacuoles, a time-dependent increase in membranous exosomes has been reported in ZIKV-infected
human fetal astrocytes [104].

As is the case for TBEV, astrocytes are also proposed to present a reservoir for ZIKV, and they
apparently induce neuroinflammation through pro-inflammatory cytokines mediating synaptic and
cognitive changes [107,109].

In addition to a pro-inflammatory role, astrocytes also have a role in limiting the spread of ZIKV.
ZIKV infection of primary human astrocytes rapidly induced the production of type I IFN to limit
viral spread and prevent virus-induced killing of the cells [32]. The expression of several pattern
recognition receptors involved in the innate immune response associated with the expression of IFN-β
and interferon-stimulated genes, chemokines, and activation of the inflammasome pathway were
also detected [105]. Different ZIKV strains evoked diverse kinetics of the antiviral responses, i.e.,
African and Asian strains led to the induction of the IFN type I transcripts but differed in the timeline
of the expression of innate immune response genes and upregulation of several MAP kinases and
genes involved in signaling events downstream of TLRs (toll-like receptors) and RLRs (NOD-like
receptors). The latter effect appears to be astrocyte specific when attributed to the Asian strain [105].
The African strain induced the primary expression of genes, whose activity has been associated with
neurodegenerative disease [105].

Once ZIKV crosses the BBB and, similar to other flaviviruses, infects astrocytes, it can alter
the maintenance and permeability properties of the BBB. In general, several studies have described
ZIKV infection of brain endothelial cells after crossing the BBB. In in vitro BBB models, ZIKV infected
brain endothelial cells (where the virus replicated and was released from), without compromising the
integrity or permeability of the BBB [110,111]. However, in mouse embryo brain, ZIKV infection
resulted in abnormal vasculature and a leaky BBB, indicating that ZIKV triggered progressive
astrogliosis, which may contribute to the altered properties of the BBB [48] (Table 3).

Table 3. Zika virus (ZIKV) infection induced changes in astrocytes and whole brain.

ZIKV Confirmed
Infection CPE Cell

Death

Effect on
Blood–Brain

Barrier

Chemokines/
Cytokines

Traffic of
endosomes Reference

Primary human
astrocytes + + + N/A + N/A [26,99,104,105,

107,108]

Primary mouse
astrocytes + N/A + N/A N/A N/A [26,32]

Astrocyte cell lines + + + N/A N/A N/A [97,106]

Fetal human brain,
microcephaly + N/A N/A N/A N/A N/A [20,101]

Fetal mouse brain,
microcephaly + N/A + + + N/A [48,98–100]

Fetal human brain
cortical slices + N/A N/A N/A N/A N/A [97]

CPE, extensive morphologic changes in the cytoplasm/cytopathogenic effect. Chemokines/cytokines, detected
release of chemokines and cytokines from astrocytes. N/A, not applicable (not reported); +, the effect or upregulation
was detected.
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2.4. Japanese Encephalitis Virus

JEV is a highly neuroinvasive flavivirus, transmitted by mosquito and widespread in Asia, Pacific
Islands, and northern regions of Oceania. It has spread widely in the 20th century and in the beginning
of the 21st century. Its RNA was detected, surprisingly, even in mosquitos in Italy, indicating potential
introduction of JEV in Europe [34,38,112]. Although most JEV infections are asymptomatic, JEV can
cause encephalitis, the most common form of viral encephalitis in the Asia-Pacific region and northern
Oceania [34,113]. Approximately a third of clinical cases are fatal and around half of patients have
permanent neuropsychiatric sequelae with symptoms resembling Parkinsonian syndrome, including
abnormalities of movement, poliomyelitis-like paralysis, and cognitive impairment [113,114].

There are several assumptions on how JEV enters the CNS. Infection of olfactory neurons has been
confirmed in macaques, suggesting one possible entry route for JEV [115]. In addition, crossing of the
BBB is a confirmed pathway into the CNS. This pathway has been confirmed in mouse brain where JEV
from cerebral blood vessels invaded neuronal tissue [116]. The presence of JEV was also confirmed in
human brain endothelia surrounded by widespread perivascular edema [117]. JEV can be internalized
into host cells via clathrin-dependent or clathrin-independent pathways, largely depending on the
type of infected cells [25,118]. Details of JEV entry into astrocytes have not been defined. Once in
astrocytes, JEV replicates and triggers morphologic changes in human astrocytic cell lines, although
these were not evident in primary rat astrocytes [119,120]. Similar discrepancies between rat and
human astrocytes, as described for TBEV infection, need to be elucidated for JEV [19,31]. Morphologic
and physiologic changes in JEV-infected astrocytes may have significant consequences for infection on
the CNS by JEV, consistent with the view that astrocytes are important regulators of BBB permeability.
As is the case in TBEV infection, JEV also first invades the CNS, likely via astrocytes, and then
affects BBB permeability by inducing viral replication and production of inflammatory cytokines and
chemokines [121]. Once more, astrocytes have been shown to be an important player in altered BBB
permeability; on infection with JEV, they start to release vascular endothelial growth factor (VEGF),
IL-6, and matrix metalloproteinases [119,122].

In addition to affecting the BBB, astrocytes are also involved in inflammatory responses in
JEV-infected CNS, because the overall levels of cytokines/chemokines in the brain increase dramatically
after JEV infection [121]. Details of the contribution of astrocytes to inflammatory responses due to JEV
infection are still lacking, although astrocyte production of cytokines/chemokines has been described
on several occasions. An increase in different cytokines and chemokines was recorded in SVG and
U87 cell lines [120]. JEV-infected human and mouse primary astrocytes release cytokines, among them
IP-10, which is abundant in the early stage of infection and it mediates breakdown of the BBB together
with TNF-α [123–125]. In addition to directly affecting the expression of tight junction proteins and
consequently affecting the permeability of the BBB, chemokines released from astrocytes might play a
role in the recruitment of immune cells [123,126].

Similar to TBEV and WNV, the response of astrocytes to JEV infection includes the production
of type I IFN, which limits the spread of the virus and prevents virus-induced killing of the cells, as
shown in mouse astrocytes [32]. This is consistent with the view that astrocytes are a major source of
IFNs that protect neighboring astrocytes and neurons soon after infection [56]. Therefore, the capacity
for neural repair is hampered not only if differentiated astrocytes are infected with JEV but also in the
case of infection of neural stem/progenitor cells that are destined to differentiate into astrocytes or
neurons [127].

In summary, JEV is an important neurotropic virus that hypothetically endangers almost half of
the human population with the potential to spread throughout the world through its mosquito host.
Increasing evidence is linking astrocytes to JEV neuropathology, and we are beginning to elucidate
their role in enhancing and alleviating the devastating impact of JEV on neurons (Table 4).
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Table 4. Effects of Japanese encephalitis virus (JEV) infection on astrocytes and whole brain.

JEV Confirmed
Infection CPE Cell

Death

Effect on
Blood–Brain

Barrier

Chemokines/
Cytokines

Traffic of
Endosomes Reference

Primary human astrocytes + N/A N/A + + N/A [125]
Primary mouse astrocytes + N/A N/A + + N/A [32,123]

Primary rat astrocytes + − − + N/A N/A [122]
Astrocyte cell lines + + N/A N/A + N/A [120]

Human brain + N/A N/A N/A N/A N/A [117]
Mouse brain + N/A N/A + + N/A [116,121]

Monkey brain + + + N/A N/A N/A [115]

CPE, extensive morphologic changes in the cytoplasm/cytopathogenic effect. Chemokines/Cytokines, detected
release of chemokines and cytokines from astrocytes. N/A, not applicable (not reported); +, the effect or upregulation
was detected; −, the effect was absent.

3. Conclusions

Knowledge of flavivirus pathogenicity in the brain is fragmented, especially in view of the
contribution of glial cells, and specifically astrocytes. Awareness of their role in spreading or lessening
pathogenicity is only emerging. Because astrocytes integrate numerous homeostatic functions in the
CNS, their infection inevitably affects neighboring cells, especially neurons. Recent research shows
that astrocytes are important for retention and multiplication of the virus in the brain and modulation
of immunoinflammatory processes. Although flaviviruses have not been linked to any devastating
neurodegenerative diseases, they might play an important role in chronic neurologic dysfunction that
persists after infection with several neurotropic flaviviruses.

Therapeutic approaches that will target astrocytes as a potential reservoir and important
immunomodulatory cells might present an essential therapeutic opportunity for neuroprotection
and development of novel antiviral therapeutic strategies.
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54. Palus, M.; Zampachová, E.; Elsterová, J.; Růžek, D. Serum matrix metalloproteinase-9 and tissue inhibitor of
metalloproteinase-1 levels in patients with tick-borne encephalitis. J. Infect. 2014, 68, 165–169. [CrossRef]

55. Kang, X.; Li, Y.; Wei, J.; Zhang, Y.; Bian, C.; Wang, K.; Wu, X.; Hu, Y.; Li, J.; Yang, Y. Elevation of matrix
metalloproteinase-9 level in cerebrospinal fluid of tick-borne encephalitis patients is associated with IgG
extravassation and disease severity. PLoS ONE 2013, 8, e77427. [CrossRef] [PubMed]

56. Lindqvist, R.; Kurhade, C.; Gilthorpe, J.D.; Överby, A.K. Cell-type- and region-specific restriction of
neurotropic flavivirus infection by viperin. J. Neuroinflamm. 2018, 15, 80. [CrossRef] [PubMed]

57. Gelpi, E.; Preusser, M.; Laggner, U.; Garzuly, F.; Holzmann, H.; Heinz, F.X.; Budka, H. Inflammatory response
in human tick-borne encephalitis: Analysis of postmortem brain tissue. J. Neurovirol. 2006, 12, 322–327.
[CrossRef]

58. Cheeran, M.C.; Hu, S.; Sheng, W.S.; Rashid, A.; Peterson, P.K.; Lokensgard, J.R. Differential responses of
human brain cells to West Nile virus infection. J. Neurovirol. 2005, 11, 512–524. [CrossRef]

59. Shieh, W.J.; Guarner, J.; Layton, M.; Fine, A.; Miller, J.; Nash, D.; Campbell, G.L.; Roehrig, J.T.; Gubler, D.J.;
Zaki, S.R. The role of pathology in an investigation of an outbreak of West Nile encephalitis in New York,
1999. Emerg. Infect. Dis. 2000, 6, 370–372. [CrossRef]

60. Garmendia, A.E.; Van Kruiningen, H.J.; French, R.A. The West Nile virus: Its recent emergence in North
America. Microbes Infect. 2001, 3, 223–229. [CrossRef]

61. Johnson, R.T. Emerging viral infections of the nervous system. J. Neurovirol. 2003, 9, 140–147. [CrossRef]
[PubMed]

62. Tsai, T.F.; Popovici, F.; Cernescu, C.; Campbell, G.L.; Nedelcu, N.I. West Nile encephalitis epidemic in
southeastern Romania. Lancet 1998, 352, 767–771. [CrossRef]

63. Beasley, D.W.; Li, L.; Suderman, M.T.; Barrett, A.D. Mouse neuroinvasive phenotype of West Nile virus
strains varies depending upon virus genotype. Virology 2002, 296, 17–23. [CrossRef] [PubMed]

64. Klee, A.L.; Maidin, B.; Edwin, B.; Poshni, I.; Mostashari, F.; Fine, A.; Layton, M.; Nash, D. Long-term
prognosis for clinical West Nile virus infection. Emerg. Infect. Dis. 2004, 10, 1405–1411. [CrossRef] [PubMed]

65. Weatherhead, J.E.; Miller, V.E.; Garcia, M.N.; Hasbun, R.; Salazar, L.; Dimachkie, M.M.; Murray, K.O.
Long-term neurological outcomes in West Nile virus-infected patients: An observational study. Am. J. Trop.
Med. Hyg. 2015, 92, 1006–1012. [CrossRef] [PubMed]

66. Sejvar, J.J.; Haddad, M.B.; Tierney, B.C.; Campbell, G.L.; Marfin, A.A.; Van Gerpen, J.A.; Fleischauer, A.;
Leis, A.A.; Stokic, D.S.; Petersen, L.R. Neurologic manifestations and outcome of West Nile virus infection.
JAMA 2003, 290, 511–515. [CrossRef] [PubMed]

67. Verma, S.; Kumar, M.; Gurjav, U.; Lum, S.; Nerurkar, V.R. Reversal of West Nile virus-induced blood-brain
barrier disruption and tight junction proteins degradation by matrix metalloproteinases inhibitor. Virology
2010, 397, 130–138. [CrossRef]

68. Verma, S.; Lo, Y.; Chapagain, M.; Lum, S.; Kumar, M.; Gurjav, U.; Luo, H.; Nakatsuka, A.; Nerurkar, V.R.
West Nile virus infection modulates human brain microvascular endothelial cells tight junction proteins and
cell adhesion molecules: Transmigration across the in vitro blood-brain barrier. Virology 2009, 385, 425–433.
[CrossRef]

69. Morrey, J.D.; Olsen, A.L.; Siddharthan, V.; Motter, N.E.; Wang, H.; Taro, B.S.; Chen, D.; Ruffner, D.; Hall, J.O.
Increased blood-brain barrier permeability is not a primary determinant for lethality of West Nile virus
infection in rodents. J. Gen. Virol. 2008, 89, 467–473. [CrossRef]

70. van Marle, G.; Antony, J.; Ostermann, H.; Dunham, C.; Hunt, T.; Halliday, W.; Maingat, F.; Urbanowski, M.D.;
Hobman, T.; Peeling, J.; et al. West Nile virus-induced neuroinflammation: Glial infection and capsid
protein-mediated neurovirulence. J. Virol. 2007, 81, 10933–10949. [CrossRef]

http://dx.doi.org/10.1186/1742-2094-10-77
http://dx.doi.org/10.1007/s12026-012-8333-3
http://dx.doi.org/10.1371/journal.pone.0020472
http://dx.doi.org/10.1007/s00018-013-1459-1
http://www.ncbi.nlm.nih.gov/pubmed/24051980
http://dx.doi.org/10.1016/j.jinf.2013.09.028
http://dx.doi.org/10.1371/journal.pone.0077427
http://www.ncbi.nlm.nih.gov/pubmed/24223711
http://dx.doi.org/10.1186/s12974-018-1119-3
http://www.ncbi.nlm.nih.gov/pubmed/29544502
http://dx.doi.org/10.1080/13550280600848746
http://dx.doi.org/10.1080/13550280500384982
http://dx.doi.org/10.3201/eid0604.000407
http://dx.doi.org/10.1016/S1286-4579(01)01374-0
http://dx.doi.org/10.1080/13550280390194091
http://www.ncbi.nlm.nih.gov/pubmed/12707845
http://dx.doi.org/10.1016/S0140-6736(98)03538-7
http://dx.doi.org/10.1006/viro.2002.1372
http://www.ncbi.nlm.nih.gov/pubmed/12036314
http://dx.doi.org/10.3201/eid1008.030879
http://www.ncbi.nlm.nih.gov/pubmed/15496241
http://dx.doi.org/10.4269/ajtmh.14-0616
http://www.ncbi.nlm.nih.gov/pubmed/25802426
http://dx.doi.org/10.1001/jama.290.4.511
http://www.ncbi.nlm.nih.gov/pubmed/12876094
http://dx.doi.org/10.1016/j.virol.2009.10.036
http://dx.doi.org/10.1016/j.virol.2008.11.047
http://dx.doi.org/10.1099/vir.0.83345-0
http://dx.doi.org/10.1128/JVI.02422-06


Int. J. Mol. Sci. 2019, 20, 691 14 of 16

71. Garber, C.; Vasek, M.J.; Vollmer, L.L.; Sun, T.; Jiang, X.; Klein, R.S. Astrocytes decrease adult neurogenesis
during virus-induced memory dysfunction via IL-1. Nat. Immunol. 2018, 19, 151–161. [CrossRef] [PubMed]

72. Clarke, P.; Leser, J.S.; Quick, E.D.; Dionne, K.R.; Beckham, J.D.; Tyler, K.L. Death receptor-mediated apoptotic
signaling is activated in the brain following infection with West Nile virus in the absence of a peripheral
immune response. J. Virol. 2014, 88, 1080–1089. [CrossRef] [PubMed]

73. Diniz, J.A.; Da Rosa, A.P.; Guzman, H.; Xu, F.; Xiao, S.Y.; Popov, V.L.; Vasconcelos, P.F.; Tesh, R.B. West Nile
virus infection of primary mouse neuronal and neuroglial cells: The role of astrocytes in chronic infection.
Am. J. Trop. Med. Hyg. 2006, 75, 691–696. [CrossRef] [PubMed]

74. Hussmann, K.L.; Samuel, M.A.; Kim, K.S.; Diamond, M.S.; Fredericksen, B.L. Differential replication of
pathogenic and nonpathogenic strains of West Nile virus within astrocytes. J. Virol. 2013, 87, 2814–2822.
[CrossRef]

75. Hussmann, K.L.; Vandergaast, R.; Zheng, K.; Hoover, L.I.; Fredericksen, B.L. Structural proteins of West Nile
virus are a major determinant of infectious particle production and fitness in astrocytes. J. Gen. Virol. 2014,
95, 1991–2003. [CrossRef] [PubMed]

76. Dimcheff, D.E.; Faasse, M.A.; McAtee, F.J.; Portis, J.L. Endoplasmic reticulum (ER) stress induced by a
neurovirulent mouse retrovirus is associated with prolonged BiP binding and retention of a viral protein in
the ER. J. Biol. Chem. 2004, 279, 33782–33790. [CrossRef]

77. Yu, C.; Achazi, K.; Niedrig, M. Tick-borne encephalitis virus triggers inositol-requiring enzyme 1 (IRE1)
and transcription factor 6 (ATF6) pathways of unfolded protein response. Virus Res. 2013, 178, 471–477.
[CrossRef]

78. Klein, R.S.; Lin, E.; Zhang, B.; Luster, A.D.; Tollett, J.; Samuel, M.A.; Engle, M.; Diamond, M.S. Neuronal
CXCL10 directs CD8+ T-cell recruitment and control of West Nile virus encephalitis. J. Virol. 2005, 79,
11457–11466. [CrossRef]

79. Schoggins, J.W.; Rice, C.M. Interferon-stimulated genes and their antiviral effector functions.
Curr. Opin. Virol. 2011, 1, 519–525. [CrossRef]

80. Daniels, B.P.; Jujjavarapu, H.; Durrant, D.M.; Williams, J.L.; Green, R.R.; White, J.P.; Lazear, H.M.; Gale, M.;
Diamond, M.S.; Klein, R.S. Regional astrocyte IFN signaling restricts pathogenesis during neurotropic viral
infection. J. Clin. Investig. 2017, 127, 843–856. [CrossRef]

81. Phares, T.W.; Kean, R.B.; Mikheeva, T.; Hooper, D.C. Regional differences in blood-brain barrier permeability
changes and inflammation in the apathogenic clearance of virus from the central nervous system. J. Immunol.
2006, 176, 7666–7675. [CrossRef]

82. Daniels, B.P.; Holman, D.W.; Cruz-Orengo, L.; Jujjavarapu, H.; Durrant, D.M.; Klein, R.S. Viral
pathogen-associated molecular patterns regulate blood-brain barrier integrity via competing innate cytokine
signals. MBio 2014, 5, e01476–14. [CrossRef] [PubMed]

83. Hussmann, K.L.; Fredericksen, B.L. Differential induction of CCL5 by pathogenic and non-pathogenic strains
of West Nile virus in brain endothelial cells and astrocytes. J. Gen. Virol. 2014, 95, 862–867. [CrossRef]
[PubMed]

84. Hayes, E.B. Zika virus outside Africa. Emerg. Infect. Dis. 2009, 15, 1347–1350. [CrossRef] [PubMed]
85. Cao-Lormeau, V.M.; Roche, C.; Teissier, A.; Robin, E.; Berry, A.L.; Mallet, H.P.; Sall, A.A.; Musso, D. Zika

virus, French Polynesia, South pacific, 2013. Emerg. Infect. Dis. 2014, 20, 1085–1086. [CrossRef] [PubMed]
86. Brasil, P.; Pereira, J.P.; Moreira, M.E.; Ribeiro Nogueira, R.M.; Damasceno, L.; Wakimoto, M.; Rabello, R.S.;

Valderramos, S.G.; Halai, U.A.; Salles, T.S.; et al. Zika virus infection in pregnant women in Rio de Janeiro.
N. Engl. J. Med. 2016, 375, 2321–2334. [CrossRef] [PubMed]

87. Lowe, R.; Barcellos, C.; Brasil, P.; Cruz, O.G.; Honório, N.A.; Kuper, H.; Carvalho, M.S. The Zika virus
epidemic in Brazil: From discovery to future implications. Int. J. Environ. Res. Public Health 2018, 15, 96.
[CrossRef]

88. Thomas, D.L.; Sharp, T.M.; Torres, J.; Armstrong, P.A.; Munoz-Jordan, J.; Ryff, K.R.; Martinez-Quiñones, A.;
Arias-Berríos, J.; Mayshack, M.; Garayalde, G.J.; et al. Local transmission of Zika virus—Puerto Rico,
November 23, 2015–January 28, 2016. MMWR Morb. Mortal. Wkly. Rep. 2016, 65, 154–158. [CrossRef]

89. Musso, D.; Nilles, E.J.; Cao-Lormeau, V.M. Rapid spread of emerging Zika virus in the Pacific area.
Clin. Microbiol. Infect. 2014, 20, O595–O596. [CrossRef]

90. Baud, D.; Musso, D.; Vouga, M.; Alves, M.P.; Vulliemoz, N. Zika virus: A new threat to human reproduction.
Am. J. Reprod. Immunol. 2016, 77, e12614. [CrossRef]

http://dx.doi.org/10.1038/s41590-017-0021-y
http://www.ncbi.nlm.nih.gov/pubmed/29292385
http://dx.doi.org/10.1128/JVI.02944-13
http://www.ncbi.nlm.nih.gov/pubmed/24198425
http://dx.doi.org/10.4269/ajtmh.2006.75.691
http://www.ncbi.nlm.nih.gov/pubmed/17038696
http://dx.doi.org/10.1128/JVI.02577-12
http://dx.doi.org/10.1099/vir.0.065474-0
http://www.ncbi.nlm.nih.gov/pubmed/24920724
http://dx.doi.org/10.1074/jbc.M403304200
http://dx.doi.org/10.1016/j.virusres.2013.10.012
http://dx.doi.org/10.1128/JVI.79.17.11457-11466.2005
http://dx.doi.org/10.1016/j.coviro.2011.10.008
http://dx.doi.org/10.1172/JCI88720
http://dx.doi.org/10.4049/jimmunol.176.12.7666
http://dx.doi.org/10.1128/mBio.01476-14
http://www.ncbi.nlm.nih.gov/pubmed/25161189
http://dx.doi.org/10.1099/vir.0.060558-0
http://www.ncbi.nlm.nih.gov/pubmed/24413421
http://dx.doi.org/10.3201/eid1509.090442
http://www.ncbi.nlm.nih.gov/pubmed/19788800
http://dx.doi.org/10.3201/eid2011.141380
http://www.ncbi.nlm.nih.gov/pubmed/25341051
http://dx.doi.org/10.1056/NEJMoa1602412
http://www.ncbi.nlm.nih.gov/pubmed/26943629
http://dx.doi.org/10.3390/ijerph15010096
http://dx.doi.org/10.15585/mmwr.mm6506e2
http://dx.doi.org/10.1111/1469-0691.12707
http://dx.doi.org/10.1111/aji.12614


Int. J. Mol. Sci. 2019, 20, 691 15 of 16

91. Driggers, R.W.; Ho, C.Y.; Korhonen, E.M.; Kuivanen, S.; Jääskeläinen, A.J.; Smura, T.; Rosenberg, A.;
Hill, D.A.; DeBiasi, R.L.; Vezina, G.; et al. Zika virus infection with prolonged maternal viremia and fetal
brain abnormalities. N. Engl. J. Med. 2016, 374, 2142–2151. [CrossRef] [PubMed]

92. Melo, A.S.; Aguiar, R.S.; Amorim, M.M.; Arruda, M.B.; Melo, F.O.; Ribeiro, S.T.; Batista, A.G.; Ferreira, T.;
Dos Santos, M.P.; Sampaio, V.V.; et al. Congenital Zika virus infection: Beyond neonatal microcephaly.
JAMA Neurol. 2016, 73, 1407–1416. [CrossRef] [PubMed]

93. Zecevic, N.; Chen, Y.; Filipovic, R. Contributions of cortical subventricular zone to the development of the
human cerebral cortex. J. Comp. Neurol. 2005, 491, 109–122. [CrossRef] [PubMed]

94. Zecevic, N. Specific characteristic of radial glia in the human fetal telencephalon. Glia 2004, 48, 27–35.
[CrossRef] [PubMed]

95. deAzevedo, L.C.; Fallet, C.; Moura-Neto, V.; Daumas-Duport, C.; Hedin-Pereira, C.; Lent, R. Cortical radial
glial cells in human fetuses: Depth-correlated transformation into astrocytes. J. Neurobiol. 2003, 55, 288–298.
[CrossRef] [PubMed]

96. Hansen, D.V.; Lui, J.H.; Parker, P.R.; Kriegstein, A.R. Neurogenic radial glia in the outer subventricular zone
of human neocortex. Nature 2010, 464, 554–561. [CrossRef] [PubMed]

97. Retallack, H.; Di Lullo, E.; Arias, C.; Knopp, K.A.; Laurie, M.T.; Sandoval-Espinosa, C.; Mancia Leon, W.R.;
Krencik, R.; Ullian, E.M.; Spatazza, J.; et al. Zika virus cell tropism in the developing human brain and
inhibition by azithromycin. Proc. Natl. Acad. Sci. USA 2016, 113, 14408–14413. [CrossRef] [PubMed]

98. Li, C.; Xu, D.; Ye, Q.; Hong, S.; Jiang, Y.; Liu, X.; Zhang, N.; Shi, L.; Qin, C.F.; Xu, Z. Zika virus disrupts neural
progenitor development and leads to microcephaly in mice. Cell Stem Cell 2016, 19, 672. [CrossRef]

99. Simonin, Y.; Loustalot, F.; Desmetz, C.; Foulongne, V.; Constant, O.; Fournier-Wirth, C.; Leon, F.; Molès, J.P.;
Goubaud, A.; Lemaitre, J.M.; et al. Zika virus strains potentially display different infectious profiles in
human neural cells. EBioMedicine 2016, 12, 161–169. [CrossRef]

100. Wu, K.Y.; Zuo, G.L.; Li, X.F.; Ye, Q.; Deng, Y.Q.; Huang, X.Y.; Cao, W.C.; Qin, C.F.; Luo, Z.G. Vertical
transmission of Zika virus targeting the radial glial cells affects cortex development of offspring mice. Cell
Res. 2016, 26, 645–654. [CrossRef]

101. Martines, R.B.; Bhatnagar, J.; de Oliveira Ramos, A.M.; Davi, H.P.; Iglezias, S.D.; Kanamura, C.T.;
Keating, M.K.; Hale, G.; Silva-Flannery, L.; Muehlenbachs, A.; et al. Pathology of congenital Zika syndrome
in Brazil: A case series. Lancet 2016, 388, 898–904. [CrossRef]

102. Alvarez-Maubecin, V.; Garcia-Hernandez, F.; Williams, J.; Van Bockstaele, E. Functional coupling between
neurons and glia. J. Neurosci. 2000, 20, 4091–4098. [CrossRef] [PubMed]

103. Zonta, M.; Angulo, M.; Gobbo, S.; Rosengarten, B.; Hossmann, K.; Pozzan, T.; Carmignoto, G.
Neuron-to-astrocyte signaling is central to the dynamic control of brain microcirculation. Nat. Neurosci. 2003,
6, 43–50. [CrossRef] [PubMed]

104. Huang, Y.; Li, Y.; Zhang, H.; Zhao, R.; Jing, R.; Xu, Y.; He, M.; Peer, J.; Kim, Y.C.; Luo, J.; et al. Zika virus
propagation and release in human fetal astrocytes can be suppressed by neutral sphingomyelinase-2 inhibitor
GW4869. Cell Discov. 2018, 4, 19. [CrossRef] [PubMed]

105. Hamel, R.; Ferraris, P.; Wichit, S.; Diop, F.; Talignani, L.; Pompon, J.; Garcia, D.; Liégeois, F.; Sall, A.A.;
Yssel, H.; et al. African and Asian Zika virus strains differentially induce early antiviral responses in primary
human astrocytes. Infect. Genet. Evol. 2017, 49, 134–137. [CrossRef] [PubMed]

106. Kuivanen, S.; Korhonen, E.M.; Helisten, A.A.; Huhtamo, E.; Smura, T.; Vapalahti, O. Differences in the
growth properties of Zika virus foetal brain isolate and related epidemic strains in vitro. J. Gen. Virol. 2017,
98, 1744–1748. [CrossRef] [PubMed]

107. Stefanik, M.; Formanova, P.; Bily, T.; Vancova, M.; Eyer, L.; Palus, M.; Salat, J.; Braconi, C.T.; Zanotto, P.M.A.;
Gould, E.A.; et al. Characterisation of Zika virus infection in primary human astrocytes. BMC Neurosci. 2018,
19, 5. [CrossRef] [PubMed]

108. Monel, B.; Compton, A.A.; Bruel, T.; Amraoui, S.; Burlaud-Gaillard, J.; Roy, N.; Guivel-Benhassine, F.;
Porrot, F.; Génin, P.; Meertens, L.; et al. Zika virus induces massive cytoplasmic vacuolization and
paraptosis-like death in infected cells. EMBO J. 2017, 36, 1653–1668. [CrossRef]

109. Osso, L.A.; Chan, J.R. Astrocytes underlie neuroinflammatory memory impairment. Cell 2015, 163, 1574–1576.
[CrossRef]

http://dx.doi.org/10.1056/NEJMoa1601824
http://www.ncbi.nlm.nih.gov/pubmed/27028667
http://dx.doi.org/10.1001/jamaneurol.2016.3720
http://www.ncbi.nlm.nih.gov/pubmed/27695855
http://dx.doi.org/10.1002/cne.20714
http://www.ncbi.nlm.nih.gov/pubmed/16127688
http://dx.doi.org/10.1002/glia.20044
http://www.ncbi.nlm.nih.gov/pubmed/15326612
http://dx.doi.org/10.1002/neu.10205
http://www.ncbi.nlm.nih.gov/pubmed/12717699
http://dx.doi.org/10.1038/nature08845
http://www.ncbi.nlm.nih.gov/pubmed/20154730
http://dx.doi.org/10.1073/pnas.1618029113
http://www.ncbi.nlm.nih.gov/pubmed/27911847
http://dx.doi.org/10.1016/j.stem.2016.10.017
http://dx.doi.org/10.1016/j.ebiom.2016.09.020
http://dx.doi.org/10.1038/cr.2016.58
http://dx.doi.org/10.1016/S0140-6736(16)30883-2
http://dx.doi.org/10.1523/JNEUROSCI.20-11-04091.2000
http://www.ncbi.nlm.nih.gov/pubmed/10818144
http://dx.doi.org/10.1038/nn980
http://www.ncbi.nlm.nih.gov/pubmed/12469126
http://dx.doi.org/10.1038/s41421-018-0017-2
http://www.ncbi.nlm.nih.gov/pubmed/29707233
http://dx.doi.org/10.1016/j.meegid.2017.01.015
http://www.ncbi.nlm.nih.gov/pubmed/28095299
http://dx.doi.org/10.1099/jgv.0.000857
http://www.ncbi.nlm.nih.gov/pubmed/28699857
http://dx.doi.org/10.1186/s12868-018-0407-2
http://www.ncbi.nlm.nih.gov/pubmed/29463209
http://dx.doi.org/10.15252/embj.201695597
http://dx.doi.org/10.1016/j.cell.2015.12.001


Int. J. Mol. Sci. 2019, 20, 691 16 of 16

110. Alimonti, J.B.; Ribecco-Lutkiewicz, M.; Sodja, C.; Jezierski, A.; Stanimirovic, D.B.; Liu, Q.; Haqqani, A.S.;
Conlan, W.; Bani-Yaghoub, M. Zika virus crosses an in vitro human blood brain barrier model. Fluids Barriers
CNS 2018, 15, 15. [CrossRef]

111. Mladinich, M.C.; Schwedes, J.; Mackow, E.R. Zika virus persistently infects and is basolaterally released
from primary human brain microvascular endothelial cells. MBio 2017, 8. [CrossRef] [PubMed]

112. Ravanini, P.; Huhtamo, E.; Ilaria, V.; Crobu, M.G.; Nicosia, A.M.; Servino, L.; Rivasi, F.; Allegrini, S.; Miglio, U.;
Magri, A.; et al. Japanese encephalitis virus RNA detected in Culex pipiens mosquitoes in Italy. Euro Surveill.
2012, 17, 2–5. [CrossRef]

113. Laureti, M.; Narayanan, D.; Rodriguez-Andres, J.; Fazakerley, J.K.; Kedzierski, L. Flavivirus receptors:
Diversity, identity, and cell entry. Front. Immunol. 2018, 9, 2180. [CrossRef] [PubMed]

114. Mackenzie, J.S.; Gubler, D.J.; Petersen, L.R. Emerging flaviviruses: The spread and resurgence of Japanese
encephalitis, West Nile and dengue viruses. Nat. Med. 2004, 10, S98–S109. [CrossRef] [PubMed]

115. Myint, K.S.; Raengsakulrach, B.; Young, G.D.; Gettayacamin, M.; Ferguson, L.M.; Innis, B.L.; Hoke, C.H.;
Vaughn, D.W. Production of lethal infection that resembles fatal human disease by intranasal inoculation of
macaques with Japanese encephalitis virus. Am. J. Trop. Med. Hyg. 1999, 60, 338–342. [CrossRef] [PubMed]

116. Liou, M.L.; Hsu, C.Y. Japanese encephalitis virus is transported across the cerebral blood vessels by
endocytosis in mouse brain. Cell Tissue Res. 1998, 293, 389–394. [CrossRef] [PubMed]

117. German, A.C.; Myint, K.S.; Mai, N.T.; Pomeroy, I.; Phu, N.H.; Tzartos, J.; Winter, P.; Collett, J.; Farrar, J.;
Barrett, A.; et al. A preliminary neuropathological study of Japanese encephalitis in humans and a mouse
model. Trans. R. Soc. Trop. Med. Hyg. 2006, 100, 1135–1145. [CrossRef]

118. Yun, S.I.; Lee, Y.M. Early events in Japanese encephalitis virus infection: Viral entry. Pathogens 2018, 7.
[CrossRef]

119. Chen, C.J.; Ou, Y.C.; Lin, S.Y.; Raung, S.L.; Liao, S.L.; Lai, C.Y.; Chen, S.Y.; Chen, J.H. Glial activation
involvement in neuronal death by Japanese encephalitis virus infection. J. Gen. Virol. 2010, 91, 1028–1037.
[CrossRef]

120. Mishra, M.K.; Kumawat, K.L.; Basu, A. Japanese encephalitis virus differentially modulates the induction of
multiple pro-inflammatory mediators in human astrocytoma and astroglioma cell-lines. Cell Biol. Int. 2008,
32, 1506–1513. [CrossRef]

121. Li, F.; Wang, Y.; Yu, L.; Cao, S.; Wang, K.; Yuan, J.; Wang, C.; Cui, M.; Fu, Z.F. Viral infection of the central
nervous system and neuroinflammation precede blood–brain barrier disruption during Japanese encephalitis
virus infection. J. Virol. 2015, 89, 5602–5614. [CrossRef] [PubMed]

122. Chang, C.Y.; Li, J.R.; Chen, W.Y.; Ou, Y.C.; Lai, C.Y.; Hu, Y.H.; Wu, C.C.; Chang, C.J.; Chen, C.J. Disruption
of in vitro endothelial barrier integrity by Japanese encephalitis virus-infected astrocytes. Glia 2015, 63,
1915–1932. [CrossRef] [PubMed]

123. Wang, K.; Wang, H.; Lou, W.; Ma, L.; Li, Y.; Zhang, N.; Wang, C.; Li, F.; Awais, M.; Cao, S.; et al. IP-10
promotes blood–brain barrier damage by inducing tumor necrosis factor alpha production in Japanese
encephalitis. Front. Immunol. 2018, 9, 1148. [CrossRef] [PubMed]

124. Bhowmick, S.; Duseja, R.; Das, S.; Appaiahgiri, M.B.; Vrati, S.; Basu, A. Induction of IP-10 (CXCL10) in
astrocytes following Japanese encephalitis. Neurosci. Lett. 2007, 414, 45–50. [CrossRef] [PubMed]

125. Patabendige, A.; Michael, B.D.; Craig, A.G.; Solomon, T. Brain microvascular endothelial-astrocyte cell
responses following Japanese encephalitis virus infection in an in vitro human blood-brain barrier model.
Mol. Cell. Neurosci. 2018, 89, 60–70. [CrossRef] [PubMed]

126. Chen, C.J.; Ou, Y.C.; Chang, C.Y.; Pan, H.C.; Liao, S.L.; Raung, S.L.; Chen, S.Y. TNF-α and IL-1β mediate
Japanese encephalitis virus-induced RANTES gene expression in astrocytes. Neurochem. Int. 2011, 58,
234–242. [CrossRef]

127. Ariff, I.M.; Thounaojam, M.C.; Das, S.; Basu, A. Japanese encephalitis virus infection alters both neuronal
and astrocytic differentiation of neural stem/progenitor cells. J. Neuroimmune Pharmacol. 2013, 8, 664–676.
[CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1186/s12987-018-0100-y
http://dx.doi.org/10.1128/mBio.00952-17
http://www.ncbi.nlm.nih.gov/pubmed/28698279
http://dx.doi.org/10.2807/ese.17.28.20221-en
http://dx.doi.org/10.3389/fimmu.2018.02180
http://www.ncbi.nlm.nih.gov/pubmed/30319635
http://dx.doi.org/10.1038/nm1144
http://www.ncbi.nlm.nih.gov/pubmed/15577938
http://dx.doi.org/10.4269/ajtmh.1999.60.338
http://www.ncbi.nlm.nih.gov/pubmed/10466958
http://dx.doi.org/10.1007/s004410051130
http://www.ncbi.nlm.nih.gov/pubmed/9716728
http://dx.doi.org/10.1016/j.trstmh.2006.02.008
http://dx.doi.org/10.3390/pathogens7030068
http://dx.doi.org/10.1099/vir.0.013565-0
http://dx.doi.org/10.1016/j.cellbi.2008.08.020
http://dx.doi.org/10.1128/JVI.00143-15
http://www.ncbi.nlm.nih.gov/pubmed/25762733
http://dx.doi.org/10.1002/glia.22857
http://www.ncbi.nlm.nih.gov/pubmed/25959931
http://dx.doi.org/10.3389/fimmu.2018.01148
http://www.ncbi.nlm.nih.gov/pubmed/29910805
http://dx.doi.org/10.1016/j.neulet.2006.11.070
http://www.ncbi.nlm.nih.gov/pubmed/17287085
http://dx.doi.org/10.1016/j.mcn.2018.04.002
http://www.ncbi.nlm.nih.gov/pubmed/29635016
http://dx.doi.org/10.1016/j.neuint.2010.12.009
http://dx.doi.org/10.1007/s11481-013-9455-7
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Neurotropic Flaviviruses that Infect Astrocytes 
	Tick-borne Encephalitis Virus 
	West Nile Encephalitis Virus 
	Zika Virus 
	Japanese Encephalitis Virus 

	Conclusions 
	References

