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Abstract

Neurotropic RNA viruses continue to emerge and are increasingly linked to diseases of the central
nervous system (CNS) despite viral clearance. Indeed, the overall mortality of viral encephalitis in
immunocompetent individuals is low, suggesting efficient mechanisms of virologic control within
the CNS. Both immune and neural cells participate in this process, which requires extensive innate
immune signaling between resident and infiltrating cells, including microglia and monocytes, that
regulate the effector functions of antiviral T and B cells as they gain access to CNS compartments.
While these interactions promote viral clearance via mainly neuroprotective mechanisms, they
may also promote neuropathology and, in some cases, induce persistent alterations in CNS
physiology and function that manifest as neurologic and psychiatric diseases. This review
discusses mechanisms of RNA virus clearance and neurotoxicity during viral encephalitis with a
focus on the cytokines essential for immune and neural cell inflammatory responses and
interactions. Understanding neuroimmune communications in the setting of viral infections is
essential for the development of treatments that augment neuroprotective processes while limiting
ongoing immunopathological processes that cause ongoing CNS disease.
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INTRODUCTION

Neurotropic RNA viruses continue to emerge and spread worldwide, leading to increased
cases of acute infectious and autoimmune diseases of the central nervous system (CNS), and
postinfection neurologic sequelae. These viruses gain access to the CNS via multiple routes,
replicating within various subtypes of neurons, glia and microglia, depending on the type of
virus and, for some viruses, the route of entry (1). Antiviral immunity can effectively clear
viral infections in most tissues, and the brain is no exception: Innate immune cytokines and
surveying T cells can clear even neurons of replicating viruses—in some cases without
significant cellular injury (1). The rules of engagement with regard to neuroimmune
mechanisms of virologic control and leukocyte entry exhibit numerous specializations and
checkpoints that serve to minimize viral spread, improve efficiency in targeting only virally
infected cells, and limit the overall numbers and level of activation of infiltrating immune
cells and inflammation-amplifying resident neural cells, such as microglia and astrocytes.

Still, CNS dysfunction and injury often occur during acute viral infections of the CNS, and
animal models of viral encephalitis and recovery indicate multiple molecular mechanisms
that may negatively impact the functions of both immune and neural cell types as they
differentially respond to the same molecules. Thus, cytokines that are critical for effector T
cell responses may limit neuronal repair, and chemokines that localize infiltrating immune
cells may decrease the efficiency of antiviral immune responses (2, 3). In addition, certain
neural cells exhibit individual and regionally heterogeneous roles that influence the extent of
neuroinvasion and control of viruses that specifically target the CNS (4, 5). In this review,
we discuss the immune and neural cell types that may exhibit neuroprotective or neurotoxic
effects during CNS infections with RNA viruses (Figure 1), with a focus on cellular and
molecular mechanisms that can promote both efficient viral clearance and long-term
neurologic dysfunction.

VIRAL ACTION AT THE BLOOD-BRAIN BARRIER

Critical to protecting the CNS from peripheral infections is the blood-brain barrier (BBB).
The BBB is a tightly regulated vascular interface that limits extravasation of
macromolecules, peripheral cells, toxins, and invading pathogens, including viruses, from
the blood to the parenchyma. The BBB is composed of highly specialized cell types,
including brain microvascular endothelial cells (BMECSs), pericytes and astrocyte end feet.
Direct interactions or communications between these cell types govern various functions of
the BBB, including its stability and transport of molecules and nutrients into and out of the
CNS (6-8). The physical barrier of the BBB is formed by continuous tight junctions (TJs)
and adherens junctions (AJs) between BMECs, which are linked to the actin cytoskeleton by
scaffolding proteins—zonula occludens (ZO) 1-3 and catenins, respectively (6). There are
two types of AJs with opposing effects. Linear AJs are connected to the circumferential
actin bundles and enhance barrier integrity, whereas focal AJs are linked to radial actin
bundles and their formation leads to increased barrier permeability (9). The small Rho
GTPases, including Ras homolog gene family member A (RhoA), Ras-related C3 botulinum
toxin substrate (Rac) 1, and cell division control protein 42 homolog (Cdc42), play a critical
role in the formation and stabilization of both TJs and AJs between BMECs (10). While TJs
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and AJs can prevent paracellular movement of molecules and cells, they primarily maintain
the polarized expression of molecules targeted to either the abluminal or luminal surfaces of
the microvasculature.

In addition to the physical barrier, maintenance of the BBB is determined by several factors
including limited expression of cellular adhesion molecules (CAMSs) and reduced vesicular
trafficking across the brain endothelium. Intercellular adhesion molecule (ICAM) 1 and
vascular cell adhesion molecule (VCAM) 1 play a critical role in leukocyte interaction and
extravasation at the BBB (11, 12). Under normal conditions, CAMSs are minimally expressed
on BMECs, limiting leukocyte infiltration inside the CNS (13). Another unique feature of
BMECs is their uniquely low rate of transcytosis, which is critical for sustaining the
restrictive nature of the BBB (14). Recently, major facilitator superfamily domain 2a
(Mfsd2a) has been identified as a key regulator of vesicular trafficking at the BBB. Mfsd2a
is selectively expressed on BMECs, and its genetic ablation results in vascular leakage,
mainly by enhanced transcytosis rather than TJ disruption (7). Lipid flippase activity of
Mfsd2a modulates the lipid composition of the brain endothelium in a way that prevents
caveola formation and transport across BMECs (15). Several studies have reported that both
RNA and DNA viruses exploit caveola-mediated transcytosis to cross the epithelial cell
barriers of various organs (16-18). Hence, the low rate of transcytosis in BMECs may serve
to limit neuroinvasion by impeding viral transport within vesicles across BMECs.

Viruses may be capable of disrupting the BBB to enhance viral neuroinvasion. For instance,
tail vein injection of mice with HIV-1 Tat protein (to model Tat secretion from infected cells)
promoted BBB opening through activation of cyclooxygenase 2 (COX-2), which in turn
suppressed expression of TJs (19). Additionally, HI\-1 Tat protein stimulates MMP-9 in
astrocytes, resulting in disruption of BBB integrity (20). However, some viruses can gain
access to the CNS in the absence of BBB disruption (21, 22) via unknown mechanisms.

Innate Immune Sensing in the Neurovascular Unit

Once a virus has entered the CNS, the innate immune response is the first wave of host
defense. While infiltrating immune cells are critical to the clearance of viral infection in the
CNS, virtually all cells are capable of participating in innate immunity in some capacity. The
innate immune response is initiated by cellular sensing of pathogen-associated molecular
patterns (PAMPs) by pattern recognition receptors (PRRS). Activation of these receptors
initiates signaling cascades that culminate in the expression of type | interferons and
inflammatory cytokines by interferon regulatory transcription factor 3 (IRF3), IRF7, and NF-
KB, respectively (reviewed in 23). These cytokines act by autocrine mechanisms to trigger
interferon-stimulated genes and other antiviral factors. Additionally, they act by paracrine
signaling, initiating antiviral innate immunity programs in neighboring cells and modulating
the function of infiltrating immune cells and resident inflammation-amplifying cells.

For RNA viruses, PRRs primarily recognize PAMPs composed of single- or double-stranded
RNA sequences present in the viral genome or generated during the course of infection.
Specifically, these viral RNA PAMPs are recognized by multiple PRRs, including the
endosomal Toll-like receptors (TLRs) TLR3 and TLR?7, or the cytoplasmic retinoic acid—
inducible gene | (RIG-I)-like receptors (RLRs), which include RIG-I and melanoma
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differentiation-associated protein 5 (MDAS). TLR3 and TLR7 recognize double-stranded
and single-stranded RNA, respectively, while the RLRs are RNA helicases that recognize
double-stranded RNA. TLR3, TLR7, RIG-I, and MDAS are expressed and have
demonstrable activity in the cells composing the neurovascular unit (NVU), including
neurons, astrocytes, microglia, and BMECs (24-31).

The specific contribution of these RNA-sensing PRRs in the various cells of the NVU during
viral infection has not been fully explored. However, in vitro studies of PRR activation in
single-cell populations have demonstrated the capability of these signaling cascades to shape
viral infection and the innate and adaptive immune responses. As expected, cytokine
expression is a hallmark of TLR and RLR activation in NVU cells. Expression of type |
interferons and antiviral interferon-stimulated genes is upregulated following activation of
TLR3/7, RIG-I, or MDADS in most NVU cell types in which they are expressed (24-27, 31—
36). Conversely, inflammatory cytokines exhibit distinct but overlapping patterns of
expression of tumor necrosis factor (TNF), IL-1, and IL-6 dependent on both the PRR and
the cell type (25, 27, 37-43). In addition to cytokine expression, PRR signaling induces
activation of microglia and astrocytes, suggesting that viral sensing initiates additional glial
antiviral mechanisms that control CNS infection, as discussed below (44, 45). TLR 3/7 and
RLR signaling in astrocytes and BMECs also upregulates expression of molecules that
facilitate recruitment of immune cells, including chemokines (CCL2, CCL3, and CCL5) and
CAMs (ICAM-1 and VCAM) (26, 32, 33, 43). Taken together these data demonstrate that
viral sensing in the NVU not only acts to initialize antiviral signaling but also enhances the
antiviral activity of both resident and infiltrating immune cells.

Effect of Inflammation on Blood-Brain Barrier Function

Innate cytokines such as TNF, IL-1B, and type | interferons have been shown to modulate
BBB integrity via multiple mechanisms. TNF and IL-1f can activate matrix
metalloproteinase 9 (MMP-9), which mediates degradation of claudin 5 and ZO-1 between
BMECs (46). Additionally, TNF, IL-1p, and type | interferons modulate BBB integrity
through differential regulation of Rho GTPases in BMECs (reviewed in 47, 48). RhoA
triggers the formation of stress fibers and actomyosin contraction by activating its
downstream effectors, such as mammalian diaphanous and Rho-associated protein kinase
(ROCK) (49). Enhanced ROCK activity exerts a pulling force on AJs that dissociates their
interaction with the actin cytoskeleton (50). Additionally, Rho kinase activity mediates
phosphorylation and degradation of TJ protein claudin 5, leading to increased BBB
permeability (51). Conversely, Cdc42 promotes BBB integrity by inducing the assembly and
stabilization of linear AJs between BMECs (52, 53). Rac-1 can exert contrasting effects on
the BBB integrity depending on the stimulant involved. Activation of Rac-1 by a synergic
action of type I interferons with c-Mer proto-oncogene tyrosine kinase (Mertk), a TAM
receptor tyrosine kinase, enhances TJ integrity (27, 54). Hence, cooperative signaling
between Mertk and type | interferon receptor (IFNAR) signaling induces BBB tightening
thus protecting against viral neuroinvasion. The mechanism of BBB tightening by type |
interferons also depends on suppression of IL-1p expression, likely through inhibition of
inflammasome activity that mediates caspase-1-dependent IL-1p maturation (55). Similar to
type I interferons, IFN-A (which belongs to the type 111 family of interferons and signals

Annu Rev Immunol. Author manuscript; available in PMC 2019 September 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Klein et al.

Page 5

through distinct receptors) promotes BBB integrity during neurotropic viral infection (56).
Nonetheless, encephalitic viruses have evolved multiple strategies to block type I interferon
activities (57). Whether and how these directly impact on NVU functions and promote viral
neuroinvasion is unclear (58).

Elevated CAM expression is reported to occur during infection of mice with multiple
neurotropic viruses such as West Nile virus (WNV), Japanese encephalitis virus (JEV), and
Venezuelan equine encephalitis virus (VEEV) (59-61). In addition to playing a critical role
in leukocyte extravasation, elevated CAM expression may lead to further modification of the
BBB. Leukocyte interaction with CAMs induces phosphorylation and internalization of
vascular endothelial cadherins, which destabilizes AJs, resulting in BBB disruption (10).
Additionally, leukocyte interaction with ICAM-1 on endothelial cells augments caveola-
mediated transcytosis across the pulmonary endothelium, leading to increased vascular
leakage (62). Consistently, pharmacological blockade ofVCAM-1 or its ligand ameliorated
the severity of immunopathology associated with WNV infection (4). Further studies that
more definitively delineate protective and pathological effects of leukocyte subsets with
identification of biomarkers that could establish appropriate time points of intervention are
needed to further develop biologic agents that limit leukocyte-mediated immunopathology.

ASTROCYTES AND NEURONS IN RNA VIRAL INFECTIONS

Astrocytes Are Activated During Viral Infections

Astrocytes are essential for brain homeostasis, performing a variety of neuroprotective
functions. They provide metabolic support of neurons and synaptic function, regulate
extracellular balance of ions and neurotransmitters (63), and maintain BBB integrity (64). In
addition, these glial cells play a role in controlling immune cell trafficking and activation.
Astrocytes can detect injury signals and respond by secreting cytokines and chemokines and
activating immune defenses (65). They respond to CNS viral infections by increasing
expression of many proteins, most notably GFAP (glial fibrillary acidic protein), and by
proliferating in a process known as astrogliosis (66). Activation of astrocytes during viral
infection may occur in multiple ways, including direct viral infection, release of viral
particles, neuronal cell death, and via other immune mediators (67). A body of work
suggests that microglia also play a role in inducing reactive astrocytes during viral infection
as well as other neural injuries (4, 68, 69). Their production of proinflammatory cytokines
such as IL-1, IL-6, TNF-a, and IFN-y has been shown to favor astrogliosis (69, 70).

Astrocytes Participate in Innate and Adaptive Viral Inmune Responses

Astrocytes play an important role in initiating immune responses during viral infection of
the CNS. Infection of cultured astrocytes with different flaviviruses, including tick-borne
encephalitis, JEV, WNV, and Zika virus (ZIKV), induces the production of type I interferons
and restricts viral spread (71, 72). Type | interferons are critical to the inhibition of viral
spread after initial infection. Global deletion of IFNAR, or downstream type | interferon
signaling, leads to increased mortality in WNV-infected mice and an inability to clear virus
in a model of lymphocytic choriomeningitis virus (LCMV) (73, 74). The role of astrocytes
in regulating BBB integrity to limit inflammation has been shown to be regionally specific in
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vivo, as the loss of IFNAR signaling in astrocytes enhances BBB permeability in the
hindbrain due to WNV infection (4). Throughout the CNS, astrocytes exhibit distinct and
regional heterogeneity in gene expression, morphology, and signaling functions (75).

In addition to playing critical roles in initiating the innate immune response, activated
astrocytes continue to regulate the adaptive immune response, albeit to a smaller extent than
other cell types. Members of the Flaviviridae family induce the expression of MHC class |
and Il molecules involved in the activation of CD8* T cells (76, 77). Astrocytes normally
express low levels of MHC class | molecules, but in vivo infection of mouse hepatitis virus
(MHV), in particular strain JHM (JHMV), upregulates expression, yet not to the level of
expression by microglia. In contrast, MHC class Il molecules remained relatively
undetectable on the majority of astrocytes (78). In a more recent study, cultured astrocytes
infected with St. Louis encephalitis virus responded by increasing expression of MHC class
I molecules (79). Whether the increased cell surface expression on astrocytes is functional in
recognizing T cells has yet to be studied. Christensen et al. (80) found that in a murine
model of LCMV infection, astrocytes are the major producers of chemokine CXCL10 in the
neural parenchyma. The same group showed that CXCL10 is a key ligand for CXCR3 on
CD8* T cells at sites of CNS viral inflammation (81). Further studies of this interplay
between astrocytes and T cells may reveal mechanisms for long-term deficits after viral
infection.

Beneficial and Pathogenic Impact of Astrocyte Activation

Activated astrocytes are generally accepted as beneficial because they play critical roles in
removing toxic molecules and restoring the BBB. As described above, they are key initiators
of the immune response needed to limit viral burden. These glial cells are also important for
signaling growth factor that promotes axonal and neuronal growth after infection (66). On
the other hand, activated astrocytes can be viewed as detrimental for neuronal function and
regeneration. Studies looking at flavivirus-infected astrocytes have indicated the production
of IL-1B, IL-6, IFN-a, TNF-a, CXCL10, and CCL4 (68, 82). Cytokines such as TNF-a and
IL-1pB have also been reported to regulate neural correlates of memory, including adult
neurogenesis, synaptic plasticity, and modulation of long-term potentiation (83-85). Most
recently, a study demonstrated that IL-1R1 signaling after WNV infection in the mouse
leads to an increased production of proinflammatory, reactive astrocytes at the expense of
adult neurogenesis. These newly generated astrocytes then become a source of
antineurogenic cytokines (68). While the initial role of activated astrocytes is indisputably
important for viral control, the persistence of these glial cells may lead to more long-term
neurocognitive dysfunctions that need to be further studied, as discussed below.

Neurons Can Express Chemokines and Cytokines

Chemokine expression in the infected CNS is often regulated by cytokine production via
infiltrating leukocytes. Infection by several different viruses has been correlated with a rapid
induction of chemokines from astrocytes and microglia. However, whether neurons
contribute to the recruitment of leukocytes to the CNS after viral infection is still under
study. Neurons themselves are the major target in the CNS in a variety of viruses, including
JEV, WNV, and LCMYV (86-88). Given their susceptibility to these viruses, neurons are
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likely to be the first responders in initiating immune signaling. Early studies using a mouse
model of measles virus showed an association between the neuronal expression of CCL5
and CXCL10 and T cell recruitment, suggesting that neurons might play a role in activating
immune responses to viral infection (89). A further study, using a mouse model of WNV,
describes the role of neuronal CXCL10 in recruiting CXCR3™ T cells to the CNS (88).
Neutralization or genetic silencing of CXCL10 in mouse models of WNV reduced T cell
migration to the brain, preventing efficient viral control and reducing survival (88). Like
astrocytes, the regional heterogeneity of expression of CXCL10 leads to differences in
inflammatory cell migration. In a WNV model of viral encephalitis, a subdued secretion of
CXCL10 by cerebellar neurons alters migration of inflammatory cells (90). More recently,
inoculation of the CNS with Theiler’s murine encephalomyelitis virus (TMEV) rapidly
induced production of neuronal CCL2, a source necessary for infiltration of inflammatory
monocytes into the hippocampus (91). Along similar lines, neurons have been shown to
produce type | interferons and express MHC class | molecules, taking a further active role in
the antiviral defense (92, 93). In murine models of TMEV and La Cross virus (LCAV),
neurons can produce type | interferons, while Borna disease virus (BDV) infection of
cultured neurons leads to MHC-I expression. Infection of BDV also increases the
presentation of CD8* T cells, leading to the secretion of cytokines, including IFN-y and
IL-10. Together, these findings suggest a role of neuronal production of chemokines and
cytokines in the activation of leukocyte infiltration.

ACUTE VIROLOGIC CONTROL IN THE CENTRAL NERVOUS SYSTEM

Antiviral T Cell Responses Are Neuroprotective

T cells play a critical role during viral infections of the CNS, although the response must be
carefully controlled to limit immunopathology in an organ with limited capacity for repair. T
cell recruitment to the CNS occurs primarily via chemokine signaling pathways. During
WNV infection, neuronal production of T cell chemoattractants, such as CXCL10, leads to
the recruitment of CXCR3* T cells to the CNS to control viral infection and promote
survival (88). Reactivation of recruited T cells occurs via interaction with CD11c+ dendritic
cells in an IL1-R1-dependent manner (94), and release of T cells from the perivascular space
into the parenchyma is in part mediated via IL-1-mediated alterations in polarity of CXCL12
expression at the endothelium (2, 3). Recent work in a model of neurotropic coronavirus
infection highlights the importance of CD8* T cell reactivation in perivascular spaces of the
CNS for viral control and survival. In this work, expression of CCL19 and 21 by stromal
endothelial cells and fibroblast-like reticular cells in the perivascular spaces of the CNS was
shown to be important for coordinating recruitment and reactivation of antiviral CD8* T
cells to the CNS via CCR7 signaling (95). Local restimulation of T cells critically limits
immunopathology by limiting the number of T cells needed to improve virologic control,
thus improving the efficiency of antiviral responses in the CNS (96).

Regulatory T cells (Tregs) additionally limit immunopathology in the CNS by controlling
antiviral responses during acute encephalitis. Transfer of virus-specific Tregs improved
survival from MHV-induced encephalitis by limiting pathogenic Th1 cells, associated with
decreases in microglial activation (97). In a clinical study of blood donors testing positive
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for WNV, Tregs were found to expand after infection, and asymptomatic patients had higher
levels of Tregs than symptomatic patients, suggesting that Treg control of antiviral immune
responses might influence the severity of clinical disease (98). Indeed, in the same study,
animals depleted of Tregs showed more severe symptoms and had a significantly higher
mortality rate than control animals following WNYV infection (98). Loss of Tregs led to
decreased expression of CD103 on T cells persisting in the brain after WNV infection (99),
suggesting that Tregs also influence the development of immune memory in the CNS.

Cytokines, chemokines, and the strain of virus together influence T cell polarization and the
resulting antiviral and/or immunopathological response. For example, loss of 1L-10
signaling led to either Th17 - or Th1-mediated increases in morbidity and mortality
following infection depending on the virulence of the strain of Sindbis virus (SINV) (100,
101). The specific chemokine milieu in the infected CNS appears to also influence T cell
activity and antiviral response. During acute infection with LCMV, cytotoxic T lymphocytes
express chemokines, which leads to peripheral myeloid cell recruitment, severe
immunopathology, and death (102). However, during chronic LCMV infection, therapeutic
administration of virus-specific T cells can lead to noncytopathic clearance of virus (96).
Cytokines also exert different antiviral effects in the periphery and the CNS. IFN-y critically
controls infectious virus replication in the periphery but clears virus from the CNS without
affecting acute viral replication (103, 104).

T cells can persist in the CNS for months to years following neurotropic infection with
dengue virus (DENV) (105), vesicular stomatitis virus (106), WNV (99, 107), or influenza
(108); however, the functional implications of this persistence are relatively unknown.
Tissue-resident memory T cells (Trm cells) are a recently described class of long-lived
memory T cells that reside in nonlymphoid tissues at sites of prior antigen exposure and
coordinate a rapid recall response to rechallenge (109, 110). Trm cells are classically defined
by the expression of the integrin aE (CD103) and the early activation marker CD69;
however, expression of these two markers is not uniform across all circulation-independent
Trm cells in nonlymphoid tissues. CD69 is rapidly up-regulated upon activation through
TCR signaling and exposure to type | interferons and interferes with signaling through the
sphingosine 1 phosphate 1 receptor S1P1, preventing T cell egress from the tissue (111,
112). In the CNS, generation of Trm cells appears to be antigen dependent (106, 113).
However, in vivo infection models with vesicular stomatitis virus or neurotropic influenza
suggest that persistent antigen exposure was not required for Trm persistence in the CNS
(106, 114). CD69* brain Trm cells also express high levels of the prosurvival molecule Bcl-2
(114), which may explain their long-term survival despite lack of continuous antigen
exposure.

Consistent with studies of Trm cells in other tissues, brain Trm cells are poised to provide
enhanced protection against returning pathogens. An early study identified CD69*CD8* T
cells persisting in the CNS to 320 days postinfection (the latest time point analyzed) that
retained Killing function when exposed to peptide- or virus-loaded cells ex vivo (108). More
recent studies have demonstrated that brain Trm cells can provide enhanced protection and
survival in mice upon rechallenge (114, 115). This protection could occur despite depletion
of peripheral CD4* and CD8* T cells and was dependent on IFN-y and perforin production
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by the brain Trm cells (114). While these studies demonstrate the existence of brain Trm
cells, and the capacity to provide functional pathogen control upon reexposure, very little is
known about how the presence and activity of persistent T cells might influence activity of
resident CNS cells, including microglia, astrocytes, and neurons, in the absence of overt
infection.

B Cells Protect the CNS During Acute Encephalitis

B cell functions, including antiviral humoral immune responses, are critical for control of
viral dissemination in the periphery and neuroinvasion during neurotropic viral infections
(reviewed in 116). Studies in murine models of neurotropic RNA viral infections, including
those caused by flaviviruses and alphaviruses, indicate that both virus-specific and
nonspecific B cells also enter the CNS during acute viral infection with CNS virus-specific,
antibody-secreting cells (ASCs) increasing in the brain after their initial development within
lymphoid tissues. Early studies in mice infected with SINV indicated that while most
isotype switching from IgM to 1gG and IgA occurs in peripheral lymphoid tissues, numbers
of ASCs producing IgG1 continue to rise in the brain through the course of acute
encephalitis. As described above, T cells are the first to enter the CNS during viral infection,
with T cell-derived cytokines, such as IFN-y, critically involved in viral clearance and the
amplification of immune cell infiltration through upregulation of chemokines. Early
infiltrating B cells express CXCR3, CXCR5, and CCR7, whose ligands, CXCL9, CXCL10,
CXCL13, CCL19, and CCL21, are upregulated within the CNS during viral infections.
Animals that lack T cell production of IFN-y or ability to signal through its receptor,
IFNYR, exhibit decreased CNS B cell recruitment with limited expression of SINV-specific
IgM, 1gG2a, and 1gG2b (103). Detection of IgM within the cerebrospinal fluid of patients
with neuroinvasive disease due to WNV suggests that IgM-expressing

CD19*CD38*CD138 Blimp-1* plasmablast cells might initially traffic into the brain as an
early response to viral neuroinvasion. Indeed, studies in viral encephalitis due to SINV or
WNV showed that IgM-expressing ASCs are among the earliest infiltrating immune cells
and are required for virologic control within the CNS (117). These ASCs express IgG and
IgA during the period of viral clearance, and both CD19*CD38* memory B cells expressing
surface immunoglobulin and CD38"CD138*Blimp-1* plasma cells are retained in the CNS
long after elimination of virus (107).

Studies examining survival and differentiation of CNS B cells indicate that acute infection
with virus triggers long-term alterations in inflammatory cascades that support their
persistence. 1L-10 and IL-21, which promote B cell proliferation and differentiation,
increase early during infection and remain elevated long after clearance of infectious virus
(118). Proliferating ASCs that originate in cervical lymph nodes during acute infection and
enter the CNS during neuroinvasion are retained within the CNS, where they continue to
proliferate and differentiate. Elevated levels of B cell-activating factor (BAFF) in the CNS
and BAFF receptor expression by B cells contribute to long-term maintenance of virus-
specific ASCs in the brain (118). Given the recent identification of postinfection, antibody-
based neurologic diseases diagnosed in patients after recovery from CNS infection with both
DNA and RNA viruses (119, 120), it is possible that these persistent CNS B cells or
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plasmablasts contribute to the development of rare types of CNS autoimmunity in certain
patients.

Several studies have also evaluated the role ofIL-10, which is expressed by a variety of cell
types, including CNS-infiltrating regulatory B cells. IL-10 can limit the immunopathology
induced by Th1/Th17 effector cells and inhibit cytokine expression by activated microglia
(100, 121). Of interest, recent studies suggest that viral virulence also impacts on IL-10-
mediated restriction of helper T cell responses. In a model using a recombinant SINV strain
with intermediate virulence, IL-10 deficiency led to enhanced disease via increased
differentiation of immunopathogenic Thi, but not Th17, cells (101).

MONOCYTES/MACROPHAGES

Monocyte Infiltration into the CNS

Neurotropic RNA viruses gain access to permissive cells via attachment to entry receptors
(e.0., TLR3, glycosaminoglycans, RIG-1) expressed by neural cells including neurons,
astrocytes, and microglia (reviewed in 122). As described above, PRR detection of viral
nucleic acids induces expression of chemoattractants that promote the parenchymal entry of
mononuclear cells, including peripheral blood monocytes, which differentiate into tissue
macrophages at specific sites of injury. For viral CNS insults there is debate as to whether
these cells aid in viral clearance and recovery or mediate continuing damaging
inflammation.

Macrophages can produce anti-inflammatory mediators, scavenge the area and phagocytose
foreign material and debris, and regulate the extracellular matrix and glial scar surrounding
the damaged area (123). However, these cells have also been shown to have potent effector
functions including antigen presentation, T cell stimulation, and production and secretion of
numerous proinflammatory mediators as well as reactive oxygen species (124). More work
must be done to elucidate the different mechanisms that induce different macrophage and
monocyte phenotypes in disease processes.

Chemokines Are Critical for CNS Monocyte Recruitment

During CNS infections with RNA viruses, proinflammatory chemokines, such as CCL2 and
CCLY7, are crucial for the CNS recruitment of monocytes. In a WNV mouse model,
deficiency of CCL7 resulted in increased viral burden and mortality. Subsequent restoration
of CCL7 by exogenous administration increased monocyte and neutrophil recruitment to the
CNS and improved survival (125). In this study, while CCL2 and CCL7 were shown to be
required for efficient monocytosis, only CCL7 played a role in viral clearance. CCL2 aided
in monocyte upregulation, while CCL7 was involved with increases of monocytes,
neutrophils, and CD8" T cells to the CNS (104). This suggests that both chemokines work
differentially to assist in leukocyte upregulation and decrease viral burden.

The previous study also highlights the debate over the differential roles of chemokines and
chemokine receptors in monocyte recruitment and viral clearance. In another study, CCR7
depletion led to a phenotype similar to that of CCL7 depletion. CCR7 is a chemokine
receptor that binds CCL21 and CCL19. Mice deficient in this receptor and infected with
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WNV have higher viral loads and increased mortality rates as compared to wild-type
infected mice (125). Importantly, this depletion leads to a panleukocytosis, with increases in
the migration of CD4* T cells, CD8" T cells, inflammatory monocytes, and neutrophils to
the CNS (125). In light of these findings, the authors suggest that CCR7 acts as a gatekeeper
under physiological conditions and normally restricts leukocyte migration into the brain to
limit neuroinflammation during viral infection.

Characterization of CNS-infiltrating leukocytes in JEV-infected CCL2~ and CCR2~/~ mice
produced different phenotypes than those infected with WNV. CCL2 ablation led to
increased susceptibility to JEV infection, while CCR2 deficiency enhanced resistance to the
virus (126). Both groups of mice had equal viral burden in the periphery, but only CCL2-
deficient mice exhibited increased viral burden and CD11b*Ly-6CN monocytes in CNS
tissue (126). One reason for this discrepancy could be that chemokine receptors, including
CCR2, are able to bind multiple chemokines. Thus, when CCL2 binds CCR2, it recruits
immune cells, which enhances viral clearance. However, competition for CCR2 binding by
several chemokines might diminish the effective concentration of CCL2, making the CNS
exhibit lack of virologic control.

Monocytes as Biomarkers in CNS Viral Infections

Although the role of monocytes mainly involves viral clearance, some viral pathogens hijack
the CNS homing mechanisms to infiltrate the brain parenchyma and infect other CNS cells.
Studies have shown that HIV uses this mechanism, and infection leads to increased CCR2
and CCL2 sensitivity in CD14*CD16™" monocytes (127). Furthermore, blocking CCR2 with
targeted therapeutic agents reduces transmigration of HIV*CD14*CD16* monocytes to the
brain, helping to diminish viral entry (128). There has also been evidence of monocytes as
useful biomarkers of disease progression in HIV/SIV (simian immunodeficiency virus)
infection. In a cohort study, patients with HIV-associated neurocognitive dementia (HAND)
had significantly increased CCR2 expression on CD14*CD16* monocytes compared to HIV-
infected patients with normal cognition (129). When paired with an in vitro model of the
human BBB, this study showed the CD14*CD16* monocytes taken from the HAND patients
migrated across the BBB model in significantly higher numbers compared to controls.
Together these studies reveal a promising role for the measurement and inhibition of
monocytes and their respective chemokines in disease monitoring and modification.

MICROGLIA DURING ACUTE RNA VIRAL INFECTION

Microglia Origin, Differentiation, and Distribution

Microglia are the resident mononuclear phagocytes of the CNS, accounting for 5-12% of
cells in the adult mouse brain (130) and 0.5-16.6% of cells in the adult human brain (131)
with regional variations in density in both mice and humans. Although microglia were
initially thought to originate from the neuroectoderm, it is now generally accepted that
microglia are of myeloid origin (132); however, the nature of microglial precursors and
progenitors is still debated. Only recently has it been convincingly demonstrated that
microglia originate from embryonic yolk sac precursors rather than the fetal liver (133).
Under certain conditions, monocytes are recruited to the CNS and can differentiate into
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microglia-like cells, such as in transcription factor PU.1 knockout mice when the
endogenous microglial niche is vacant (134), or during infection (135); however, this does
not seem to be a significant source for maintaining the microglial population under
homeostatic conditions. Rather, microglia appear to be long-lived cells that are self-renewing
without contribution from circulating progenitors (136).

Colony-stimulating factor 1 receptor (CSF1R) signaling is essential for the development of
many mononuclear phagocytes, including microglia. Tissue-resident macrophages including
microglia fail to develop in CsfZr”~ mice (133), but in contrast to many tissue macrophages,
adult microglia can still form in CsfI°P/°P mice, which carry a natural null mutation in the
Csf1 gene (137). This is due to an alternative CSF1R ligand, IL34, that is highly expressed
by neurons (138, 139). Similar to CsfI°PIP mice, 1L.347~ mice exhibit a reduction in
microglial development that varies by brain region. While the cortex exhibits approximately
65% decrease in microglia, the cerebellum has fewer microglia at baseline and no significant
decrease with /L34 elimination (140).

Microglia Restrict Viral Replication via Innate Imnmune Mechanisms

Microglia are thought to protect the CNS from viral infection through several mechanisms,
including the production of antiviral cytokines, phagocytosis of virus-infected and dying
neurons, and the induction of neuronal repair and homeostasis (141). However, assessing
specific immune contributions of microglia during infection has been challenging. Although
powerful for mechanistic studies, in vitro microglial culture systems may not faithfully
model in vivo environmental cues, which may alter both homeostatic and reactive gene
expression patterns (142). Furthermore, many viruses of importance to human health infect
neurons and astrocytes rather than microglia (143), thus requiring a more complex mixed
cell culture system for analysis of microglial response to and interaction with infected cells.
In vivo, it is difficult to distinguish CNS resident microglia from infiltrating peripheral
monocytes and macrophages; thus, assigning specific immune contributions to each cell type
is challenging.

Researchers attempting to determine specific contributions of microglia during infection
have used several strategies to isolate the role of microglia. Using an ex vivo spinal cord
slice culture system that isolates microglial response from peripheral immune responses,
Quick et al. (144) showed that WNV-infected tissues upregulate inflammatory cytokines
including CXCL10, CXCL1, CCL5, CCL2, CCL3, TNF-a, TNF-related apoptosis-inducing
ligand (TRAIL), and IL-6. Inhibition of microglial activation with minocycline reduced
expression of CCL5, CCL2, and IL-6, indicating that microglia are responsible for
expression of these proinflammatory cytokines (144). Several strategies have also been used
to reduce microglial numbers. /L34~ mice were more susceptible to infection after
intracranial inoculation with attenuated WNV (140). This was not due to increased viral
burden but rather increased neuronal death, suggesting that microglia might provide
neurotrophic support and protection rather than limit viral replication (140). However,
Wheeler et al. (145) demonstrated that microglia restrict replication of neuroattenuated
murine coronavirus, MHYV, early in the course of infection using CSF1R antagonist
PLX5622 to deplete microglia. Similarly, depletion of microglia using liposome-
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encapsulated clodronate causes increased viral replication in a neonatal model of DENV
encephalitis (146). Impacts of pharmacological agent on peripheral monocytes and
macrophages may account for these differences between genetic and pharmacological
depletion of microglia.

Microglia Orchestrate Peripheral Immune Cell Interaction

In addition to restricting viral replication, microglia orchestrate the peripheral immune
response to invading pathogens. In a healthy CNS, microglial cells do not express MHCs;
however, when activated by pathological conditions, they upregulate these molecules (146).
The extent to which microglia express costimulatory molecules that define professional
antigen-presenting cells and their impact on infiltrating immune cells are less clear (147).
Depletion of microglia by CSF1R antagonist PLX5622 suggests that microglia are not
necessary to prime a virus-specific T cell response, but their depletion diminishes aspects of
the CD4™ T cell response to MHV (145). This may be due to loss of the primary MHC-11-
expressing cell type in the brain as well as decreased MHC-11 expression on infiltrating
monocytes/macrophages. Whereas PLX5622-treated mice infected with MHV showed a
modest increase in CD8* T cell recruitment to the CNS (145), intracerebral infection with
DENV following depletion of microglia with clodronate-containing liposomes in neonatal
mice resulted in diminished CD8" T cell recruitment to the brain (146). Although both
studies implicate microglia in efficient T cell response to viral encephalitis, discrepancies
may reflect differences in the virus, methods of microglial depletion, and/or age of mice
being infected.

Pathogenic Impacts of Microglia

A growing body of literature illustrates fundamental roles for microglia beyond immune
functions, in controlling neuronal proliferation and differentiation as well as maintaining
synaptic connections. During homeostatic conditions, microglia survey the
microenvironment and modify or eliminate synaptic structures (148); however, during
infection, prolonged microglia activation may contribute to astrocyte-mediated neurotoxicity
(68, 69) and excessive complement-mediated synapse elimination (149). On the other hand,
Wheeler et al. (145) found that the absence of microglia diminished the Treg response,
which is important for modulating the inflammatory response and limiting host damage.
Interestingly, recent data indicate that microglia may exhibit epigenetic-mediated immune
memory in the forms of both immune training and immune tolerance, which impacts the
neuropathology of neurodegenerative mouse models (150). Thus, microglial immune
memory may affect the severity of postinfection neurologic sequelae.

VIRAL PERSISTENCE AND POSTINFECTION SYNDROMES

Many autoantibody and demyelinating diseases have been hypothesized to be related to
postinfection etiologies, particularly in the absence of a detectable oncologic process. Even
in cases where virus is undetectable in the serum or cerebrospinal fluid at the onset of CNS
disease, a patient history of preceding infection can often be identified. While an antibody-
mediated mechanism is noted in many cases, viral persistence has also been demonstrated to
cause CNS disease well after the acute phase of infection. Here, we discuss the postinfection
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neurologic sequelae that may occur after recovery from infections with RNA viruses (Table
1).

Although measles virus infection outbreaks have significantly decreased since the advent
and administration of the vaccine, recent outbreaks of acute and chronic infections in the
United States and Europe have occurred in unvaccinated populations (151-153). Acute
measles infection causes fever, cough, runny nose, and conjunctivitis (154). However, it is
the persistent CNS infection, subacute sclerosing panencephalitis (SSPE), that causes
significant morbidity and mortality. Studies have shown tropism for neurons and glial cells
in CNS measles virus infection, and a robust infiltration of innate immune cells also occurs
(155). SSPE symptoms include cognitive defects, seizures and motor dysfunction, and coma,
and these symptoms are thought to result from a combination of the infection of CNS-
resident cells and the immune response to infection. Rare, disease-associated disease foci
also include the eye, with presentations of chorioretinitis and macular scarring with
pigmentation (156), and the hindbrain, with acute cerebellar ataxia as a presenting symptom
(157). SSPE cases occur at a high rate in unvaccinated children, especially when the
infection is acquired during infancy (158).

WNV infection can also cause neuroinvasive disease with both acute and postinfection
syndromes. Acute WNV neuroinvasive disease (WNND) can manifest as encephalitis,
meningitis or acute flaccid paralysis (159, 160). Although virus is typically cleared within
1-2 weeks, with many recovering from acute WNND, up to 50% of patients, many of whom
did not have overt acute WNND, have persistent neurocognitive dysfunction after infection
(161, 162). Murine models of WNND demonstrate that there is no change in hippocampal
volume, so the neurocognitive dysfunction might be related to more subtle changes in
synapse physiology and repair (68, 149). While a recent animal study demonstrated that
administration of anti-IL-1R1 agents might prevent the development of cognitive
dysfunction after recovery from WNV (68), prognostic biomarkers are needed to aid in risk-
benefit analyses that might support immunosuppressant therapies in selected patients.

ZIKV outbreaks in tropical climates in the last five years have brought interest and attention
to the neurologic sequelae of ZIKV neuroinvasive disease. Most notably, a clear correlation
between maternal ZIKV infection and teratogenic effects on the growing fetus, including
microcephaly and developmental delay, has been observed (163). In addition, there has been
a surge of Guillain-Barré syndrome cases associated with outbreaks of human ZIKV
infection (164). Recently, ZIKV infections of adults were associated with transverse myelitis
(165), encephalopathy, and meningomyelitis or encephalomyelitis, that latter of which may
be associated with defects in memory and cognition with unknown long-term outcomes for
survivors (164-168). An appreciation of the full spectrum of ZIKV-mediated diseases and
studies providing mechanistic insights and potential therapeutic targets are forthcoming.

JEV occurs mostly in Southeast Asia and the Western Pacific. Acute infection symptoms
include fever, headache, vomiting, encephalopathy, and seizures. Acute flaccid paralysis is
also common. Approximately half of surviving patients will have neurologic sequelae,
including persistent mixed upper and lower motor neuron disease as well as extrapyramidal
symptoms and cerebellar signs (169). Although many of these symptoms may be related to
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viral destruction of neurons, JEV-specific antibodies and viral antigens have both been
detected in previously infected patients 50-180 days after symptom onset (170), suggesting
that postinfection sequelae might be due to ongoing virologic or immunologic processes.

Infections of alphaviruses such as VEEV, Western equine encephalitis virus, and Eastern
equine encephalitis virus in humans also produce neurologic sequelae beyond acute
encephalitis, including cognitive defects, seizures, psychiatric illness, and motor
dysfunction. Similar to those of JEV, neurologic sequelae of alphaviruses are likely related
to a combination of viral persistence and the host immune response (171).

Influenza-associated encephalitis/fencephalopathy (IAE) is a rare but serious complication of
influenza infection. In a report of the Australian Childhood Encephalitis Study, 13 patients
with IAE were identified. Neuroinvasive complications included encephalopathy and
seizures that were often associated with imaging findings on brain magnetic resonance
imaging to suggest alteration in the structural integrity of brain tissue. Seven of the 13
children in that study died or had significant neurology morbidity as a result of IAE (172).
Prior vaccination for influenza and antiviral therapy were infrequent in patients with
significant morbidity and mortality. Similar findings were reported for a pediatric population
in Japan (173) as well as adults (174, 175). Postinfection syndromes such as transverse
myelitis have also been reported and, of note, associated with myelin-oligodendrocyte
glycoprotein antibodies in one case (176). In summary, postinfection neurologic
consequences of viral infections, even among nonneurotropic viruses, are an important
clinical entity whose study might identify generalizable mechanisms for related seizure,
CNS autoimmune, and memory disorders.

CONCLUDING REMARKS

Immune and neural cell types can exhibit neuroprotective and neurotoxic effects during CNS
viral infections depending on the context. At the BBB, endothelial cells and astrocytes
control viral entry into the CNS and are strongly influenced by TLR and PRR activation.
Endothelial cells respond to these cues and modulate barrier integrity through altered
expression of CAMs and Rho GTPases, while astrocytes can be activated to produce
proinflammatory cytokines such as IL-1, IL-6, TNF-a, and IFN-y. These proinflammatory
cytokines aid in viral clearance through recruitment of mononuclear cells but may also be
detrimental long-term to neuronal function and regeneration. While T cells that infiltrate
from the blood and perivascular spaces participate in direct control of acute viral infection
through cytokine release, they are also capable of remaining in the CNS for months or years
as Trm cells. The long-term neurologic consequences of these Trm cells and antibody-
secreting B cells within the CNS are still unclear. Monocyte recruitment to the CNS meant
to decrease viral load may be hijacked by viral machinery and lead to increased CNS viral
burden in specific instances. Furthermore, the CNS has intrinsic microglia that orchestrate
immune cell activation and viral clearance via MHC upregulation. However, prolonged
microglial activation after infection may lead to astrocyte-mediated neuronal damage and
excessive synaptic pruning. Taken together, these data suggest the importance of
understanding the immune system’s role in clearing CNS infection but also of examining its
impact on long-term neuronal and immunologic function. Studying the differential impacts
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of neuroimmune responses may help us better prevent and treat neurologic sequelae that
often follow infection.

Many questions still remain unanswered as we aim to develop effective therapeutics. For
one, the mechanisms underlying the contribution of persistent neuroinflammation to CNS
pathophysiology are unclear. Secondly, although this review was divided into sections by
cell type, neural and immune cells function in conversational groups, whose molecular
contributions to these interactions are incompletely understood. For example, we know glial
cells actively participate in infection control, but we are still examining the exact cues they
provide to and receive from T cells. Finally, there is evidence suggesting the ability of
peripheral infection alone to influence long-term CNS function and outcomes (150), but a
lack of details regarding the processes.

The study of neural and immune cell interactions during and after viral infections may apply
to a much broader context as well. Recent research has shown important roles for immune
cells in almost all neurologic systems, including neurodevelopmental, neurodegenerative,
and aging-related processes. Thus, the induction of inflammatory events after viral entry
may prime the CNS to be more or less susceptible to the development of other diseases.
Examining consequences of neurotropic viral infections may provide insight into the
development of neurodegenerative processes as well.
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Figurel.
CNS-resident and peripheral immune responses promote antiviral and immunopathogenic

outcomes. Activation of CNS-resident neurons and glia, either directly by viral-sensing
PRRs or indirectly, promotes antiviral and inflammatory cytokine expression and leads to
restriction and resolution of viral infection. Prolonged glia activation additionally may
initiate neuropathogenic programs. The innate immune response of CNS-resident cells also
shapes the recruitment and activation of peripheral immune cells through the expression of
chemokines, modulation of the BBB, and cell-cell interaction (not shown). Infiltration of
immune cells is critical for viral clearance and establishment of long-term protection in the
CNS, but it may facilitate neuroinvasion or contribute to neuropathology both during and
after infection. Antiviral and immunopathogenic outcomes are labeled blue and red,
respectively. Abbreviations: BBB, blood-brain barrier; BMEC, brain microvascular
endothelial cell; CNS, central nervous system; PRR, pattern recognition receptor; Treg,
regulatory T cell; Trm, tissue-resident memory T cell.
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Specific RNA viruses and associated neurologic defects
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Virus Acute defects

Subacute or chronic defects

Measlesvirus (154-158)

Encephalitis, blindness

Subacute sclerosing panencephalitis, cognitive defects,
seizures, motor dysfunction, coma, cerebellar ataxia

West Nile virus (159-162)

Meningoencephalitis, acute flaccid
paralysis

Cognitive defects

Zikavirus (163-168)

Meningoencephalitis, Guillain-Barré
syndrome

Birth defects (microcephaly, developmental delay, motor
dysfunction), myelopathy, possible cognitive defects

Japanese encephalitis virus (169-170)

Encephalitis, acute flaccid paralysis

Motor dysfunction, ataxia, tremor

Venezuelan equine encephalitis virus Encephalitis Seizures, cognitive defects, psychiatric illness

(171)

Western equine encephalitis virus (171) Encephalitis Seizures, cognitive defects, psychiatric illness, motor
dysfunction

Eastern equine encephalitis virus (171) Encephalitis Seizures, cognitive defects, psychiatric illness, motor
dysfunction

Influenza virus (172-175) Encephalitis Not reported to date
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