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New advances in CNS immunity against viral infection
Monica Manglani'? and Dorian B McGavern'

The central nervous system (CNS) is an immunologically
specialized organ where restrictive barrier structures protect
the parenchyma from inflammation and infection. This
protection is important in preventing damage to non-renewable
resident cell populations, such as neurons, responsible for
functions ranging from executive to autonomic. Despite these
barriers, the CNS can be infected through several entry portals,
giving rise to meningitis and encephalitis. Following infection,
resident cells recruit peripherally derived immune cells to sites
of viral infection. In this review, we discuss recent advances in
immune recruitment and entry at barrier structures as well as
current immunotherapeutic strategies for the treatment of
persistent viral infections.
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Introduction

CNS viral infections are a major cause of death and
disability globally. Furthermore, the socio-economic bur-
den of CNS infections is growing rapidly with the (re)
emergence of highly pathogenic neurotropic viruses [1—
3]. Despite this growing patient population, specific ther-
apies for CNS infections are largely unavailable. The
current standard-of-care for viral infection is antiviral
therapy [4,5]. However, these drugs are often ineffective
in depleting viral reservoirs because they are either non-
specific or fail to cross the specialized CNS barrier struc-
tures into areas of viral invasion [2]. Consequently, there
remains an outstanding and growing need for targeted
treatment of these viral diseases.
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Inextricably intertwined in our ability to treat CNS viral
infections is our knowledge of brain anatomy, drainage,
and immunity, as reviewed elsewhere [6-9]. Application
of these principles can assist in creating targeted viral and
immune-mediated therapeutics. Over the past decade,
several instrumental findings have altered our perspective
of CNS immunity. Once thought to be immune-privi-
leged, the CNS is immune competent, dynamic, and in
direct contact with the peripheral immune system [10,11].
Within this review, we discuss recent advances in
immune recruitment and entry at barrier structures as
well as current immunotherapeutic strategies for the
treatment of persistent viral infection.

CNS anatomy and drainage

The brain parenchyma, enveloped by the meninges, is
suspended in cerebrospinal fluid (CSF) within the cranial
vault (Figure 1). The CSF, produced by the choroid
plexus (Figure 2) within the ventricular spaces, and the
meninges (Figure 3), comprised of the dura, pia and
arachnoid mater, protect the CNS from injury and infec-
tion. Immediately beneath the skull lies the dura mater
(Figure 3), a dense connective tissue layer consisting of
fenestrated vessels (without tight junctions) derived from
the carotid artery, sensory nerve fibers of the cranial nerves,
and an abundant repertoire of immune cells, including
meningeal macrophages [9,12°]. Inferior to the dural tissue
lies the arachnoid mater — a trabecular network that cre-
ates a subarachnoid space for CSF flow. Within the arach-
noid mater lie granulations responsible for CSF absorption
into the superior sagittal sinus, the venous drainage system.
Lastly, the pia mater above the parenchyma gives rise to
perivascular (Virchow-Robin) spaces where penetrating
arteries enter the parenchyma. These spaces are known
to contain CSF and perivascular macrophages [9].

Between cells of the CNS parenchyma resides interstitial
fluid that maintains neuronal and glial homeostasis
through solvent exchange between the capillary vascula-
ture and CSF [13]. Recently, Iliff ez 2/. described a system
known as the ‘glymphatics’, where the disparate systems
of CSF influx and efflux drive clearance of interstitial
fluid and its suspended solutes [14,15]. Specifically, CSF
moves from the meningeal space along penetrating arter-
ies and their periarterial spaces into the CNS paren-
chyma. Mediated in part by astrocytic endfeet, interstitial
fluid is driven through the parenchyma into perivenous
spaces where, ultimately, fluid residing in the perivascular
spaces can be resorbed.

The CSF and interstitial fluid is drained in part by
lymphatics into the deep cervical lymph nodes. The
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Figure 1
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Sagittal view of the central nervous system and its barrier structures.
The CNS is protected by several anatomically restrictive barrier
structures that include the choroid plexus (Figure 2), meninges
(Figure 3), blood-brain barrier (Figure 4), and olfactory epithelium
(Figure 5). These barrier structures protect the CNS infection but can
also serve as an entry point for pathogens and/or immune cells.

CNS lymphatics consists of the nasal lymphatics, which
travel from olfactory bulb (OB), through the cribriform
plate and below the skull, and the dural lymphatics,
which travel alongside the superior sagittal sinus and
across the transverse sinus [16—18]. Although studies have
shown the connection between glymphatics and lympha-
tics, the exact mechanism of CSF drainage into the
lymphatics remains unknown [15].

In addition to the CNS clearance and drainage systems,
the brain and spinal cord are well perfused by an exten-
sive vascular network. Unlike choroid plexus or dural
vasculature, blood vessels that traverse the CNS pia
and parenchyma are tightly regulated (Figure 4)
[19,20]. Endothelial cells comprising these vessels form
tight junctions. In addition, parenchymal blood vessels
are further fortified by pericytes, basement membrane,
and astrocytes. These structures decrease permeability,
making it difficult for small molecules and cells to enter
the CNS parenchyma.

While the aforementioned anatomy protects the CNS,
it can still be infected by viruses via the meninges or
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blood-brain barrier (BBB), retrograde transport by
peripheral nerves, or by circulating/infiltrating peripheral
immune cells. Invasion of neural tissue can initiate seri-
ous neurological disorders like meningitis and encephali-
tis, as reviewed previously [21,22]. These infections can
cause significant and irreversible damage to the CNS.
Understanding how CNS resident innate immune cells
respond to these infections as well as their role in guiding
peripheral immune cell recruitment to sites of viral inva-
sion should aid the development of interventions to treat
CNS infections.

Innate antiviral immunity to CNS infection
Upon viral entry into the body, an immune response is
generated in secondary lymphoid organs. Primed immune
cells are then recruited to the CNS by local inflammatory
signaling. Activated by conserved pathogen-associated
molecular patterns (PAMPs), pattern recognition receptors
(PRRs), retinoic acid-inducible gene (RIG)-I-like recep-
tors, and toll-like receptors (TLRs) initiate innate immune
reactions [23,24]. Viral nucleic acids bind to these receptors
expressed by innate immune sentinels (e.g. microglia,
macrophages, dendritic cells, astrocytes) and cause release
of type I interferon (IFN-I) as well as the production of
interferon stimulated genes (ISGs). IFN-I limits viral
spread by upregulating antiviral proteins, recruiting
peripheral immune cells, and altering endothelial tight
junction proteins to decrease BBB permeability
[23,25,26°,27,28]. A recent intravital imaging study per-
formed in the brains of lymphocytic choriomeningitis virus
(LCMYV) infected mice revealed that the absence of IFN-I
signaling prevented microglia differentiation from a rami-
fied state, decreased peripheral myeloid cell patrolling of
cerebrovasculature, and significantly increased the number
of infected brain-resident myeloid cells [28]. Within this
viral model system, IFN-I signaling was responsible for the
entire innate immune program within the CNS.

Following infection, IFN-I responses within the CNS can
be global or region-specific. For example, long-distance
IFN-I signaling can prevent viral spread from one brain
region to another. This has been observed following
vesicular stomatitis virus (VSV) infection, where micro-
glial IFN-I production in the olfactory bulb is thought to
limit the anterograde spread of virus into the hindbrain
regions [29,30]. IFN-I responses can also tighten the BBB
and limit the extent of viral entry from the blood. Astro-
cytic interferon-a receptor signaling was shown to
decrease BBB permeability and protect the hindbrain
from West Nile virus (WNYV) infection [26°]. These data
demonstrate that with certain infections IFN-I can pro-
vide a region-specific antiviral defense.

Antiviral immune responses within specific
anatomical niches

While the local IFN-I response plays an important role in
CNS protection, the activation and recruitment of the
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Choroid plexus. The choroid plexus resides in ventricular spaces of the brain and is responsible for creating cerebral spinal fluid (CSF). The
choroid plexus is a dynamic barrier structure home to many immune cells, including choroid plexus macrophages. Unlike the BBB, but similar to
the dura mater, choroid plexus blood vessels are fenestrated and do not express tight junctions, which provides easier access to pathogens and
immune cells into the stromal space. Choroid plexus epithelia (ependyma) serve as a barrier between fenestrated blood vessels and the CSF.
Expression of tight junctional proteins between individual epithelial cells protects the CSF by restricting solute and cellular movement. During
infection, the choroid plexus can serve as a gateway for immune recruitment and entry into the CSF. Immune cells must first enter the choroid

plexus stroma before traversing the epithelial barrier.

adaptive immune cells is usually necessary for viral clear-
ance. Lymphoid cells can gain access to the CNS via
multiple entry portals as shown in Figure 1. These areas
are also sites of pathogen entry into the CNS, which is
likely why the immune system invests so much into
surveying these structures. The presence of adhesion
and antigen presenting molecules facilitates extravasation
and routine immune surveillance of these entry portals
despite the presence of specialized barrier proteins [31].
Each barrier structure has its own anatomical specializa-
tions that result in a tailored immune defense against
invading pathogens. Some of the recent insights into
pathogen-specific immunity within these distinct ana-
tomical regions are described in more detail below.

A. Meninges

Although viral meningitis has been studied extensively,
little is known about how resident meningeal cells recruit
and direct peripheral immune cell traffic. Peripheral

immune cells can enter the CNS through the blood
meningeal barrier [12°,32], as depicted in Figure 3.
The meningeal stromal cell network consists of blood
endothelial cells, pericytes, fibroblasts, and smooth mus-
cle cells [19]. Blood vessels within the dura mater are
fenestrated and do not express tight junctions [33], per-
mitting easier access to peripheral immune cells that must
still traverse the arachnoid mater before entering the
subarachnoid space. By contrast, meningeal vessels
beneath the arachnoid mater are non-fenestrated, express
tight junctions, and are surrounded by a network of
fibroblastic reticular cells that can modulate peripheral
immune cells. Following coronavirus infection, menin-
geal endothelial cells and fibroblastic reticular cells
release CCL19 and CCL21 to recruit/reactivate antiviral
CCR7" CD4" and CD8" T cells in response to resident
myeloid and neural cell infection [34°°]. The entry of
CCR7* T cells is likely facilitated by stromal cell reorga-
nization after infection [35]. Without CCR7" lymphoid
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Meninges. The meninges consist of three layers that envelope the brain and spinal cord. The dura mater, the outermost layer, is vascularized by
fenestrated vessels and is home to a repertoire of immune cells, including meningeal macrophages that line the vessels. Interior to the dura lies
the arachnoid mater. The arachnoid, its trabecula and the pia mater form the subarachnoid space, a compartment where cerebrospinal fluid (CSF)
freely flows. The arachnoid mater also contains tight junctions that help keep materials in the dura mater separate from the subarchnoid space.
Within the subarachnoid space resides pial vessels that dive into the CNS parenchyma. Pial vessels are non-fenestrated and express tight
junctions. The spaces between these vessels and the parenchyma (referred to as perivascular spaces) are inhabited by perivascular macrophages.
The final layer, which lies beneath pia mater, is referred to as the glia limitans — a layer of surface-associated astrocytes that protect the brain
and prevent migration of solutes and cells from the CSF into the parenchyma. During states of infection, the meninges can serve as an entry point
for extravasating immune cells. Dural vessels are especially susceptible to immune cell and pathogen entry because they are fenestrated and do

not express tight junctions.

cell recruitment, animals cannot control viral replication
and die of infection [34°°]. However, it is unclear exactly
how these immune cells enter the virally infected CNS
parenchyma from the meninges [36], although the process
presumably involves migration across the glial limitans.
Non-infectious animal models suggest that meningeal
and/or perivascular macrophages ‘license’ T cells for
CNS entry through chemokines (e.g. CCL5, CXCL9-
11, CXCL12), adhesion molecules, and cognate antigen
presentation [37°]. Upon entering the meninges, acti-
vated T cells utilize these cues to interact with local
macrophages, reactivate, and, ultimately, gain access to
the CNS parenchyma. However, it is presently not known
whether similar steps are required for antiviral T cells to
enter the infected brain after migrating into the menin-
ges. Understanding how the meninges regulate immune

recruitment and traffic into the infected brain should
improve our ability to stimulate productive immune
responses against parenchymal infections.

B. Choroid plexus

The choroid plexus consists of fenestrated vasculature
without tight junctions that is surrounded by an epithelial
network (sealed by tight junctions) capable of hosting a
diverse immune repertoire, including T and B cells
(Figure 2) [12°,19]. Although the choroid plexus is
directly infected by some viruses (e.g. Coxsackie B3,
Echovirus 30, LCMV), it is likely that this structure also
plays a primary role in the antiviral defense against other
CNS viruses because of its anatomical localization within
the ventricular system, ability to globally activate the
CNS through release of inflammatory mediators into
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Blood-brain barrier (BBB). The blood brain barrier creates a selective interface between the blood and CNS parenchyma. It consists of endothelial
cells and their tight junction proteins, basement membrane, pericytes and astrocytic end feet. In conjunction with barrier function, the BBB can
also modulate cerebral blood flow through the neuro-vascular unit, a connection involving neurons, pericytes, astrocytes, and the blood-brain
barrier. This allows neural and astrocytic activity to modulate blood vessel tone, resulting in an increase or decrease of regional perfusion. During
infection, the BBB is permissive to immune extravasation from the blood into the perivascular spaces. Immune cells usually enter the perivascular
spaces before gaining access to the parenchyma. These spaces are inhabited by perivascular macrophages.

the CSF, and role as a gateway for immune cell entry
[38,39]. Under steady state conditions, immune cells
travel from the blood across fenestrated endothelium into
stromal spaces (connective tissue) within the choroid
plexus. More recently, it was observed that CD4" T cells
use IFNvy to help maintain immune populations within
the choroid plexus during homeostasis by promoting
expression of adhesion, chemokine and antigen present-
ing molecules on the epithelium. Interestingly, deletion
of the IFNvy receptor was shown to reduce steady state
immune cell numbers within the choroid plexus as well as
immune trafficking into the CSF [40] — a process that
depends in part on NFkB/p65 signaling [41]. While
immune cell traffic through the choroid plexus has been
studied in the context of CNS injury and autoimmune
disease [42,43], less is known iz vivo about how this

structure functions immunologically following CNS viral
infection [38]. However, data obtained in other models of
CNS inflammation might provide clues into the role of
the choroid plexus in antiviral immunity.

C. CNS parenchyma

Unlike the meninges, the CNS parenchyma is home to
few immune cells [12°]. Resident microglia survey and
respond rapidly to CNS infections [44]. After herpes
simplex virus-1 (HSV-1) infection, microglia utilize the
cGAS-STING cytosolic DNA sensing pathway to induce
release IFN-I, which abrogates viral spread and lethality
by activating a neuronal antiviral program [45-47]. Micro-
glia-mediated protection was also observed following
dengue virus (DENYV) infection, where depletion of
CNS myeloid cells with clodronate increased viral

Current Opinion in Virology 2018, 28:116-126
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Olfactory epithelium and bulb. The olfactory epithelium forms part of the nasal airway and serves as a direct interface between the peripheral
nervous system (PNS) and CNS. Olfactory sensory neurons within the olfactory epithelium are surrounded by support cells including basal,
sustentacular, and microvillar cells. These neurons extend axon fibers that cross the cribriform plate and synapse in the olfactory bulb of the CNS.
Because the dendrites of olfactory sensory neurons extend directly into the airways, these cells can be infected by viruses. Viruses that infect
olfactory sensory neurons often hijack axonal transport machinery to invade the CNS. Other pathogens, such as bacteria and amoeba, can also
access the CNS by traversing the olfactory epithelium and entering holes in the cribriform plate.

replication and mortality [48]. Loss of CNS myeloid cells
abolished antiviral CD8" T' cell recruitment to the
DENV-infected brain, suggesting that microglia play a
critical role in the antiviral defense against this pathogen.

Although innate activation and recruitment can be
initiated by microglia, neurons can also contribute to
protective immunity during infection. Following HSV-
1 infection, deletion of STATI1 signaling specifically
in neurons markedly increased viral titer in the brain
and trigeminal ganglia as well as viral spread into non-
neuronal tissues, resulting in increased mortality [47].
Neuronal antiviral protection also occurs following
WNV infection. CD8" 'T' cells are required to clear
WNV [49,50], and neurons can participate in this clear-
ance by releasing T cell recruitment chemoattractants
like CXCL10, which has also been observed following
rabies virus infection [51,52]. Interestingly, it was
recently demonstrated that WNV infection promotes
release of CCL.2 and CXCL 10 from neurons that depends
on activation of receptor-interacting protein-kinase 3

(RIPK3), which in turn promotes recruitment of leuko-
cytes to the brain without causing neuronal cell death
[53°°]. Use of this particular pathway in neurons reflects a
nontraditional, neuroprotective role for RIPK3 that usu-
ally induces necroptotic cell death in other cell types [54].
Induction of necroptosis within virally infected neurons
would have a profoundly negative effect on the CNS. It is
very important after infection that the CNS parenchyma
inhibits viral spread and attracts adaptive immune cells
without injuring neurons, which are largely considered a
non-replicative cell population.

D. Olfactory epithelium

Olfactory sensory neurons (OSN) are located in the
olfactory epithelium of the nose and provide a bridge
between the periphery and CNS. Hair-like cilia expres-
sing olfactory receptors extend from OSN dendrites into
the mucus layer of the epithelium, and their axons project
through the cribriform plate onto mitral cells located in
the olfactory bulb (Figure 5). This system is responsible
for our sense of smell, but provides a direct conduit for

www.sciencedirect.com
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viruses and other pathogens to enter the CNS via the
nose. There are many viruses (e.g. VSV, HSV-1, RABV,
Nipah virus, Hendra virus, influenza A virus, etc.) that
enter the CNS via this route [22,55]. Viral invasion of
OSN:s can rapidly lead to encephalitis and host death, as a
virus travels from the olfactory bulb to the hindbrain [56].
Little is known about the immunological defense
mounted by the olfactory epithelium following infection.
Olfactory ensheathing cells (OECs) are glial cells that
insulate OSNs, have phagocytic capabilities, and can clear
neuronal debris during development [57]. These cells can
respond to bacterial PAMPs via TLLR2 and TLR4, induc-
ing release of IFN-I [58-60]; however, it is unclear how
OECs contribute to the immune response against neuro-
tropic nasal viruses. Another strategy used by the olfac-
tory epithelium to defend against viral infection is apo-
ptosis. OSNs are a renewable neuronal population that
will sometimes undergo apoptosis following infection to
limit the degree of viral dissemination into the CNS [61].
Despite this ability to rebuild, infection and inflammation
within the olfactory epithelium can be detrimental to
olfactory function, giving rise to a temporary or perma-
nent loss of smell [62,63].

Nasal associated lymphoid tissue (NALT) is also housed
within the nose and is thought to play a role in antimi-
crobial immunity as well as the efficacy of vaccines
delivery nasally [64]. NAL'T is home to a diverse popula-
tion of APCs, including macrophages, B cells and den-
dritic cells. These APCs facilitate adaptive immune
responses to infection [65]. The NALT can participate
in the initiation of nasal immune responses; however, a
recent study demonstrated that following influenza
virus infection, T resident memory (Trm) cells
localized primarily in the nasal tissue (e.g. olfactory
epithelium) outside of the NALT [66°°]. Interestingly,
these Trm’s contributed to the primary defense against
re-challenge by a heterologous strain of influenza
virus, which prevented spread of the pathogen into the
lower respiratory tract [66°°]. These data indicate that
antiviral immunity within the olfactory epithelium can
limit viral dissemination into the CNS as well as the lower
respiratory tract. Additional studies are required in this
important barrier tissue to determine all the cellular
participants within the nasal cavity that coordinate such
a formidable defense against continuous microbial
challenges.

Advancements in treatment of persistent viral
infections

Viruses can evade adaptive immune responses and
remain in the CNS indefinitely. Some examples include
human immunodeficiency virus (HIV), simian immuno-
deficiency virus (SIV), John Cunningham virus (JCV),
cytomegalovirus (CMV), varicella zoster virus (VZV),
LCMV, HSV and WNV, among others. By creating their
own microenvironments, viral reservoirs can develop in a

region-specific and/or cell-specific manner, undergoing
significant genomic evolution compared to the periphery.
Reactivation of CNS viral reservoirs can result in pro-
found neurological disorders, including epilepsy, cogni-
tive impairment, and motor dysfunction despite antiviral
treatment [67].

Over the past decade, immunotherapy has revolutionized
medicine. By utilizing immune-specific therapies, refrac-
tory diseases have become responsive to treatment. The
application of these techniques to persistent viral infec-
tion could aid in the clearance of CNS reservoirs. How-
ever, use of immunotherapy to treat persistent viral
infections offers two unique challenges. First, neurotropic
viruses often take residence in the CNS behind selective
barriers to evade immune cell traffic and detection. To
target these viruses, immunotherapies need to gain access
to the anatomical niches despite low levels of neuroin-
flammation — a scenario often encountered during states
of viral persistence. Second, immunotherapeutic regimes
have the potential to cause a great deal of tissue pathology
[68], which must be considered when attempting to purge
a virus from a sensitive compartment like the CNS. Using
adoptive T cell therapies, it is possible to eradicate a virus
from the CNS parenchyma without causing immunopa-
thology, although this might not be the case with every
pathogen [69°°].

Tailored immunotherapy for treatment of persistent viral
infections can consist of immunomodulators or adoptive
cell transfer. During peripheral viral infection, immuno-
modulatory therapy has focused primarily on cytokine or
interferon-based treatments. However, these treatments
alone often fail to clear viral reservoirs but instead reacti-
vate or facilitate adaptive immune clearance [70]. For
example, TNFa blockade paradoxically reactivates CD4"
and CD8" T cell effector function to stimulate viral
control during a persistent LCMV infection [71]. Accord-
ingly, immunomodulatory treatment has immense poten-
tial to resolve infectious diseases where adaptive immune
function remains intact and the nature of the infection is
understood. For example, during WNV infection,
CXCR4 antagonism increases CD8" T cells entry into
the brain from the perivascular spaces, thereby decreasing
viral load and mortality [49]. Similarly, administration of
CXCL9 into the CNS during HSV-1 infection increases
the recruitment of antiviral CD8" 'T' cells and promotes
survival by bypassing the role of the UL 13 kinase — a
viral protein that downregulates neuronal CXCL9 release
during infection [72]. Alongside chemokine-based and
cytokine-based treatments, checkpoint inhibitors, such as
PD-1/PDL-1 blockade, have also been used to modulate
immune responses during persistent viral infection
[73,74°]; however, their efficacy in treating CNS infec-
tions is currently unknown. To address this question, a
current clinical trial (NCT03239899) is underway to
determine whether PD-1 blockade is safe in HIV-1

Current Opinion in Virology 2018, 28:116-126

www.sciencedirect.com



patients and can be used to improve antiviral immunity in
the CNS, which is thought to be a reservoir for the
pathogen.

Immunocytotherapy or adoptive immunotherapy is
another potentially effective strategy to purge a persistent
CNS viral infection when the host immune system is
incapable of doing so [75,76]. During a persistent LCMV
infection, adoptive transfer of virus-specific memory
CD8* and CD4" T cells can eradicate virus from the
CNS parenchyma, meninges, and choroid plexus without
causing cytopathology or BBB breakdown [69°°,77]. Dur-
ing this clearance process, antiviral T cells convert micro-
glia into CD11c" antigen presenting cells that they purge
of virus non-cytopathically [69°°]. These data demon-
strate that antiviral T' cells are not inherently pathogenic
to the CNS and have the potential to clear a virus without
causing damage [78].

One of the suggested etiologies of multiple sclerosis (MS)
includes Epstein-Barr virus (EBV) infection [79]. Because
of incomplete EBV clearance and T cell exhaustion,
infected B cells persist in the meninges as well as peri-
vascular spaces and associate with MS lesions [80,81].
Therefore, removal of these inflammatory B cells may
ameliorate some of the CNS dysfunction associated with
MS [82]. A recent case report revealed that adoptive
transfer of autologous EBV-specific CD8" T cells
improved cognition and motor function in a patient with
secondary progressive MS [83]. Following treatment, the
patient showed expansion of EBV-specific CD8" T cells
in the blood, decreased intrathecal immunoglobulin pro-
duction, and reduced CNS lesions by MRI. These prom-
ising preliminary data suggest that adoptive immunother-
apy directed against EBV might be efficacious in treating
MS patients, and an expanded clinical trial will evaluate
this possibility more definitively.

Another virus-induced CNS disease that might benefit
from adoptive immunotherapy is progressive multifocal
leukoencephalopathy (PML) — a progressive demyelin-
ating disease caused by JC virus. JCV has a high sero-
prevalence within the general population; most carriers
remain asymptomatic unless immunocompromised. In a
recent study, a patient with JCV-induced PML was
successfully treated by adoptively transferring JCV-spe-
cific CD8" T cells directed against the VP1 and large T
viral proteins [84]. This treatment cleared virus from the
CSF and improved neurological function. A clinical trial
(NCTO02694783) is currently underway to test this
approach in a larger cohort of PML patients. It will be
interesting to find out whether JCV-specific CD8" T cells
alone can provide lasting viral control in all patients.
Similar to adoptive immunotherapy against LCMV
[85], the antiviral defense against JCV might require
CD4" T cell support of CD8" T cells to provide durable
control [86].
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Future directions

Understanding how peripheral immune cells are recruited
to the CNS and interact with resident cells to fight viral
infections can greatly improve the development of immu-
notherapeutics regimens. The need for treatments has
become more relevant than ever with the (re)emergence
of pathogens like Zika virus, which can cause neonatal
microcephaly, adult encephalitis, and neural precursor cell
death [87,88], and Ebola virus, a pathogen that causes
acute hemorrhagic fever and can reactivate up to nine
months after an acute infection, leading to meningoen-
cephalitis [89,90]. Thus far, research on these pathogens
has focused on vaccine development [91,92]; however, this
approach will not necessarily resolve infection in persis-
tently infected hosts. Therefore, continued development
of therapies to treat patients persistently infected with
neurotropic viruses must remain a high priority.

Acknowledgements

This work was supported by the intramural program at the National
Institute of Neurological Disorders & Stroke (NINDS), National Institutes
of Health (NIH). We thank Alan Hoofring and Ethan Tyler in the NIH
Medical Arts Design Section for their help with the illustrations.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. FariaNR, Azevedo R, Kraemer MUG, Souza R, Cunha MS, Hill SC,
Theze J, Bonsall MB, Bowden TA, Rissanen | et al.: Zika virus in
the Americas: early epidemiological and genetic findings.
Science 2016, 352:345-349.

2. Nath A, Tyler KL: Novel approaches and challenges to
treatment of central nervous system viral infections. Ann
Neurol 2013, 74:412-422.

3. Riddell JT, Shuman EK: Epidemiology of central nervous
system infection. Neuroimaging Clin N Am 2012, 22:543-556.

4. Kelesidis T, Mastoris I, Metsini A, Tsiodras S: How to approach
and treat viral infections in ICU patients. BMC Infect Dis 2014,
14:321.

5. Tunkel AR, Glaser CA, Bloch KC, Sejvar JJ, Marra CM, Roos KL,
Hartman BJ, Kaplan SL, Scheld WM, Whitley RJ et al.: The
management of encephalitis: clinical practice guidelines by
the Infectious Diseases Society of America. Clin Infect Dis 2008,
47:303-327.

6. Engelhardt B, Vajkoczy P, Weller RO: The movers and shapers in
immune privilege of the CNS. Nat Immunol 2017, 18:123-131.

7. Klein RS, Hunter CA: Protective and pathological immunity
during central nervous system infections. Immunity 2017,
46:891-909.

8. Miller KD, Schnell MJ, Rall GF: Keeping it in check: chronic viral
infection and antiviral immunity in the brain. Nat Rev Neurosci
2016, 17:766-776.

9. Coles JA, Myburgh E, Brewer JM, McMenamin PG: Where are
we? The anatomy of the murine cortical meninges revisited for
intravital imaging, immunology, and clearance of waste from
the brain. Prog Neurobiol 2017, 156:107-148.

10. Louveau A, Harris TH, Kipnis J: Revisiting the Mechanisms of
CNS Immune Privilege. Trends Immunol 2015, 36:569-577.

www.sciencedirect.com

Current Opinion in Virology 2018, 28:116-126


http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0465
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0465
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0465
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0465
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0470
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0470
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0470
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0475
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0475
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0480
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0480
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0480
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0485
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0485
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0485
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0485
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0485
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0490
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0490
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0495
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0495
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0495
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0500
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0500
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0500
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0505
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0505
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0505
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0505
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0510
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0510

124 Viral immunology

11. Russo MV, McGavern DB: Immune surveillance of the
CNS following infection and injury. Trends Immunol 2015,
36:637-650.

12. Korin B, Ben-Shaanan TL, Schiller M, Dubovik T, Azulay-Debby H,

. Boshnak NT, Koren T, Rolls A: High-dimensional, single-cell
characterization of the brain’s immune compartment. Nat
Neurosci 2017, 20:1300-1309.

This paper characterized immune heterogeneity within the naive brain,

meninges, and choroid plexus using CyTOF mass cytometry.

13. Lei Y, Han H, Yuan F, Javeed A, Zhao Y: The brain interstitial
system: anatomy, modeling, in vivo measurement, and
applications. Prog Neurobiol 2017, 157:230-246.

14. lliff JJ, Wang M, Liao Y, Plogg BA, Peng W, Gundersen GA,
Benveniste H, Vates GE, Deane R, Goldman SA et al.: A
paravascular pathway facilitates CSF flow through the brain
parenchyma and the clearance of interstitial solutes, including
amyloid B. Sci Trans| Med 2012, 4:147ra111.

15. Louveau A, Plog BA, Antila S, Alitalo K, Nedergaard M, Kipnis J:
Understanding the functions and relationships of the
glymphatic system and meningeal lymphatics. J Clin Invest
2017, 127:3210-3219.

16. Andres KH, von During M, Muszynski K, Schmidt RF: Nerve fibres
and their terminals of the dura mater encephali of the rat. Anat
Embryol (Berl) 1987, 175:289-301.

17. Aspelund A, Antila S, Proulx ST, Karlsen TV, Karaman S,
Detmar M, Wiig H, Alitalo K: A dural lymphatic vascular system
that drains brain interstitial fluid and macromolecules. J Exp
Med 2015, 212:991-999.

18. Louveau A, Smirnov |, Keyes TJ, Eccles JD, Rouhani SJ, Peske JD,
Derecki NC, Castle D, Mandell JW, Lee KS et al.: Structural and
functional features of central nervous system lymphatic
vessels. Nature 2015, 523:337-341.

19. Pikor NB, Cupovic J, Onder L, Gommerman JL, Ludewig B:
Stromal cell niches in the inflamed central nervous system.
J Immunol 2017, 198:1775-1781.

20. Obermeier B, Daneman R, Ransohoff RM: Development,
maintenance and disruption of the blood-brain barrier. Nat
Med 2013, 19:1584-1596.

21. Koyuncu OO, Hogue IB, Enquist LW: Virus infections in the
nervous system. Cell Host Microbe 2013, 13:379-393.

22. Swanson PA, McGavern DB: Viral diseases of the central
nervous system. Curr Opin Virol 2015, 11:44-54.

23. Daniels BP, Klein RS: Knocking on closed doors: host
interferons dynamically regulate blood-brain barrier function
during viral infections of the central nervous system. PLoS
Pathog 2015, 11:e1005096.

24. Nair S, Diamond MS: Innate immune interactions within the
central nervous system modulate pathogenesis of viral
infections. Curr Opin Immunol 2015, 36:47-53.

25. Savarin C, Bergmann CC: Neuroimmunology of central nervous
system viral infections: the cells, molecules and mechanisms
involved. Curr Opin Pharmacol 2008, 8:472-479.

26. Daniels BP, Jujjavarapu H, Durrant DM, Williams JL, Green RR,
. White JP, Lazear HM, Gale M Jr, Diamond MS, Klein RS:
Regional astrocyte IFN signaling restricts
pathogenesis during neurotropic viral infection. J Clin Invest
2017, 127:843-856.
This paper demonstrated that type | interferon signaling in astrocytes
preferentially protects the hindbrain from increased BBB permeability
following West Nile virus infection.

27. Daniels BP, Holman DW, Cruz-Orengo L, Jujjavarapu H,
Durrant DM, Klein RS: Viral pathogen-associated molecular
patterns regulate blood-brain barrier integrity via competing
innate cytokine signals. MBio 2014, 5 e01476-01414.

28. Nayak D, Johnson KR, Heydari S, Roth TL, Zinselmeyer BH,
McGavern DB: Type | interferon programs innate myeloid
dynamics and gene expression in the virally infected nervous
system. PLoS Pathog 2013, 9:e1003395.

29. van den Pol AN, Ding S, Robek MD: Long-distance interferon
signaling within the brain blocks virus spread. J Virol 2014,
88:3695-3704.

30. Drokhlyansky E, Goz Ayturk D, Soh TK, Chrenek R, O’Loughlin E,
Madore C, Butovsky O, Cepko CL: The brain parenchyma has a
type | interferon response that can limit virus spread. Proc Nat/
Acad Sci U S A 2017, 114:E95-E104.

31. Korn T, Kallies A: T cell responses in the central nervous
system. Nat Rev Immunol 2017, 17:179-194.

32. Pikor NB, Astarita JL, Summers-Deluca L, Galicia G, Qu J,
Ward LA, Armstrong S, Dominguez CX, Malhotra D, Heiden Bet al.:
Integration of Th17- and lymphotoxin-derived signals initiates
meningeal-resident stromal cell remodeling to propagate
neuroinflammation. /mmunity 2015, 43:1160-1173.

33. Balin BJ, Broadwell RD, Salcman M, el-Kalliny M: Avenues for
entry of peripherally administered protein to the central
nervous system in mouse, rat, and squirrel monkey. J Comp
Neurol 1986, 251:260-280.

34. Cupovic J, Onder L, Gil-Cruz C, Weiler E, Caviezel-Firner S, Perez-

ee Shibayama C, Rilicke T, Bechmann |, Ludewig B: Central
nervous system stromal cells control local CD8(+) T cell
responses during virus-induced neuroinflammation. Immunity
2016, 44:622-633.

This paper demonstrated that local production of CCR7 ligands, CCL19

and CCL21, by fibroblastic reticular cells and vascular endothelial cells

within the meningeal and perivascular spaces, recruits and re-activates

CD8" T-cells to control coronavirus infection.

35. Watanabe R, Kakizaki M, lkehara Y, Togayachi A: Formation of
fibroblastic reticular network in the brain after infection with
neurovirulent murine coronavirus. Neuropathology 2016,
36:513-526.

36. Kipnis J: Multifaceted interactions between adaptive immunity
and the central nervous system. Science 2016, 353:766-771.

37. Schlager C, Korner H, Krueger M, Vidoli S, Haberl M, Mielke D,

e BryllaE, Issekutz T, Cabanas C, Nelson PJ et al.: Effector T-cell
trafficking between the leptomeninges and the cerebrospinal
fluid. Nature 2016, 530:349-353.

This paper used intravital two-photon microscopy to study the factors

that regulate effector T cell attachment to the leptomeninges during EAE.

38. Schwerk C, Tenenbaum T, Kim KS, Schroten H: The choroid
plexus-a multi-role player during infectious diseases of the
CNS. Front Cell Neurosci 2015, 9:80.

39. Llovera G, Benakis C, Enzmann G, Cai R, Arzberger T,
Ghasemigharagoz A, Mao X, Malik R, Lazarevic |, Liebscher S
et al.: The choroid plexus is a key cerebral invasion route for T
cells after stroke. Acta Neuropathol 2017.

40. Kunis G, Baruch K, Rosenzweig N, Kertser A, Miller O, Berkutzki T,
Schwartz M: IFN-gamma-dependent activation of the brain’s
choroid plexus for CNS immune surveillance and repair. Brain
2013, 136:3427-3440.

41. Baruch K, Kertser A, Porat Z, Schwartz M: Cerebral nitric oxide
represses choroid plexus NFkappaB-dependent gateway
activity for leukocyte trafficking. EMBO J 2015, 34:1816-1828.

42. Shechter R, Miller O, Yovel G, Rosenzweig N, London A, Ruckh J,
Kim KW, Klein E, Kalchenko V, Bendel P et al.: Recruitment of
beneficial M2 macrophages to injured spinal cord is
orchestrated by remote brain choroid plexus. /Immunity 2013,
38:555-569.

43. Mills JH, Thompson LF, Mueller C, Waickman AT, Jalkanen S,
Niemela J, Airas L, Bynoe MS: CD73 is required for efficient
entry of lymphocytes into the central nervous system during
experimental autoimmune encephalomyelitis. Proc Nat/ Acad
Sci U S A 2008, 105:9325-9330.

44. Nayak D, Roth TL, McGavern DB: Microglia development and
function. Annu Rev Immunol 2014, 32:367-402.

45. Conrady CD, Zheng M, van Rooijen N, Drevets DA, Royer D,
Alleman A, Carr DJ: Microglia and a functional type | IFN
pathway are required to counter HSV-1-driven brain lateral
ventricle enlargement and encephalitis. J Immunol 2013,
190:2807-2817.

Current Opinion in Virology 2018, 28:116-126

www.sciencedirect.com


http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0515
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0515
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0515
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0520
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0520
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0520
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0520
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0525
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0525
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0525
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0530
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0530
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0530
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0530
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0530
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0535
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0535
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0535
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0535
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0540
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0540
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0540
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0545
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0545
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0545
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0545
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0550
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0550
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0550
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0550
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0555
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0555
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0555
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0560
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0560
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0560
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0565
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0565
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0570
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0570
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0575
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0575
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0575
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0575
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0580
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0580
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0580
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0585
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0585
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0585
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0590
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0590
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0590
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0590
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0590
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0595
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0595
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0595
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0595
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0600
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0600
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0600
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0600
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0605
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0605
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0605
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0610
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0610
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0610
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0610
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0615
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0615
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0620
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0620
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0620
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0620
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0620
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0625
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0625
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0625
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0625
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0630
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0630
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0630
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0630
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0630
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0635
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0635
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0635
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0635
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0640
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0640
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0645
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0645
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0645
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0645
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0650
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0650
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0650
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0655
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0655
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0655
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0655
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0660
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0660
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0660
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0660
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0665
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0665
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0665
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0670
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0670
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0670
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0670
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0670
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0675
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0675
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0675
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0675
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0675
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0680
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0680
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0685
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0685
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0685
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0685
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0685

46. Reinert LS, Lopusna K, Winther H, Sun C, Thomsen MK,
Nandakumar R, Mogensen TH, Meyer M, Vaegter C,
Nyengaard JR et al.: Sensing of HSV-1 by the cGAS-STING
pathway in microglia orchestrates antiviral defence in the
CNS. Nat Commun 2016, 7:13348.

47. Rosato PC, Leib DA: Neuronal interferon signaling is required
for protection against herpes simplex virus replication and
pathogenesis. PLoS Pathog 2015, 11:e1005028.

48. Tsai TT, Chen CL, Lin YS, Chang CP, Tsai CC, Cheng YL,
Huang CC, Ho CJ, Lee YC, Lin LT et al.: Microglia retard dengue
virus-induced acute viral encephalitis. Sci Rep 2016, 6:27670.

49. McCandless EE, Zhang B, Diamond MS, Klein RS: CXCR4
antagonism increases T cell trafficking in the central nervous
system and improves survival from West Nile virus
encephalitis. Proc Natl Acad Sci U S A 2008, 105:11270-11275.

50. Shrestha B, Diamond MS: Role of CD8+ T cells in control of
West Nile virus infection. J Virol 2004, 78:8312-8321.

51. Chai Q, She R, Huang Y, Fu ZF: Expression of neuronal CXCL10
induced by rabies virus infection initiates infiltration of
inflammatory cells, production of chemokines and cytokines,
and enhancement of blood-brain barrier permeability. J Viro/
2015, 89:870-876.

52. Klein RS, Lin E, Zhang B, Luster AD, Tollett J, Samuel MA, Engle M,
Diamond MS: Neuronal CXCL10 directs CD8+ T-cell
recruitment and control of West Nile virus encephalitis. J Viro/
2005, 79:11457-11466.

53. Daniels BP, Snyder AG, Olsen TM, Orozco S, Oguin TH, Tait SW,

ee Martinez J, Gale M, Loo YM, Oberst A: RIPK3 restricts viral
pathogenesis via cell death-independent neuroinflammation.
Cell 2017, 169 301-313.e311.

This paper demonstrated a nontraditional role for neuronal RIPK3 in

recruiting T cells and myeloid cells to the CNS and decreasing mortality

following West Nile virus infection.

54. Wegner KW, Saleh D, Degterev A: Complex pathologic roles of
RIPK1 and RIPK3: moving beyond necroptosis. Trends
Pharmacol Sci 2017, 38:202-225.

55. Durrant DM, Ghosh S, Klein RS: The olfactory bulb: an
immunosensory effector organ during neurotropic viral
infections. ACS Chem Neurosci 2016, 7:464-469.

56. Munster VJ, Prescott JB, Bushmaker T, Long D, Rosenke R,
Thomas T, Scott D, Fischer ER, Feldmann H, de Wit E: Rapid
Nipah virus entry into the central nervous system of hamsters
via the olfactory route. Sci Rep 2012, 2:736.

57. Nazareth L, Lineburg KE, Chuah MI, Tello Velasquez J,
Chehrehasa F, St John JA, Ekberg JA: Olfactory ensheathing
cells are the main phagocytic cells that remove axon debris
during early development of the olfactory system. J Comp
Neurol 2015, 523:479-494.

58. Panni P, Ferguson IA, Beacham |, Mackay-Sim A, Ekberg JA, St
John JA: Phagocytosis of bacteria by olfactory ensheathing
cells and Schwann cells. Neurosci Lett 2013, 539:65-70.

59. Vincent AJ, Choi-Lundberg DL, Harris JA, West AK, Chuah MI:
Bacteria and PAMPs activate nuclear factor kappaB and Gro
production in a subset of olfactory ensheathing cells and
astrocytes but not in Schwann cells. Glia 2007, 55:905-916.

60. Vincent AJ, Taylor JM, Choi-Lundberg DL, West AK, Chuah MI:
Genetic expression profile of olfactory ensheathing cells is
distinct from that of Schwann cells and astrocytes. Glia 2005,
51:132-147.

61. Mori |, Goshima F, Imai Y, Kohsaka S, Sugiyama T, Yoshida T,
Yokochi T, Nishiyama Y, Kimura Y: Olfactory receptor neurons
prevent dissemination of neurovirulent influenza A virus into
the brain by undergoing virus-induced apoptosis. J Gen Virol
2002, 83:2109-2116.

62. Landis BN, Vodicka J, Hummel T: Olfactory dysfunction
following herpetic meningoencephalitis. J Neurol 2010,
257:439-443.

63. Tian J, Pinto JM, Cui X, Zhang H, Li L, Liu Y, Wu C, Wei Y: Sendai
virus induces persistent olfactory dysfunction in a murine

CNS immunity against viral infection Manglani and McGavern 125

model of PVOD via effects on apoptosis, cell proliferation, and
response to odorants. PLOS ONE 2016, 11:e0159033.

64. Pabst R: Mucosal vaccination by the intranasal route. Nose-
associated lymphoid tissue (NALT)-structure, function and
species differences. Vaccine 2015, 33:4406-4413.

65. Lee H, Ruane D, Law K, Ho Y, Garg A, Rahman A, Esterhazy D,
Cheong C, Goljo E, Sikora AG et al.: Phenotype and function of
nasal dendritic cells. Mucosal Immunol 2015, 8:1083-1098.

66. Pizzolla A, Nguyen THO, Smith JM, Brooks AG, Kedzieska K,

ee Heath WR, Reading PC, Wakim LM: Resident memory CD8+ T
cells in the upper respiratory tract prevent pulmonary
influenza virus infection. Sci Immunol 2017, 2.

This paper demonstrated the presence of T resident memory cells in the

nasal epithelia after a primary influenza virus infection protect the upper

respiratory tract following a heterologous rechallenge.

67. Henderson B, Kimberlin DW, Fjie SE: Delayed Recurrence of
Herpes Simplex Virus Infection in the Central Nervous System
After Neonatal Infection and Completion of Six Months of
Suppressive Therapy. J Pediatric Infect Dis Soc 2017.

68. Zinselmeyer BH, Heydari S, Sacristan C, Nayak D, Cammer M,
Herz J, Cheng X, Davis SJ, Dustin ML, McGavern DB: PD-1
promotes immune exhaustion by inducing antiviral T cell
motility paralysis. J Exp Med 2013, 210:757-774.

69. Herz J, Johnson KR, McGavern DB: Therapeutic antiviral T cells

ee noncytopathically clear persistently infected microglia after
conversion into antigen-presenting cells. J Exp Med 2015,
212:1153-1169.

This paper showed that animals persistently infected with LCMV can be

noncytopathically cleared from the CNS by administration of antiviral T-

cells and conversion of microglia into CD11c* antigen presenting cells.

70. Lin FC, Young HA: Interferons: success in anti-viral
immunotherapy. Cytokine Growth Factor Rev 2014, 25:369-376.

71. Beyer M, Abdullah Z, Chemnitz JM, Maisel D, Sander J,
Lehmann C, Thabet Y, Shinde PV, Schmidleithner L, Kohne M
et al.: Tumor-necrosis factor impairs CD4(+) T cell-mediated
immunological control in chronic viral infection. Nat Immunol
2016, 17:593-603.

72. Koyanagi N, Imai T, Shindo K, Sato A, Fujii W, Ichinohe T,
Takemura N, Kakuta S, Uematsu S, Kiyono H et al.:
Herpes simplex virus-1 evasion of CD8+ T cell
accumulation contributes to viral encephalitis. J Clin Invest
2017, 127:3784-3795.

73. Barber DL, Wherry EJ, Masopust D, Zhu B, Allison JP, Sharpe AH,
Freeman GJ, Ahmed R: Restoring function in exhausted CD8T
cells during chronic viral infection. Nature 2006, 439:682-687.

74. Kamphorst AO, Wieland A, Nasti T, Yang S, Zhang R, Barber DL,

e  Konieczny BT, Daugherty CZ, Koenig L, Yu K et al.: Rescue of
exhausted CD8T cells by PD-1-targeted therapies is CD28-
dependent. Science 2017, 355:1423-1427.

This paper demonstrated the necessity of CD28 co-stimulation for CD8" T

expansion following PD-1 blockade during chronic LCMV infection.

75. McGavern DB: Immunotherapeutic relief from persistent
infections and amyloid disorders. Neurology 2006, 66:S59-S64.

76. Maus MV, Fraietta JA, Levine BL, Kalos M, Zhao Y, June CH:
Adoptive immunotherapy for cancer or viruses. Annu Rev
Immunol 2014, 32:189-225.

77. Oldstone MB, Blount P, Southern PJ, Lampert PW:
Cytoimmunotherapy for persistent virus infection reveals a
unique clearance pattern from the central nervous system.
Nature 1986, 321:239-243.

78. Guidotti LG, Chisari FV: Noncytolytic control of viral infections
by the innate and adaptive immune response. Annu Rev
Immunol 2001, 19:65-91.

79. Ascherio A, Munch M: Epstein-Barr virus and multiple sclerosis.
Epidemiology 2000, 11:220-224.

80. Pender MP, Csurhes PA, Burrows JM, Burrows SR: Defective T-
cell control of Epstein-Barr virus infection in multiple
sclerosis. Clin Transl Immunol 2017, 6:e126.

www.sciencedirect.com

Current Opinion in Virology 2018, 28:116-126


http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0690
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0690
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0690
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0690
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0690
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0695
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0695
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0695
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0700
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0700
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0700
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0705
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0705
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0705
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0705
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0710
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0710
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0715
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0715
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0715
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0715
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0715
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0720
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0720
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0720
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0720
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0725
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0725
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0725
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0725
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0730
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0730
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0730
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0735
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0735
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0735
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0740
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0740
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0740
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0740
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0745
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0745
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0745
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0745
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0745
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0750
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0750
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0750
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0755
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0755
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0755
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0755
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0760
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0760
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0760
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0760
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0765
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0765
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0765
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0765
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0765
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0770
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0770
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0770
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0775
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0775
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0775
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0775
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0780
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0780
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0780
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0785
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0785
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0785
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0790
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0790
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0790
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0790
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0795
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0795
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0795
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0795
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0800
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0800
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0800
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0800
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0805
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0805
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0805
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0805
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0810
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0810
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0815
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0815
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0815
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0815
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0815
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0820
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0820
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0820
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0820
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0820
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0825
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0825
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0825
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0830
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0830
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0830
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0830
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0835
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0835
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0840
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0840
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0840
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0845
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0845
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0845
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0845
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0850
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0850
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0850
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0855
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0855
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0860
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0860
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0860

126

81.

82.

83.

Viral immunology

Serafini B, Rosicarelli B, Franciotta D, Magliozzi R, Reynolds R,
Cinque P, Andreoni L, Trivedi P, Salvetti M, Faggioni A et al.:
Dysregulated Epstein-Barr virus infection in the multiple
sclerosis brain. J Exp Med 2007, 204:2899-2912.

Pender MP, Khanna R: Epstein-Barr virus-specific adoptive
immunotherapy: a new horizon for multiple sclerosis
treatment? /mmunotherapy 2014, 6:659-661.

Pender MP, Csurhes PA, Smith C, Beagley L, Hooper KD, Raj M,
Coulthard A, Burrows SR, Khanna R: Epstein-Barr virus-specific
adoptive immunotherapy for progressive multiple sclerosis.
Mult Scler 2014, 20:1541-1544.

This paper showed that adoptive transfer of EBV-specific CD8" T cells
into a patient with secondary progressive multiple sclerosis decreased
MRI lesion size, reduced intrathecal immunoglobulin production, and
improved cognition/motor control.

84.

85.

86.

Balduzzi A, Lucchini G, Hirsch HH, Basso S, Cioni M, Rovelli A,
Zincone A, Grimaldi M, Corti P, Bonanomi S et al.: Polyomavirus
JC-targeted T-cell therapy for progressive multiple
leukoencephalopathy in a hematopoietic cell transplantation
recipient. Bone Marrow Transpl 2010, 46:987-992.

Berger DP, Homann D, Oldstone MB: Defining parameters for
successful immunocytotherapy of persistent viral infection.
Virology 2000, 266:257-263.

Jelcic 1, Jelcic |, Kempf C, Largey F, Planas R, Schippling S,
Budka H, Sospedra M, Martin R: Mechanisms of immune escape
in central nervous system infection with neurotropic JC virus
variant. Ann Neurol 2016, 79:404-418.

87.

88.

89.

90.

91.

92.

Li H, Saucedo-Cuevas L, Regla-Nava JA, Chai G, Sheets N,
Tang W, Terskikh AV, Shresta S, Gleeson JG: Zika virus infects
neural progenitors in the adult mouse brain and alters
proliferation. Cell Stem Cell 2016, 19:593-598.

Soares CN, Brasil P, Carrera RM, Sequeira P, de Filippis AB,
Borges VA, Theophilo F, Ellul MA, Solomon T: Fatal encephalitis
associated with Zika virus infection in an adult. J Clin Virol
2016, 83:63-65.

Billioux BJ, Nath A, Stavale EJ, Dorbor J, Fallah MP, Sneller MC,
Smith BR, Group PfRoEVILIIIS: Cerebrospinal fluid
examination in survivors of ebola virus disease. JAMA Neurol
2017, 74:1141-1143.

Jacobs M, Rodger A, Bell DJ, Bhagani S, Cropley |, Filipe A,
Gifford RJ, Hopkins S, Hughes J, Jabeen F et al.: Late Ebola virus
relapse causing meningoencephalitis: a case report. Lancet
2016, 388:498-503.

Henao-Restrepo AM, Longini IM, Egger M, Dean NE,

Edmunds WJ, Camacho A, Carroll MW, Doumbia M, Draguez B,
Duraffour S et al.: Efficacy and effectiveness of an rVSV-
vectored vaccine expressing Ebola surface glycoprotein:
interim results from the Guinea ring vaccination cluster-
randomised trial. Lancet 2015, 386:857-866.

Pierson TC, Graham BS: Zika virus: immunity and vaccine
development. Cell 2016, 167:625-631.

Current Opinion in Virology 2018, 28:116-126

www.sciencedirect.com


http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0865
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0865
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0865
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0865
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0870
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0870
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0870
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0875
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0875
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0875
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0875
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0880
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0880
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0880
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0880
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0880
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0885
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0885
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0885
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0890
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0890
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0890
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0890
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0895
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0895
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0895
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0895
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0900
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0900
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0900
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0900
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0905
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0905
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0905
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0905
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0910
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0910
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0910
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0910
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0915
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0915
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0915
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0915
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0915
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0915
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0920
http://refhub.elsevier.com/S1879-6257(17)30164-5/sbref0920

