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Abstract

Viral infections of the central nervous system are accompanied by the expression of cytokines and chemokines
that can be critical for the control of viral replication in the brain. The outcomes of cytokine/chemokine
signaling in neural cells vary widely, with cell-specific effects on cellular activity, proliferation, and survival.
Neural stem/progenitor cells (NSPCs) are often altered during viral infections, through direct infection by the
virus or by the influence of immune cell activity or cytokine/chemokine signaling. However, it has been
challenging to dissect the contribution of the virus and specific inflammatory mediators during an infection. In
addition to initiating an antiviral program in infected NSPCs, cytokines/chemokines can induce multiple changes
in NSPC behavior that can perturb NSPC numbers, differentiation into other neural cells, and migration to sites of
injury, and ultimately brain development and repair. The focus of this review was to dissect the effects of common
antiviral cytokines and chemokines on NSPC activity, and to consider the subsequent pathological consequences
for the host from changes in NSPC function.
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Introduction new neurons declines that could impair maintenance of the
NSPC pool, brain growth, and replacement of dying neurons

IRAL INFECTIONS OF THE CENTRAL NERVOUS SYSTEM (18,58,85,101,125,127).

(CNS) can profoundly impact brain development and NSPCs are characterized by cellular plasticity and by the
function, particularly in younger hosts where new neural cells ~ ability to self-renew, and they play critical roles in the
are still actively produced and synaptic connections are embryonic, neonatal, and adult brain. In the developing
undergoing refinement. Viruses generally cause CNS dis- brain, NSPCs are controlled by a finely orchestrated series
ease in two, nonexclusive ways: (a) replicating in and killing  of signals that coordinate proliferation and differentiation
CNS cells (e.g., Zika virus, Semliki Forest virus), and/or (b) into different neural cell types (neurons, astrocytes, and
inducing an immune response that causes excessive in- oligodendrocytes) that ultimately populate the mature brain.
flammation or encephalitis in the brain (e.g., human im- Depending upon the developmental stage, NSPCs can divide
munodeficiency virus [HIV], West Nile virus [WNV]). symmetrically to give rise to two daughter NSPCs or
Neuronal loss is prevalent in many viral CNS infections, in ~ asymmetrically to produce one NSPC and one neuron or
which damage to postmitotic neurons may lead to arange of ~ glial cell. NSPCs are driven into the appropriate lineage by
pathologies depending upon the affected brain region and tightly timed expression of developmental growth factors
the age of the host (30,40,86,116). In addition to neurons that ~ and cytokines in specific brain regions, ultimately building
may be damaged or killed, neural stem/progenitor cells the finely patterned network of the CNS. Disruption of either
(NSPCs) are a target for many neurotropic viruses, including NSPC proliferation or differentiation can lead to profound
murine and human cytomegalovirus (CMV), herpes simplex  neurodevelopmental disorders, including microcephaly (52).
virus (HSV), lymphocytic choriomeningitis virus (LCMV), The potency and localization of NSPCs change with age,
Japanese encephalitic virus (JEV), Borna disease virus, and  with more widespread expression in the embryonic brain
Zika virus (5,17,18,32,85,98,117). During many viral in- followed by a gradual restriction into neurogenic niches in
fections, NSPC proliferation decreases and production of adulthood [reviewed in Stevens er al. (110) and Temple
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(118)]. In the adult brain, NSPCs are restricted to neuro-
genic niches in the subgranular zone of the hippocampus,
and the subventricular zone (SVZ) (61,93,94,124,126),
where they are involved in the production of new neurons
for long-term memory, learning, and repair (36,63,80). In
addition to producing most of the neural cells in the brain,
NSPCs also play important roles in direct replacement of
damaged or dying neurons, secretion of trophic factors, and
even modulation of resident and infiltrating immune cells
(65,75,82). Much of the cross talk between NSPCs and
immune cells results from cytokines produced by both cell
types, with potential protective or toxic effects depending
upon the cytokine profile (24,34,55). Thus, disruptions in
NSPC function have significant physiological consequences
for the host at any age.

When NSPCs are infected by a virus, there are a range of
cytopathic effects by which the virus can alter NSPC
function, including apoptosis or inhibition of growth [re-
viewed in Das and Basu (32)]. However, indirect mecha-
nisms by which NSPCs are disrupted during a viral
infection, and the role that antiviral mediators play in this
process, remain largely undefined. Our goal in this review
was to highlight common antiviral cytokines and chemo-
kines that are expressed in neurotropic infections and to
address how NSPCs would be predicted to respond to the
inflammatory milieu. By better understanding the factors
that contribute to alterations in NSPC behavior, we hope to
elucidate potential therapeutic targets to prevent or limit
neurological sequelae associated with viral infections.

Cytokines
Tumor necrosis factor alpha

Tumor necrosis factor alpha (TNFa) has significant
physiological roles in the healthy brain and immunoregula-
tory roles in infected or diseased brain (97). Exposure of the
neonatal brain to TNFo can result in long-term behavioral
deficits and high concentrations of TNF« are associated with
anxiety and depression-like behavior in adulthood (7). In
models of viral CNS infections, TNFu is upregulated in var-
ious in vivo and in vitro studies of HSV1, CMV, HIV, and
tick-borne encephalitis virus (1,22,74,104,122,141). Im-
portantly, during murine CMYV infection, TNFo reduces the
numbers of granule NSPCs in the cerebellar external granule
layer, suggesting that TNFo may affect survival or prolifer-
ation during CNS infections (104). As there are very few
studies that have investigated the effects of TNFx on NSPCs
in the presence of a viral infection, we consider studies that
examine the effect of TNFu treatment on NSPC activity.

The effects of TNFa on NSPC proliferation seem to be
dependent on the dose and the duration of exposure. Low
concentrations of TNFo induce proliferation of postnatal SVZ
NSPCs in vitro, whereas high concentrations of TNFo trigger
apoptosis in the same cells (73). Similarly, short exposure to
TNFo causes an initial increase in proliferation, followed
subsequently by apoptosis in longer exposures in vitro and
in vivo. During TNF« treatment of adult SVZ NSPCs, in-
creased proliferation was observed 24h after treatment,
whereas at 72 h there was a moderate increase in apoptosis of
NSPCs (135). Distinct signaling pathways appear to be re-
sponsible at each stage (Fig. 1). TNFa mediates proliferative
changes in NSPCs through activation of nuclear factor kappa-
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light-chain-enhancer of activated B cells (NF-xB) and in-
hibitor of NF-xB kinase subunit beta (IKK-f) signaling with
an increase in cyclin D1 activity (135), whereas TNFa« causes
apoptosis of NSPCs through activation of the p38 mitogen-
activated protein kinase (MAPK) pathway. Activation of
p38-MAPK is coupled with an increase in B cell lymphoma 2
(Bcl2)-associated protein (Bax) and cleaved caspase-3 and a
decrease in Bcl2, suggestive of a disruption of mitochondrial
integrity (25). Similarly, in vivo administration of TNF« to
adult mice resulted in an increase in newly formed NSPCs in
the SVZ at 24 h postadministration, followed by a reduction in
NSPCs in the SVZ at 48 h. The authors attribute this decrease
to either apoptosis of the NSPCs or migration of NSPCs from
the SVZ to the site of injection (138). Thus, brief exposure of
NSPCs to TNFa seems to increase NSPC proliferation,
whereas long-term exposure may be detrimental to the NSPC
pool.

TNFo also promotes differentiation of NSPCs, but with
different cell fates depending upon cell type and the receptor
profile. TNF« increases neurogenesis of postnatal SVZ
NSPCs activation of the stress-activated protein kinase/c-
Jun N-terminal kinase (SAPK/JNK) pathway in vitro (73).
In contrast, TNFu treatment of human and rat fetal NSPCs
enhances astrogliogenesis and reduces neurogenesis (62,69).
The increase in astrogliogenesis in rat fetal NSPCs can be
attributed to elevated expression of the antineurogenic
transcription factor, Hairy and enhancer of split-1 (Hesl)
(62). In human fetal NSPCs, TNF« leads to an increase in
production of leukemia inhibitory factor (LIF) that leads to
astrogliogenesis in an autocrine manner (69). Thus, whether
TNFo induces neurogenesis or gliogenesis of NSPCs may
depend partially on the age of the host. It is also possible
that these distinct cell fate commitments are the result of the
subtypes of TNFa receptors (TNFR) expressed on the
NSPCs. Iosif et al. observed that TNFo binding to TNFR2, a
subtype of TNFR, leads to an increase in neurogenesis in
adult rat dentate gyrus. No changes in differentiation were
observed with binding to TNFR1 in the same cell type (56).
However, TNFa also induces neurogenesis in the postnatal
SVZ NSPCs, although it binds to TNFR1 (73). Interestingly,
TNFa may also increase NSPC numbers through dediffer-
entiation of astrocytes, where astrocytes are reprogrammed
into pluripotent, NSPC-like cells (41). Hence, TNFo may
alter the NSPC pool through direct modulation of prolifer-
ation or through indirect mechanisms such as dedifferenti-
ation of other neural cells.

Interleukin-6

Interleukin-6 (IL-6) is expressed basally in the brain
where it plays a role in learning and memory (35). However,
inflammatory changes in IL-6 can have protective and del-
eterious effects. IL-6 overexpression impairs avoidance
learning and mediates autism-like behavior, whereas mice
lacking IL-6 demonstrate increased sensitivity to infection
and deficits in fear conditioning (50,132). IL-6 expression
has been observed in numerous CNS infections such as HIV,
CMV, WNV, JEV, and Zika virus (4,13,71,87,136). NSPCs
infected by JEV also produce IL-6 that may then act in an
autocrine matter to trigger apoptosis (83).

Multiple studies suggest that IL-6 exposure can trigger
neurogenesis in primary NSPCs (12,57,60,103). IL-6 treatment
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FIG. 1. Effects of TNFa on NSPC activity. TNF« treatment results in disparities in differentiation because of the subtype
of TNFR (TNFR1 or TNFR2) and the age/brain region of the NSPCs. In the adult dentate gyrus (DG), TNFa« induces
increased neurogenesis in NSPCs through TNFR2 binding. No changes in differentiation are observed when TNFu binds to
TNFRI1 in the same model. In postnatal SVZ NSPCs, TNFo activates the SAPK/JNK pathway through TNFR1, resulting in
increased neurogenesis. Many studies do not address the relative roles of TNFR1/TNFR?2 specifically, but rather focus on
intracellular signaling pathways that are activated by TNFo. In embryonic hippocampal NSPCs, TNFo results in astro-
gliogenesis through the activation of Hesl, an antineurogenic transcription factor. Chronic TNFo treatment results in
increased expression of the proapoptotic protein, Bax, which is accompanied by activation/cleavage of caspase-3 in NSPCs.
In contrast, acute TNFo treatment results in increased proliferation through NF-xB signaling. TNF« also leads to the release
of LIF that activates STAT3 signaling through LIFR and promotes astrogliogenesis in NSPCs. Solid lines represent
pathways that are defined in the literature, and the dotted line represents a proposed pathway. Bax, B cell lymphoma 2
associated protein; Hes1, Hairy and enhancer of split-1; LIF, leukemia inhibitory factor; NF-kB, nuclear factor kappa-light-
chain-enhancer of activated B cells; NSPCs, neural stem/progenitor cells; SAPK/JNK, stress activated protein kinase/c-Jun

N-terminal kinase; SVZ, subventricular zone; TNFa, tumor necrosis factor alpha.

of human NSPC lines also results in an increase in neurogen-
esis and neurite growth (103). However, the context of the
inflammatory milieu, and the other cytokines that are ex-
pressed, may influence the effects of IL-6. When activated
microglia release IL-6 and LIF, astrocytic differentiation re-
sults in NSPCs without any changes in proliferation (79). Si-
milarly, Zika virus infection of microglia results in the
production and release of IL-6 and TNF«, which causes an
increase in NSPC proliferation and astrogliogenesis and a de-
crease in neurogenesis (129). Hence, although studying the
effects of individual cytokines is important, evaluating the
effects of IL-6 in combination with other cytokines is imper-
ative for understanding NSPC activity.

In vivo treatment with IL-6 can result in long-term changes
in NSPC function and activity that might be detrimental to the
cellular ratio or composition of the brain. Storer et al. showed
that IL-6 administration in postnatal and adult mice results in
an initial increase in NSPC proliferation and neurogenesis.
Ultimately, prolonged IL-6 exposure led to an increase in
neurogenesis that was associated with a depletion of NSPC

pools in both age groups (111). In addition, in utero exposure to
IL-6 results in long-term changes in the NSPC pools of the
offspring. Maternal IL-6 administration causes an increase in
cortical and forebrain precursors in the embryo. These per-
turbations in NSPC activity last into adulthood, where an in-
crease in proliferation and neurogenesis is observed in the SVZ
pools of the adult offspring (42). Thus, IL-6 has the potential to
cause life-long effects on NSPC activity that may or may not be
reversible. It is also important to note that IL-6 may play a
protective role for NSPCs, particularly during certain viral
infections. HSV1 infection leads to a decrease in the NSPC
pool and the number of immature neurons in vitro. However,
these effects are blocked by microglial-derived IL-6 that pre-
serves the NSPC pool during an active infection (27).

Interleukin 1 beta

The IL-1 family contains 11 cytokines including the
proinflammatory interleukin 1 beta (IL-15) (89). IL-1p is
often seen in models of CNS viral infection including WNV,
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CMYV, HSV, and HIV (4,28,74,95,99). In these viral models,
IL-15 has been shown to have a variety of effects in the
CNS. In WNYV infection, IL-1f signaling has been impli-
cated in control of both viral replication and immune cell
recruitment and activation within the CNS (37,99). Simi-
larly, in HSV infection, the absence of IL-1f is associated
with increased viral replication in the brain (106). The im-
pact of IL-18 on NSPCs could be relevant in the context of
viral infection; however, this has not been extensively
studied in viral models. Despite this, the effects of IL-1 on
NSPCs in nonviral models can be evaluated and used to
speculate on the nature of the NSPC response to IL-1f
during a viral infection.

IL-1§ reduces NSPC proliferation in most in vitro studies
(29,45,46,66,102,131), but the proposed signaling mecha-
nisms vary based upon dose and duration (45,102) of IL-1
treatment. Studies by Guadagno et al. and Wang et al. sug-
gested that reduced NSPC proliferation is at least partially
because of apoptosis that is mediated by p53 and/or SAPK/
JNK signaling (46,131), whereas studies by Koo and Duman
(66) and Crampton et al. (29) suggested nonapoptotic
mechanisms of inhibition such as reduced cellular respiration
and/or induced differentiation. Ultimately, IL-1f appears to
inhibit proliferation in short-term treatments while inducing
apoptosis in more long-term exposures (>7 days) with higher
doses of IL-1f (e.g., 100 ng/mL) (45,102,131). In contrast,
human NSPCs respond to IL-1f with increased proliferation,
suggesting species-specific differences in the IL-1/ response
(142). Neurotropic viruses can cause acute or chronic infec-
tion in the CNS that may lead to differential expression of
IL-1p over time (115). In viral meningitis patients, the cere-
brospinal fluid (CSF) concentration of IL-1 ranged from 20 to
700 pg/mL (3). This concentration is lower than the concen-
trations of IL-1f used for NSPC treatment in in vitro studies
(29,45,66,131); however, CSF and local tissue concentrations
may not be equivalent. Thus, further studies are needed to
elucidate whether viral infections of the CNS generate enough
IL-1p to significantly affect NSPC proliferation.

In addition to reducing NSPC proliferation, IL-1 induces
differentiation of NSPCs into the glial lineage and/or re-
stricts differentiation into the neuronal lineage in vitro
(23,29,45,68,142). This is also supported by in vivo studies
where inhibition or knockout of interleukin 1 receptor 1 in-
hibits the decrease in neurogenesis in models of WNV neuro-
invasive disease (44) and acute stress (66). Mechanistically,
IL-1p-mediated astrogliogenesis may occur through STAT3
signaling and the suppression of multiple proneural basic he-
lix—-loop-helix transcription factors (23,68). In addition, it
appears that IL-1f activates the neurotoxic arm of the kynur-
enine pathway in differentiating NSPCs that reduces neuro-
genesis during IL-1f exposure (142). Ultimately, it is probable
that IL-1f affects NSPC differentiation through multiple
mechanisms, and further studies are needed to elucidate which
pathways are activated during specific viral infections.

Interferon beta

Interferon beta (IFNp) is a type I interferon that is secreted
in response to viral infection, participates in the innate antiviral
response, and induces interferon-stimulated genes that are key
for viral control (105). IFNf is induced in the CNS during
many neurotropic infections, including WNYV, La Crosse virus,
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HIV, and HSV-1 (9,33,70,130,136). IFNf signaling is crucial
for viral control in the brain for WNV and HSV-1 infections,
and may be neuroprotective and limit viral replication during
HIV infection of the CNS (9,10,70,119,130). HSV-infected
NSPCs can produce IFNp, suggesting that the NSPCs may
have an autocrine response to [IFNf (114). Indeed, Wellen et al.
observed the upregulation of the antiviral genes Myxovirus 1
(Mx1) and viperin in mouse NSPCs following IFNf treatment
(133). Although it is clear that type 1 interferons are produced
during many viral infections and can even confer neuropro-
tection, few NSPC studies have examined protective or toxic
roles for IFNf during infections (119). Thus, here we consider
studies that utilized IFNJ treatment of NSPCs in vitro.

The effect of IFNf on NSPC proliferation and differenti-
ation appears to be species dependent (Fig. 2A). IFNf has
been shown to inhibit or have no effect on mouse NSPC
proliferation (51,76,133), but sustain human NSPC prolifer-
ation (6). These differences in proliferation are partially ex-
plained by distinct gene expression profiles during IFNf
treatment, where human NSPCs specifically upregulate genes
related to cell growth and murine NSPCs do not (6,51). Si-
milarly, studies with murine NSPCs suggest that IFN § has no
effect on overall NSPC differentiation (51,76,133), while
Arscott et al. observed that IFNff promoted differentiation in
human NSPCs. An additional caveat to these comparisons is
that the sole study with human NSPCs generally used higher
concentrations of IFNf} than those studies with mouse NSPCs
(6,51,76,133). Ultimately, further studies are needed to
evaluate whether there are mechanistic differences in IFNf
signaling in NSPCs, and how such differences would impact
NSPC function during a viral infection.

Interferon gamma

Interferon gamma (IFNy) is a pluripotent cytokine that is
required for control of many neurotropic viruses in the brain
including measles virus (MV), Theiler’s virus, HSV, and
Sindbis virus (20,91,92,100,109). IFNy has well-defined
roles in the modulation of immune cells and activation of
antiviral genes in many neural cell types (19,26,88,90,108).
However, it is less clear how IFNy affects NSPC activity
during a viral infection. IFNy primarily signals through
activation of the Janus kinase-signal transducer and activa-
tors of transcription (JAK/STAT) signaling pathway that
also regulates proliferation and cell fate choice in NSPCs
(38,47,128). Recent studies suggest that IFNy may alter
NSPC survival and behavior during viral infections, de-
pending upon the model system and the cell types infected
by the virus. During HSV-1 infection, activated CD8* T
cells release IFNy that restricts growth of embryonic NSPCs
and increases expression of astrocytic markers (55). In a
model of neuron-restricted MV infection, IFNy protected
neonatal NSPCs and immature neurons from the cytotoxic
effects of inflammation without altering neurogenesis (39).
Thus, IFNy may disrupt or protect NSPCs depending upon
the type of viral infection and the age of the NSPCs.

When NSPCs are treated in vitro, IFNy exerts predo-
minately antiproliferative effects through activation of
JAK/STATI signaling (Fig. 2B). IFNy arrests the growth
of embryonic and adult NSPCs derived from the SVZ
(14,67,76,96,123,137). Consistent with these observations,
NSPCs derived from mice lacking IFNy or STAT1 show
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FIG. 2. Effects of interferon on NSPC activity. (A) The effects of IFNf on NSPC activity are species dependent. IFNf
generally inhibits proliferation in murine NSPCs, but sustains proliferation and promotes differentiation in human NSPCs.
NSPCs express the interferon-o/ff receptor (IFNAR), and IFNf canonically signals through STAT1/2; however, the
mechanism of the effects of IFNf on NSPC activity has not been defined. (B) IFNy affects NSPC activity predominantly
through JAK-STAT signaling. IFNy inhibits NSPC proliferation and restricts cell cycle progression through STATI-
dependent dephosphorylation of cyclin D1 and of the Rb, but can enhance proliferation through the Shh protein. The effect
of IFNy on neurogenesis is age dependent, with increased neurogenesis seen in adult NSPCs and reduced neurogenesis seen
in embryonic NSPCs. IFNy may induce gliogenesis through STAT3 signaling. Solid lines represent pathways that are
defined in the literature, and dotted lines represent proposed pathways. JAK-STAT, Janus kinase-signal transducer and
activators of transcription; Rb, retinoblastoma protein; Shh, sonic hedgehog.

greater proliferation than wild-type NSPCs (67,72). In em-
bryonic NSPCs, IFNy restricts cell cycle progression
through STAT1-dependent dephosphorylation of cyclin D1
and of the retinoblastoma protein (Rb), thus blocking cell
progression at a late-stage G1/S-phase transition (67). Al-
though most studies suggest that IFNy restricts NSPC pro-
liferation, studies in cerebellar NSPCs show that IFNy can
enhance proliferation through the sonic hedgehog (Shh)
protein (112), suggesting that the impact of IFNy on pro-
liferation may depend on the brain region in which the
NSPCs reside (112).

The effects of IFNy on NSPC differentiation are less clear.
In vitro and in vivo studies of adult murine NSPCs show that
IFNy induces neuronal differentiation in a STAT1-dependent
manner (76,96,123,137). However, NSPCs derived from
neonatal rat striatum do not exhibit any changes in differen-
tiation in response to IFNy (14). In contrast to many studies on
adult NSPCs, embryonic NSPCs exhibit decreased neuronal
differentiation in response to IFNy (2). A potential explana-
tion for these different outcomes in differentiation may be
age-dependent regulation of STAT signaling in NSPCs. Other
developmentally regulated cytokines, such as LIF and ciliary
neurotropic factor, induce astrogliogenesis in NSPCs through
STAT1 and STATS3 signaling. However, their ability to in-
duce glial differentiation is limited in early embryonic stages,
when neurogenesis dominates and glial gene expression is
inhibited at the epigenetic level (16,47). Another possibility is
that IFNy acts synergistically with other developmental cy-

tokines to drive glial differentiation in younger NSPCs,
whereas IFNy induces neurogenesis in adult NSPCs that have
more limited potency. In the context of a viral infection, the
inappropriate activation of STAT signaling by IFNy could
interrupt neurogenesis in the embryonic or neonatal CNS that
could have long-term neurodevelopmental consequences on
cortical growth or hippocampal structure. Regardless, these
studies suggest that effects of IFNy on NSPC differentiation
are at least partially age dependent.

Chemokines
C-X-C motif chemokine ligand 10

Chemokines such as C-X-C motif chemokine ligand 10
(CXCL10), which is also known as IFNy-induced protein
10, are secreted by resident CNS cells and are instrumental
for leukocyte trafficking into the brain (54). CXCL10 se-
cretion by neurons, glia, and NSPCs is induced by cytokines
such as TNFo and IFNy (84,107). CXCL10 acts primarily
through the C-X-C motif chemokine receptor 3 (CXCR3)
receptor, which is found on activated T cells and natural
killer cells as well as neurons, astrocytes, and microglia
(15,84,139). CXCL10 expression is seen in many models of
CNS infection, including MV, rabies virus, WNV, and
HSV-1 (21,43,64,78). In a murine model of MV infection,
CXCL10 is the most highly induced cytokine in neonatal
and adult brains (43). In a model of WNV encephalitis and
rabies virus infection, CXCL10 is important for T cell
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recruitment and control of viral replication (21,64). In ad-
dition to a well-established role in immune cell recruitment,
CXCLI10 expression is also associated with reduced neuro-
blast numbers in an in vivo model of LCMV infection,
suggesting that CXCL10 may have direct or indirect effects
on NSPC function (113). NSPCs express the CXCR3 re-
ceptor and follow a CXCLI10 gradient in vitro, suggesting
that NSPCs may use CXCL10 to home regions of neuronal
damage during CNS infection or injury (120,121).

In addition to effects on NSPC migration, CXCL10 may
affect NSPC survival. CXCL10 treatment of a rat NSPC line
induced extracellular regulate kinase (ERK)-1/2 phosphory-
lation, and chronic CXCL10 exposure in neurons induces
ERK-1/2 activation and the expression of the antiapoptotic
proteins Bcl2 and SOD2 (8,53). ERK-1/2 signaling is gen-
erally neuroprotective and thus CXCL10 stimulation may
protect NSPCs from apoptosis (49). CXCL10 also reduces
differentiation of pluripotent stem cells and oligodendrocyte
precursor cells, suggesting that CXCL10 may maintain
pluripotency (59,81). In the context of viral infections where
CXCLI10 is highly expressed in the brain, one possibility is
that NSPCs migrate toward areas of infection or damage but
are protected by prosurvival signals from the CXCL10 ex-
pression. Such a scenario would provide a pool of NSPCs near
brain regions where repair of damaged neurons or modulation
of infiltrating immune cells may be beneficial for the host.
Although further studies would be needed to establish whe-
ther CXCL10 induces migration in vivo, the responsiveness of
stem cells to CXCL10 suggests that NSPCs are likely to be
sensitive to its upregulation during infection.

C-C motif chemokine ligand 2

C-C motif chemokine ligand 2 (CCL2), also known as
monocyte chemoattractant protein-1, is a chemokine ex-
pressed in the brain in inflammatory conditions (31,140),
including viral infections such as JEV, MV, WNV, and
neurotropic mouse hepatitis virus (11,43,71,82), where it
primarily acts as a chemoattractant for monocytes (11,48).
Although there are not yet studies that investigate the effects
of CCL2 on NSPCs in the context of viral infection, there
are studies assessing the role of CCL2 on NSPC activity.
CCL2 increases neurogenesis in adult murine NSPCs from
the SVZ (123). During glial differentiation of NSPCs, it was
observed that there was an upregulation of CCL2 that oc-
curred through the NF-xB pathway (77). CCL2 also induces
migration of rat hippocampal NSPCs but does not induce
significant migration of NSPCs from the SVZ at the same
concentration, suggesting that there are region-specific dif-
ferences in NSPC responses to chemokines (134). If con-
sidered in the context of high CXCL10 expression during
viral infections, it is conceivable that gradients of different
chemokines will differentially attract NSPCs from distinct
niches in the brain. Whether such a scenario could have an
impact on repair or upon the type of neurons that are pro-
duced by infiltrating NSPCs is a question for future study.

Conclusions

Viral infections can profoundly impact brain function,
whether it is through perturbations in developmental pro-
cesses or irreparable damage to existing neural cells. NSPCs
produce many of the cells in the developing brain and also
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provide new neural cells in response to physiological and
pathological stimuli. A growing body of research demon-
strates that NSPCs are responsive to cytokines and chemo-
kines produced during viral infections in addition to being
cellular targets for some neurotropic viruses. Although
many of these cytokines and chemokines have been studied
independently, it is likely that the outcomes for the NSPCs
will depend on the cumulative effects of the inflammatory
milieu that bears further study in in vivo models of infection.
Although cytokines can have different effects on NSPC
proliferation depending on the model, our overall observa-
tions are that most antiviral cytokines inhibit NSPC prolif-
eration. Given that NSPCs support replication of many CNS
viruses, it is conceivable that limiting proliferation of these
cells could also limit viral replication, as viruses generally
prefer cells that are actively dividing. Furthermore, many of
these antiviral cytokines limit neurogenesis or enhance glio-
genosis. Immature neurons are especially susceptible to the
neurotoxic effects of inflammation, and many viruses spread
more readily in immature neurons than in fully differenti-
ated neurons. A transient reduction in the pool of newly
born neurons may be beneficial to the host in terms of
avoiding neuronal death and limiting viral spread. As with
any inflammatory condition, the immune system must strike
a balance between preserving the host cell tissue and cre-
ating an unfavorable environment for the virus. If inflam-
matory mediators were to act at a sensitive window in brain
development or for a prolonged period during a chronic
infection, alterations in NSPC function may lead to long-
term pathological consequences for the host. Evaluating the
impact of the initial infection and successive immunological
milestones on NSPC function, particularly in the developing
brain, may provide a foundation for future therapeutics.
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