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Abstract

The early involvement of CNS-draining lymphatics and host response to West Nile virus
infection

By Troy Justin O’'Neal

West Nile virus (WNV) is a mosquito-borne flavivirus of global importance, which can
result in neuroinvasive infection leading to encephalitis, prolonged neurological
dysfunction or death. The early induction of the host response and efficient CD8" T cell
responses are both required for protection. We found that viral RNA and activated
conventional dendritic cells (cDCs) accumulated in the meninges and CNS-draining
lymph nodes (LNs) prior to neuroinvasion. Furthermore, WNV-specific CD8" T cells
accumulated in the CNS-draining LNs and the spleen with similar kinetics. WNV-specific
CD8" T cells from the spleen and brain exhibited dramatically different activation and
inhibitory marker expression and cytokine production, whereas WNV-specific CD8" T
cells from the meninges and CNS-draining LNs displayed unique intermediate
phenotypes. Notably, meningeal and brain WNV-specific CD8" T cells produced both
tumor necrosis factor (TNF)-a and interferon (IFN)-y and had the highest fraction of cells
expressing PD-1. CNS-localized WNV-specific CD8" T cells were more efficient at
controlling viral infection of cortical neurons than peripheral WNV-specific CD8" T cells.
These findings characterize the early involvement of CNS-draining lymphatics during
WNV pathogenesis and indicate that anatomic localization influences CD8" T cell
programming during WNYV infection. The type | IFN (IFN-I) response promotes induction
of innate antiviral defenses, restricting early viral replication. We developed WNV-
inclusive single-cell RNA sequencing (scRNA-seq), an approach to examine
transcriptional heterogeneity in IFN-stimulated gene (ISG) induction and viral RNA
abundance across single cells. We observed that only a small fraction of cells within the
bulk population produced high levels of IFN-B transcript. Genes associated with the IFN-
| response exhibited both high unimodal and bimodal variation. The majority of ISGs
negatively correlated with viral RNA abundance, often displaying a sharp decline in
expression for cells with high levels of viral RNA. WNV-inclusive scRNA-seq represents
a robust approach for parallel single-cell transcriptomics and WNV RNA detection,
which can be implemented in other systems to identify novel therapeutic targets or
extend the resolution of in vivo studies to single infected cells.
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INTRODUCTION
Flaviviruses

Flaviviruses, often transmitted by arthropod vectors, annually account for several
hundred million infections worldwide (1-4). Flavivirus infections of humans are generally
acute and self-limiting and in many cases asymptomatic, but can cause a spectrum of
severe symptoms, including hemorrhagic fever, encephalitis, meningitis, congenital
malformations, long-term neurological deficits and even fatality (1-6). The mosquito-
borne dengue virus (DENV) is responsible for nearly 70 million infections annually alone
and can result in dengue hemorrhagic fever following secondary infection with a
different serotype (4, 7, 8). A recently licensed tetravalent DENV vaccine has shown
limited efficacy and is not recommended for populations less than 9 and over 45 years
of age (9, 10). Yellow fever virus (YFV) is a member of the flavivirus genus capable of
causing acute-onset hepatitis and hemorrhagic fever (11-15). However, the live-
attenuated vaccine YFV-17D combined with improved mosquito control has lowered the
incidence of yellow fever in urban areas since the mid 20™ century (12, 15). Neurotropic
flaviviruses include West Nile virus (WNV), Zika virus (ZIKV), Japanese encephalitis
virus (JEV), Powassan virus (POWYV), and tick-borne encephalitis virus (TBEV). A
licensed vaccine for JEV is available for clinical use, and investigational vaccine
candidates exist for ZIKV and WNV although none have progressed beyond Phase I
clinical trials (16-19). Altogether, the lack of effective prophylactic and therapeutic
measures to prevent or treat flavivirus infection underscores the need to better

understand pathogenesis and correlates of protective immunity.



WNYV ecology and pathogenesis

WNYV is a neurotropic flavivirus responsible for annual epidemics of virus-induced
encephalitis worldwide (1-3, 5, 6). The virus cycles between birds and mosquitoes,
causing incidental infection and disease in humans and other mammals (20). Culex and
Aedes mosquito species serve as the principal transmission vectors, while a wide range
of avian hosts function as the natural reservoir (3, 21, 22). Transmitting mosquitoes
include both ornithophilic vectors, those that primarily feed on birds, and bridge vectors,
opportunistic feeders that can infect incidental hosts (21, 22). Humans, as well as other
mammals, are referred to as incidental hosts and not amplifying hosts, as they do not
develop viremia at a sufficiently high level to infect feeding mosquitoes (21, 22).
Whereas other arboviruses are more restricted in their vector and host range, the broad
distribution of WNV worldwide can potentially be attributed to its capacity to be
transmitted by numerous mosquito species and infect a variety of vertebrates, including
but not limited to birds, humans, horses, alligators and killer whales (3, 20, 22, 23).
Notably, WNV has been associated with mortality of avian hosts in the United States
although similar observations have not been made in tropical regions, possibly due to
differences in the range of indigenous avian species and exposure to other flaviviruses
(24, 25). Furthermore, some evidence suggests that other vertebrates, such as squirrels,
might be capable of serving as amplifying hosts, although birds remain the major natural

reservoir (26).

Mosquitoes acquire WNV after feeding on viremic birds. While viremic titers are
highly species-specific, many avian species will not surpass a peak viremia of 1x10°

50% tissue culture infectious dose (TCIDsg) per mL (22, 27). Following ingestion of a



viremic blood meal, the virus infects and replicates in midgut epithelial cells within 8 h
(22, 28). The first barrier for WNV within the midgut is the peritrophic membrane, a
filamentous matrix formed around the blood meal as early as 2-8 h post-feeding and
reaching ~100 pym in thickness by 24 h (22, 29). This requires WNV to infect midgut
epithelial cells within 8 h of feeding before the intact peritrophic membrane is fully
formed (22, 30). Following replication in midgut epithelial cells, WNV traverses the basal
lamina to disseminate into the haemolymph and ultimately seed the salivary glands (22).
The basal lamina and salivary gland barriers represent additional impediments for
invading pathogens and are thought to contribute to the mosquito vector range for
different viruses (22). Once within the salivary gland, WNV replicates in salivary gland
cells, thereby increasing the viral burden in this tissue to upwards of 107 plagque-forming
unit (PFU) equivalents (22, 30). During feeding, the mosquito probes multiple times
throughout the dermis depositing infectious saliva until it strikes a blood vessel (3, 22,
31). Over the course of a feeding, mosquitoes inoculate with a median dose of up to 10°
PFU, depending on the species (31). Additionally, a small amount of WNV (~10? PFU)
is dispensed directly into the bloodstream, which may result in early viremia and alter

the kinetics of viral spread (31).

The virion membrane is derived from the host, and therefore differences in lipid
composition and carbohydrate complexity between arthropod and vertebrate hosts are
an important consideration (28, 32, 33). Viral glycoproteins on the envelope contain
high-mannose glycans when derived from mosquito cells (33, 34). In fact, in vitro
studies have demonstrated that mosquito cell-derived virus infects a higher percentage

of bone marrow-derived dendritic cells than mammalian cell-derived virus, suggesting



that differences in glycosylation and lipid content may contribute to cell tropism (35).
Furthermore, mosquito cell-derived and mammalian cell-derived virus display differential
dissemination kinetics in the mouse model, suggesting that host glycosylation and lipid
content on cellular membranes may influence early viral spread (36). The high-mannose
glycans found on mosquito cell-derived virions might increase binding to extracellular
matrix and cells at the primary inoculation site, whereas mammalian cell-derived virus
might more readily spread through the lymphatics and blood to the draining lymph node
and spleen (36). Furthermore, mice inoculated with WNV via mosquito feeding exhibited
higher peak viremia and enhanced early viral spread as compared to subcutaneous
footpad inoculation via needle (37). Extending these findings, the study also
demonstrated that mosquito saliva factors, which counteract hemostasis and modulate
the local immune response, are responsible for the observed enhancement of WNV
infection (37).

WNYV infection of humans often presents as a self-limiting febrile illness (38). In
severe cases, however, infection can progress to West Nile neuroinvasive disease
(WNND) characterized by encephalitis, meningitis, flaccid paralysis or even death (1, 2,
5, 6, 38). WNV-induced encephalitis has been reported at a higher frequency for elderly
people and those that are immunosuppressed (38). Additionally, short-term and long-
term neurological sequelae have been observed for patients recovering from WNND
and often persist for months (38). WNV pathogenesis in humans remains incompletely
defined, but the mouse model of WNV infection represents a robust system in which to
study disease and neuropathogenesis. Using the mouse model, WNV pathogenesis has

been described in three phases comprising early post-inoculation, visceral-organ



dissemination, and neuroinvasion (3, 39). Early induction of the host response in the
periphery is critical for control of viral replication and priming of adaptive immunity (40-
42). The neuroinvasive stage is characterized by central nervous system (CNS)
invasion, neuronal infection, neuroinflammation, and neuronal cell death (3, 39). The
major correlates of protections are type | interferon (IFN-I)-dependent antiviral defenses,
which have been shown to restrict cellular tropism and protect against virus-induced
pathology, and humoral and T cell-mediated responses, which are required for viral

clearance and provide long-lived immunity (3, 39, 42-45).

The host response to WNV infection

The induction of innate antiviral defenses is critical for the control of WNV
infection, both early in the periphery and following neuroinvasion (42, 46-48), and the
antiviral programs that govern these cell-intrinsic measures have been broadly
characterized by large-scale IFN-stimulated gene (ISG) screens and transcriptomic
studies (49-54). Pattern recognition receptors, including toll-like receptors (TLRs) and
retinoic acid-inducible gene | (RIG-I)-like receptors (RLRs), are critical to the induction
of the innate immune response within cells (55, 56). During flavivirus infection, PRRs
detect common viral structures in cytosolic and endosomal compartments, such as 5'-
triphosphate ssRNA or dsRNA (55, 57). RLRs, RIG-I and MDA5 (myeloma
differentiation-associated gene 5), bind to non-self RNA ligand and signal through the
mitochondrial antiviral signaling (MAVS) adaptor protein to activate transcription factors
and induce IFN-I regulatory factor (IRF)-mediated transcription of IFN-I and ISGs (3, 46,

48, 55, 56). IFN-I (IFN-a/B) and other pro-inflammatory cytokines restrict viral replication



through the induction of crucial antiviral programs (42, 56, 58, 59). Binding of IFN-3 to
its cognate receptor (IFNAR1/2 heterodimer) triggers activation of Janus kinases, Jak1
and Tyk2, resulting in phosphorylation of signal transducer and activator of transcription
1 (STAT1) and STAT2 (56, 60-64). The phosphorylated STAT1-STAT2 heterodimer
along with IRF9 then assemble the ISG factor 3 (ISGF3) complex and translocate to the
nucleus (56, 61). There, the ISGF3 complex promotes expression of genes containing
IFN-stimulated response elements (ISRE), inducing an antiviral state (56, 65, 66). TLR3
and TLR7 recognize endosomal WNV RNA and signal through their respective adaptor
proteins TRIF (TIR-domain-containing adapter-inducing interferon-g) and MyD88
(myeloid differentiation primary response 88) to initiate IFN-B transcription (67).
Additionally, the cyclic GMP-AMP synthase (IFN-I)-stimulator of interferon genes
(STING) pathway has been demonstrated to have a non-canonical role in restricting
WNV infection (55, 68). The importance of IFN-I and RLR signaling has been
demonstrated by numerous in vivo studies. MAVS-deficient mice display enhanced viral
dissemination, expanded tissue tropism, early entry into the CNS, and rapid mortality
(48). Similarly, mice with a deletion of IFN-I signaling exhibit uncontrolled viral
replication and rapid mortality, supporting that IFN-I signaling is required for protection
(40, 42, 46). Furthermore, cell-intrinsic roles for IFN-I and RLR signaling have been
identified. Mice with a deletion of IFN-I signaling specifically in CD11c” cells display
uncontrolled viral replication, expanded tissue tropism, and rapid mortality (47).
Previously published findings with Mavs™ > WT bone marrow chimeric mice revealed
that MAVS expression in hematopoietic cell populations is critical for protection, control

of WNV neuropathogenesis, and timely viral clearance from the CNS (69).



To counteract these innate antiviral defenses, flaviviruses have been shown to
evade antiviral host factors and directly or indirectly antagonize IFN-I signaling and the
JAK-STAT pathway (70-82). The non-polyadenylated single-strand RNA genome
encodes three structural (C, prM and E) and seven nonstructural (NS1, NS2A, NS2B,
NS3, NS4A, NS4B, and NS5) proteins, which are synthesized as a single polyprotein
before cleavage by host and viral proteases (3). NS5 is critical to formation of the 5’ cap
structure, mediating the guanine N-7 and ribose 2-O methylations (57). A single point
mutation in WNV NS5 abrogates its 2'-O methyltransferase function, preventing WNV
evasion of IFN-induced protein with tetratricopeptide repeats 1 (IFIT1)-mediated
restriction of viral translation (78, 80). DENV and ZIKV NS5 bind STAT2 and facilitate
proteasomal degradation (83-85). WNV and TBEV NS5 block Jak1 and Tyk2 activation
by interacting with host prolidase to block IFNAR1 expression on the cell surface (74).
WNV NS4A and NS4B facilitate ER membrane rearrangement and thereby ER stress,
which is thought to interfere with JAK-STAT signaling (70, 75, 82). YFV NS5 can only
bind STAT2 following IFN-I signaling which promotes the formation of the STAT1-
STATZ2 heterodimer (86). Interestingly, YFV NS5 does not facilitate STAT2 degradation
as DENV or ZIKV NS5, but instead inhibits binding of the ISGF3 complex to ISRE-
regulated genes thereby preventing ISG induction (86). Altogether, these findings

highlight the crucial role of the IFN-I response in controlling viral replication.

Integrating single-cell approaches

Our understanding of the transcriptional programs that mediate virologic control has

been largely informed by conventional bulk assays. However, recent single-cell studies



have begun to examine the transcriptional heterogeneity across infected cell
populations (87-91). Studies with influenza virus, poliovirus, dengue virus (DENV) and
Zika virus (ZIKV) have revealed heterogeneity in viral RNA levels across single cells
(87-91). Several studies examining IFN-I induction at single-cell resolution indicate that
only a small fraction of infected cells express Ifnb7 mRNA through a wide range of
assays, including single-cell quantitative PCR (gPCR), single-mRNA molecule in situ
hybridization, fluorescently-tagged cells, and single-cell RNA sequencing (scRNA-seq)
(88, 92-97). Stochasticity in signaling cascades that orchestrate transcription factor
activation or variability at the level of Ifnb1 expression, such as chromatin organization,
could contribute to the absence of detectable /fnb7 mRNA in the majority of infected
cells (93-100). Previous work with DENV found differences in IFN-I and pro-
inflammatory cytokine production between DENV-infected and bystander human
dendritic cells using high dimensional mass cytometry by time-of-flight (CyTOF) analysis
(101). Additional studies have found that paracrine signaling of IFN-I is critical for
amplification of innate antiviral defenses through the use of PRR agonists or
nonproductive viral infection (53, 93-97). Finally, virus-inclusive scRNA-seq has been
proposed as a discovery platform to identify novel proviral and antiviral candidate genes
for host-targeted therapeutics (89). In the study, Zanini and colleagues identified novel
host factors with potential antiviral activity against ZIKV or DENV (89). Population-level
transcriptional analyses provide valuable insight into gene expression changes across
multiple conditions, but by nature of the assay can mask patterns, such as bimodal
variation, which can only be observed at single-cell resolution (92, 95, 96). Altogether,

we have an in-depth understanding of the molecular mechanisms that coordinate the



induction of antiviral defenses following flavivirus infection, but the existing

heterogeneity in these processes across single cells is still poorly understood.

Dendritic cells and WNYV infection

Dendritic cells (DCs) are key targets of WNV infection and play an integral role
throughout each phase of WNV pathogenesis through early control of viral replication,
IFN-I and proinflammatory cytokine production, and priming of B cell and T cell
responses (43, 46-48, 102, 103). DCs are divided into four distinct subsets:
conventional type 1 DCs (cDC1s), conventional type 2 DCs (cDC2s), plasmacytoid DCs
(pDCs), and monocyte-derived DCs (moDCs) (104-107). Conventional DCs (cDCs)
initiate T cell responses through co-stimulatory signals and antigen presentation in MHC
| (major histocompatibility complex class |) and MHC |l and can direct T cell polarization
through cytokine secretion (104-107). IRF8"XCR1" cDC1s specifically excel at cross-
presentation of exogenous antigen on MHC | and activation of CD8" T cells, whereas
IRF4"CD172a" cDC2s are generally proficient at antigen presentation on MHC Il and
preferentially stimulate CD4" T cells (104-109). Less efficient at antigen presentation,
pDCs express TLR7 and TLR9 and are a key producer of IFN-I in response to viral RNA
(104-107). Lastly, inflammatory moDCs differentiate from monocytes and are
phenotypically similar to CD11b" DCs (106, 107). Previous studies have implicated DCs,
a key target cell of WNV, in mediating protective immune responses to WNV infection
(43, 46-48, 102, 103). MAVS-deficient bone marrow-derived DCs and macrophages
(M®s) exhibit increased viral burden and are unable to produce IFN-I following WNV

infection (48). As mentioned previously, deletion of IFN-I signaling in CD11c" cells
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results in uncontrolled viral replication, supporting that DC-intrinsic IFN-I signaling is
critical for survival (47). Previously published findings indicate that Batf3-deficient mice,
which lack cDC1s, fail to generate optimal WNV-specific effector CD8" T cell responses
(103, 110). Furthermore, recent data demonstrated that infected and bystander
CD8a'CD11¢c” DCs, but only infected CD11b"CD11¢c™ myeloid cells, present the
immunodominant WNV NS4B peptide epitope in complex with MHC |, supporting that
cDC1s are key to priming WNV-specific CD8" T cell responses (111). WNV infection of
human monocyte-derived DCs results in dampened proinflammatory cytokine
production and T cell co-stimulatory capacity, suggesting that contributions from both
infected and bystander DC populations may be critical for priming effective T cell
responses (112). Altogether, these published findings demonstrate the importance of

DCs in mediating early virologic control and promoting protective immunity.

CD8" T cell-mediated immunity during WNV infection

Naive CD8" T cells circulate through secondary lymphoid tissues where they can be
activated by T cell receptor (TCR) stimulation from DCs presenting their cognate
antigen in complex with MHC (113-117). DC-mediated priming of T cells requires three
distinct signals: TCR engagement by peptide-MHC complex, co-stimulation of CD28 by
CD80/86, and inflammatory cytokines (113-120). Following activation, antigen-specific
CD8" T cells undergo rapid expansion resulting in a large pool of effector CD8" T cells
potentially subject to alternative cell fates, including central memory, effector memory,
and resident memory (113-116, 121-124). Activated T cells downregulate CD62L and

CCR7 and upregulate S1P1R (sphingosine-1-phosphate receptor 1) to egress through
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efferent lymphatics (114, 116, 117, 125, 126). Upregulation of LFA-1 (lymphocyte
function-associated antigen-1), which binds ICAM-1 (intercellular adhesion molecule-1),
is important for adhesion to the vascular endothelium, extended contact with APCs, and
binding to target cells for cytotoxic killing (118, 123, 127, 128). Increased expression of
integrin a4B1 (also known as very late antigen-4, VLA-4), which binds VCAM-1
(vascular cell adhesion protein-1), plays a key role in T cell migration to numerous
tissue sites during inflammation, including the skin, lung and CNS (115, 116, 122, 124,
129, 130). Additionally, integrin o437 is a well-established marker of gut homing (114,
116, 130, 131). Integrin aep7 (ae also referred to as CD103) and CD69 have been
implicated in the maintenance of some resident memory T (Trwm) cell populations in non-
lymphoid tissues. Findings with influenza have demonstrated that the establishment of
Trm cell populations in the lungs requires local recognition of cognate antigen (132).
Upon rechallenge or secondary infection, Tru cells are well-positioned at key sites of
infection to respond rapidly (114, 116, 123, 124). Even recent work in tumor immunity
has highlighted that Tru cells can promote early maturation of cross-presenting dermal
DCs which then migrate to secondary lymphoid tissues to quickly amplify the CD8" T
cell response (133). Recently, antiviral CD8" T cells have been shown to persist in the
CNS following resolution of primary WNV infection (134). IFN-y production from
persisting antiviral CD8" T cells promotes microglia-mediated elimination of presynaptic
termini resulting in spatial memory deficits (134). Therefore, the potential consequences
of Trm establishment in the CNS following neurotropic viral infection remain an

important area of future research.

WNV-specific CD8" T cell responses are essential for protection and required for
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viral clearance from the CNS (44, 135). The deletion of CD8a or MHC | in mice results
in higher viral burden, enhanced pathology in the CNS, and increased mortality (44).
CD8" T cells control WNV replication through numerous well-established mechanisms,
including expression of death receptors (e.g. FasL, TRAIL) (136, 137), secretion of
cytotoxic molecules (e.g. granzyme B, perforin) (113, 138, 139), and production of
antiviral cytokines (e.g. TNF-a and IFN-y) (138, 140, 141). Previous work with LCMV
has demonstrated differences in phenotype, function, and cellular fate between splenic
red pulp and white pulp antigen-specific CD8" T cells, supporting that anatomic
localization and environmental cues can influence antiviral CD8" T cell responses
during infection (142). Similarly, WNV-specific CD8" T cells from red pulp have been
shown to display a more effector-like phenotype than CD8" T cells from the white pulp
(143). Following migration to the CNS, CXCL10 production by infected cerebellar
neurons recruits CXCR3-expressing WNV-specific CD8" T cells to coordinate viral
clearance, highlighting the region specificity of chemokine-mediated neuroinflammation
(144, 145). In IL-1R1-deficient mice, CD11c” DCs have been implicated in providing a
critical reactivation signal to CNS-infiltrating WNV-specific CD8" T cells, which mediate
protective immunity; however, the exact mechanism and location of these interactions
have yet to be elucidated (102). Furthermore, CSF1R antagonism results in loss of
CNS-localized APCs, including microglia, and limited reactivation of CNS-infiltrating
CD8" T cells (146). These findings establish that WNV-specific CD8" T cells are
recruited to the CNS and mediate viral clearance following critical interactions with
CNS-localized APCs. Altogether, we have a broad understanding of WNV pathogenesis

and immunity; however, the role of meningeal immunity and early involvement of CNS-
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draining lymphatics is currently a notable gap in knowledge.

Meningeal immunity and neuroinflammation

Neuroinflammation during neurotropic virus infection is required for protection (147-153).
Neurotropic viruses can enter the central nervous system (CNS) via direct infection of
brain microvascular endothelial cells, axonal retrograde transport in peripheral neurons,
infiltration of infected peripheral immune cells, or disruption of the blood-brain barrier
(BBB), blood-meningeal barrier or blood-cerebrospinal fluid (CSF) barrier (151, 152).
Importantly, neurotropic viruses may induce pathology without directly infecting the CNS
parenchyma. For example, viral antigen and inflammation are observed in the meninges
of neonates following ZIKV infection but not the parenchyma (154-156). CNS invasion
by neurotropic viruses can trigger the release of inflammatory mediators and infiltration
of peripheral immune cells into the CNS, potentially contributing to pathology and
neurological dysfunction (134, 149-151, 153, 157-159). Neuroinflammation is a hallmark
of viral infections of the CNS and, in this context, is often required for protection through
the control of viral replication and coordinated clearance (149, 151). However, chronic
inflammatory responses, in addition to acute neuronal death, can lead to prolonged
neurological deficits, such as impaired cognition or motor function (134, 160-162). Here,
the immune response must strike a tactful balance to rapidly eliminate virus from the
CNS, while mitigating the long-term consequences of chronic inflammatory processes.
As an example of these checks and balances, the vasodilation effects of inflammatory
mediators such as TNF-a and IL-1 can be counteracted by IFN-I and Interferon-A (IFN-

A), which indirectly restrict WNV neuroinvasion through signaling in CNS vascular
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endothelial cells thereby tightening the blood-brain barrier (BBB) (55, 163). More
importantly, Trm establishment in the CNS could contribute to immunopathology after

viral clearance and should be a central focus of future studies.

Over the last decade, advances in the field of CNS immunity have begun to
redefine our understanding of the CNS as an immunologically specialized compartment,
highlighting the integral involvement of the meninges as a central feature of the neuro-
immune axis (147, 149, 164-167). The meninges are a protective layer of tissues that
envelops the CNS, comprised of the dura mater, arachnoid mater, and pia mater (147,
164-167). An emerging body of evidence implicates the meninges as a fundamental
interface between the CNS and periphery, containing a diversity of immune cells such
as dendritic cells (DCs), T cells, B cells, neutrophils, innate lymphoid cells (ILCs), mast
cells, and border-associated M®s (147, 167-170). The dura mater is the dense
outermost layer, which is highly vascularized and innervated (166, 171-173).
Comparable to peripheral tissues, the dura mater contains lymphatic vessels, which
were recently ‘rediscovered’ and well-characterized (165, 171, 174), and fenestrated
vasculature to allow diffusion of large molecules from the blood. The arachnoid mater
consists of a thin cell layer joined together by tight junctions and serves as a critical
initial barrier to safeguard the CNS parenchyma by preventing the free exchange of
molecules from the dura mater into the CSF within the subarachnoid space (166, 173).
Nonfenestrated blood vessels consisting of endothelial cells bound by tight junctions
span the subarachnoid space (166). Representing the final barrier that surrounds the
CNS parenchyma, the pia mater and underlying glia limitans restrict access of

molecules to the parenchyma (166, 173).
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Lymphatic vessels found within the dura mater express Lyve1 and CD31, two
classical markers of peripheral lymphatics, and drain to the superficial and deep cervical
lymph nodes (scLNs and dcLNs, respectively) (164, 165, 171, 174). Immune
surveillance is mediated by antigen-presenting cells (APCs), such as DCs and border-
associated M® that populate the meninges, choroid plexus, and perivascular spaces,
which sample the environment and presumably communicate with peripheral immune
cell populations within the meningeal space or following drainage to the dcLN or scLN
(147, 175, 176). At steady state, microglia are the only immune cell population residing
within the parenchyma; however, neuroinflammation dramatically alters the immune
landscape as peripheral inflammatory leukocytes infiltrate the parenchyma to mediate
control of viral spread (135, 144, 145, 147, 149, 167, 177-179). Previous studies using
models of traumatic CNS injury, experimental autoimmune encephalitis (EAE), and
neurodegenerative diseases have demonstrated that meningeal immunity plays a
pivotal role in the course of disease (147, 164, 167, 178, 180, 181). In the EAE model of
multiple sclerosis (MS), auto-reactive CD4" T cells become reactivated within the
meninges following interactions with local APCs likely presenting myelin antigen,
resulting in CNS damage (182, 183). During coronavirus infection, stromal cells within
the meninges secrete CCL19 and CCL21 to recruit and reactivate antiviral CCR7* CD8"
T cells, which are required for protection (184). In the lymphocytic choriomeningitis virus
(LCMV) model, peripheral CD8" T cells and myelomonocytic cells are recruited to the
meninges, where resident cells such as DCs and M® are infected, resulting in vascular
pathology, detrimental edema and brain stem herniation (178, 181). During WNV

infection, previous findings have highlighted that in the absence of the CXCL10-CXCR3



16

signaling axis CD8" T cells remain in the meningeal vasculature adjacent to the
cerebellum rather than infiltrating the parenchyma and mediating viral clearance (144,
145). Furthermore, the meninges have been speculated to be the site wherein CNS-
localized DC or M® populations provide a crucial reactivation signal to infiltrating WNV-
specific CD8" T cells which is necessary for efficient viral clearance in the CNS (102,
146). Despite these significant contributions to the field, the role of meningeal immunity

has yet to be fully elucidated in the context of neurotropic flavivirus infection.
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ABSTRACT

West Nile virus (WNV) is a neurotropic mosquito-borne flavivirus of global importance.
Neuroinvasive WNV infection results in encephalitis and can lead to prolonged
neurological impairment or death. Type | interferon (IFN-I) is crucial for promoting
antiviral defenses through the induction of antiviral effectors, which function to restrict
viral replication and spread. However, our understanding of the antiviral response to
WNYV infection is mostly derived from analysis of bulk cell populations. It is becoming
increasingly apparent that substantial heterogeneity in cellular processes exists among
individual cells, even within a seemingly homogenous cell population. Here, we present
WNV-inclusive single-cell RNA sequencing (scRNA-seq), an approach to examine the
transcriptional variation and viral RNA burden across single cells. We observed that
only a few cells within the bulk population displayed robust transcription of IFN-B mRNA,
and this did not appear to depend on viral RNA abundance within the same cell.
Furthermore, we observed considerable transcriptional heterogeneity in the IFN-I
response, with genes displaying high unimodal and bimodal expression patterns.
Broadly, IFN-stimulated genes negatively correlated with viral RNA abundance,
corresponding with a precipitous decline in expression in cells with high viral RNA levels.
Altogether, we demonstrated the feasibility and utility of WNV-inclusive scRNA-seq as a
high-throughput technique for single-cell transcriptomics and WNV RNA detection. This
approach can be implemented in other models to provide insights into the cellular

features of protective immunity and identify novel therapeutic targets.
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IMPORTANCE

West Nile virus (WNV) is a clinically relevant pathogen responsible for recurrent
epidemics of neuroinvasive disease. Type | interferon is essential for promoting an
antiviral response against WNV infection; however, it is unclear how heterogeneity in
the antiviral response at the single-cell level impacts virologic control. Specifically,
conventional approaches lack the ability to distinguish differences across cells with
varying viral abundance. The significance of our research is to demonstrate a new
technique for studying WNV infection at the single-cell level. We discovered extensive
variation in antiviral gene expression and viral abundance across cells. This protocol
can be applied to primary cells or in vivo models to better understand the underlying
cellular heterogeneity following WNV infection for the development of targeted

therapeutic strategies.
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INTRODUCTION

Mosquito-borne flaviviruses represent a significant public health burden, annually
accounting for millions of infections worldwide that, in certain cases, can culminate in
severe systemic or neuropathological outcomes (1-3, 153). West Nile virus (WNV), a
member of the Flaviviridae family, causes yearly epidemics of encephalitis and virus-
induced myelitis on a global scale with nearly 50,000 reported cases of WNV disease
and over 21,000 cases of neuroinvasive disease from 1999 to 2016 in the United States
alone (1-3, 153). Currently, there are no licensed vaccines or approved targeted
therapeutics to prevent or treat WNV-infected patients, underscoring the need to better
understand the cellular response to WNV infection (1-3, 153).

Type | IFN (IFN-a/B or IFN-I) is the first line of defense against viral infection and
coordinates the early antiviral programs to restrict viral replication, as well as shape the
adaptive immune response (46-48, 56, 74, 102, 144, 185-187). Loss of IFN-I signaling
in WNV-infected mice results in uncontrolled viral replication and rapid mortality,
demonstrating that the IFN-I response is required for protective immunity (42, 46-48).
Pattern recognition receptors, including toll-like receptors (TLRs) and retinoic acid-
inducible gene | (RIG-I)-like receptors (RLRs), detect broad viral signatures, such as 5'-
triphosphate ssRNA or dsRNA, in the cytosolic and endosomal compartments (46-48,
56). For flavivirus infection, RLRs are critical for inducing IFN-I and binding to cytosolic
viral RNA signals through adaptor proteins, such as mitochondrial antiviral signaling
protein (MAVS), to activate transcription factors and induce interferon regulatory factor
(IRF)-mediated transcription of IFN-B (/fnb1) and a subset of IFN-stimulated genes

(ISGs) (46-48, 56, 58, 59, 93-95, 97, 188). Signaling in both an autocrine and paracrine
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manner, secreted IFN-B binds the IFN-I receptor (IFNAR1/2 heterodimer) to activate
Janus kinases, Jak1 and Tyk2, which phosphorylate signal transducer and activator of
transcription 1 (STAT1) and STATZ2 (46, 53, 56, 58, 59, 74, 83, 85, 95-97, 186, 189).
Phosphorylated STAT1 and STAT2 form a heterodimer and recruit IRF9 to form the ISG
factor 3 (ISGF3) complex. The ISGF3 complex then translocates to the nucleus and
induces IFN-stimulated response element (ISRE)-regulated genes, thereby reshaping
the cellular landscape to an antiviral state (46, 53, 56, 58, 59, 78, 83, 85, 95-97, 185,
186, 189).

The induction of IFN-I and ISGs within a bulk population of infected cells has
been well characterized. However, mean values obtained via conventional bulk assays
mask transcriptional differences between infected and bystander cells and obscure any
heterogeneity present within the infected population. Recently, single-cell studies have
examined the heterogeneity across virally infected cells. Findings with influenza virus,
poliovirus, dengue virus (DENV) and Zika virus (ZIKV) have revealed extensive
variation in viral RNA abundance within single cells (87, 89, 91). Using high dimensional
mass cytometry by time-of-flight (CyTOF) analysis, others have described differences in
IFN-1 and pro-inflammatory cytokine production in infected and bystander human
dendritic cells following DENV infection (101). Studies examining IFN-I induction at the
single-cell level have used fluorescently-tagged cells, single-mRNA molecule in situ
hybridization, single-cell quantitative PCR (qPCR), and single-cell RNA sequencing
(scRNA-seq) (88, 92-97). Previous studies have found that only a small fraction of
infected cells express Ifnb7 mRNA (88, 94-97). This is thought to be attributable to

stochasticity in signaling components and downstream signaling cascades leading to
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transcription factor activation or variability in the processes of Ifnb1 expression, perhaps
at the level of chromatin organization (88, 93-95, 97-100). Using PRR agonists or
nonproductive viral infection, others have demonstrated that IFN-I-dependent paracrine
signaling is pivotal in amplifying the host antiviral response (53, 93-97). Lastly, single-
cell transcriptomic studies have also been used to globally investigate virus-host
interactions and identify novel candidate genes for host-targeted therapeutics (89).
Knockdown screens or knockout studies can only probe a subset of nonessential host
genes, limiting their scope (49-52, 54, 190). However, virus-inclusive scRNA-seq is a
powerful platform for the discovery of novel proviral and antiviral candidate genes in an
unbiased manner as recently highlighted by Zanini and colleagues with DENV and ZIKV
(89).

Altogether, these studies have shed considerable light on the transcriptional
differences present in single cells, and specifically with Ifnb1 expression and viral RNA
abundance. However, we still lack a thorough understanding of the cellular
heterogeneity in the IFN-I response following WNV infection. Population-level
transcriptional analyses are valuable and widely used approaches, but in certain cases
can belie gene expression patterns, such as bimodal variation, which can only be
observed at single-cell resolution (92, 95, 96). To better understand the underlying
transcriptional differences across cells with varying viral abundance, we developed
WNV-inclusive scRNA-seq, a modified SMART-Seq protocol that incorporates a virus-
specific primer for parallel recovery of host messenger RNA (mRNA) and viral RNA
from single cells. We found that only a small fraction of cells exhibited robust /fnb1

expression, and this did not significantly correlate with high viral RNA. We observed
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considerable transcriptional heterogeneity in ISG expression and viral RNA abundance
across cells. ISGs exhibited both unimodal and bimodal variation and were negatively
correlated with intracellular viral RNA, displaying a steep decline in gene expression
with increasing viral abundance. Combining single-cell mRNA sequencing with
quantification of non-polyadenylated viral RNA, we present WNV-inclusive scRNA-seq
as a high-throughput technique for single-cell transcriptome analysis of WNV-infected

cells.
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RESULTS
Population-level analysis of WNV infection in murine fibroblast L929 cells. We first
modeled WNV infection kinetics in murine fibroblast L929 cells, an IFN-competent cell
line extensively used to study IFN-I-dependent signaling (97, 191). Cells were infected
at a multiplicity of infection (MOI) of 0.1, 1 or 10, as determined on BHK-21 cells, and
intracellular viral envelope (E) protein immunostaining was performed at 6, 12, 24 and
48 hr post-infection. Infected cells were labeled with WNV E16 antibody (Ab), which
recognizes a domain Il (DIll) neutralizing epitope within the E protein (192). For all
three MOls, nearly 100% of cells stained positive for intracellular viral E protein by 48 hr
post-infection (Fig. 1A). At an MOI of 10, intracellular viral E protein was detected in
nearly 100% of cells as early as 24 hr post-infection, suggesting that the majority of
these cells were likely infected during primary virus adsorption (Fig. 1A). For cells
infected at an MOI of 1, intracellular viral E protein was detected in approximately 60%
of cells at 24 hr post-infection (Fig. 1A).

To diminish asynchronous second-round infection, cells were infected with WNV
(MO of 1) and incubated in the presence of WNV E16 neutralizing Ab (192). Inoculation
with UV-inactivated WNV served as a non-replicating input control for internalized viral
RNA, and no expression of viral E protein was detected (Fig. 1B, 1C). Notably, limiting
in vitro spread resulted in a 5.5-fold decrease in the percentage of viral E protein-
positive cells (10.6%) at 24 hr post-infection, corresponding with a comparable 5.2-fold
reduction in viral RNA levels (Fig. 1B, 1C). Collectively, these two conditions, WNV and

WNV (+Ab), provide a cell population with a range of viral abundance and another of
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predominantly bystander cells with which to survey the IFN-I response at the population
and single-cell level in all subsequent analyses.

Before pursuing a single-cell approach, we next sought to evaluate
transcriptional changes following WNV infection at the population level by bulk RNA-seq.
As expected, numerous genes associated with the innate immune response and
antiviral defense response were up-regulated following infection (Fig. 1D, 1E).
Furthermore, the majority of these genes were expressed at similar levels independent
of reduced asynchronous second-round infection (Fig. 1D, 1E). ISGs and PRR genes
exhibited a more consistent level of mean gene expression across these two conditions
(Fig. 1E). Conversely, IFN-I and cytokine genes displayed the most variability in
expression between genes within their respective categories (Fig. 1E). Most notably,
Ifna2 and Ifna% displayed around two-fold higher levels of expression when allowing for
in vitro spread, although Ifna2 dropped outside of the pre-selected significance cutoff (p
< 0.01; Fig. 1E, 1F). This population-level analysis provides a contextual fundamental
framework from which to build as we examine the transcriptional differences observed
across single cells. Leveraging single-cell sequencing techniques complemented with
viral RNA detection, we next extended the resolution of our analysis to single cells to
better understand the underlying transcriptional heterogeneity present following WNV

infection.

WNV-inclusive scRNA-seq captures mRNA and viral RNA from single cells. WNV-
inclusive scRNA-seq is adapted from the well-established Smart-seq2 protocol (193)

and the commercially available SMART-Seq v4 Ultra Low Input RNA Kit (Takara) used
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for scRNA-seq. The SMART-Seq v4 protocol from Picelli and colleagues is modified to
include a virus-specific primer (WNV SC primer) during the reverse transcription (RT)
step. For scRNA-seq analysis, L929 cells are inoculated with virus for 1 hr at an MOI of
1 and then incubated in the presence or absence of WNV E16 neutralizing Ab (192) for
24 hr (Fig. 2A). Viable single cells are sorted by conventional flow cytometry into 96-well
plates containing 10 uL lysis buffer per well (Fig. 2B). In the RT reaction, 3’ SMART-Seq
CDS Primer Il A (30-nucleotide poly-dT sequence with a 5 25-nucleotide ISPCR
universal anchor sequence and WNV SC primer (21-nucleotide sequence
complementary to positive-strand viral RNA with a 5" 25-nucleotide ISPCR universal
anchor sequence are added to capture host transcripts and viral RNA, respectively (Fig.
2C). Following template switching, PCR Primer Il A served as the primer for parallel
downstream amplification of both host and viral complementary DNA (cDNA) (Fig. 2C).
Samples underwent Nextera tagmentation and were sequenced on an lllumina HiSeq at
a depth of approximately 1 million reads per cell (96, 194). Altogether, we successfully
captured and profiled a total of 127 cells across three conditions: Mock, WNV, and WNV
(+Ab). The outlined approach delivers exceptional coverage and sequencing depth
allowing for accurate quantification of host transcripts and non-polyadenylated viral RNA.

Viral RNA was successfully recovered from single cells following WNV infection,
and the majority of WNV reads were aligned with the targeted region of the WNV
genome (Fig. 2D). To ensure that the addition of WNV SC primer did not adversely
affect the recovery of host mRNAs, the concentration of WNV SC primer was carefully
titrated and cDNA quality was evaluated on an Agilent 2100 Bioanalyzer

(Supplementary Fig. 1). Furthermore, we examined the levels of housekeeping genes
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(Gapdh, Rpl5, Arf1 and Pgk1) across cells in all three conditions: Mock, WNV, and
WNV (+Ab). Unsurprisingly, expression of housekeeping genes was not significantly
different between mock and infected conditions, demonstrating that the amplification of

viral RNA does not impair the recovery of host mMRNA (Fig. 2E).

Heterogeneity in viral RNA abundance and ISG induction at single-cell resolution.
At the single-cell level, we observed large differences in viral RNA abundance in the
presence and absence of limited in vitro spread (Fig. 2D). In the absence of neutralizing
antibody, we detected a wide range of intracellular viral RNA levels, with the majority of
cells having greater than 2'% viral RNA counts per million transcripts (Fig. 2D).
Interestingly, only 24% of cells had greater than 2'° viral RNA counts per million
transcripts when limiting asynchronous secondary infection (Fig. 2D). Furthermore, the
heterogeneity of viral RNA abundance in the presence of neutralizing antibody suggests
that there is variability in WNV replication during the primary round of infection (Fig. 2D).
Notably, the percentage of single cells positive for viral RNA (Fig. 2D) is significantly
higher than the percentage predicted by flow cytometry-based viral E protein
immunostaining for both infection conditions (Fig. 1B).

When examining transcriptional dynamics across single cells, we noticed some
interesting trends. Only a small fraction of WNV-infected cells produced greater than 2°
Ifnb1 counts per million transcripts (Fig. 3A). Intriguingly, we observed a similar
expression signature for Ifna4 and IfnaZ2 despite high levels of Irf7, a transcription factor
that drives IFN-a production (195-197), in the majority of cells (Fig. 3A). Furthermore,

we identified three chemokine genes (Ccl5, Ccl4 and Cxcl11) that displayed comparable
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cellular distributions to IFN-I genes. Other pro-inflammatory cytokine genes, Cxcl10, Tnf,
116 and 1123a, exhibited cellular heterogeneity but still maintained a portion of cells with
no detectable transcript. Genes Ddx58 and Dhx58, which respectively encode the RLRs
RIG-I and LGP2 (Laboratory of Genetics and Physiology 2), were highly expressed with
most cells containing greater than 2° counts per million transcripts (Fig. 3B).
Interestingly, TIr3 and [fih1, another important RLR gene that encodes MDA5
(melanoma differentiation-associated gene 5), displayed greater variation in expression
across cells, including a fraction with no detectable transcript (Fig. 3B). Components of
the ISGF3 complex (Irf9, Stat1 and Stat2) are critical for IFN-I signaling and are induced
to greater than 2° counts per million transcripts in the majority of cells (Fig. 3B). Next,
we sought to examine the expression patterns for a panel of experimentally validated
WNV-targeting antiviral effector genes (Rsad2, Tnfsf10, Ifi44l, Oas1b, Oas3, Ifitm3,
Eif2ak2 and Mov10) and two well-established I1SGs (/fit3 and Mx1) (50, 53, 137, 198-
205). Antiviral effector genes feature both unimodal (Tnfsf10, Ifi44l, Ifitm3, Eif2ak2,
Mov10 and Mx1) and bimodal (Rsad2, Oas1b, Oas3 and [fit3) variation across single
cells (Fig. 4). Notably, several genes (Ddx58, TIr3, Stat1, Tnfsf10, Eif2ak2, Ifit3 and
Mx1) revealed significantly different transcriptional signatures across cells with and
without limited in vitro spread (Fig. 3B, 4). Strikingly, most cells have no detectable
reads for Tnfsf10 and Mx1 when allowing for in vitro spread; however, in the presence

of neutralizing Ab, the inverse is true (Fig. 4).

Correlation between host gene expression and viral RNA abundance for single

cells. Building upon our ability to assess viral RNA abundance in single cells, we
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calculated Spearman’s correlation coefficients for host gene expression and viral RNA
burden across all WNV cells, which spanned a range of viral RNA levels. To
comprehensively identify pathways that might be linked to viral RNA abundance, we
performed gene ontology (GO) enrichment analysis using the online bioinformatics tool
DAVID (206, 207), wherein we independently evaluated all positively correlated (p >
0.35) and negatively correlated (p < -0.35) genes of significance (p < 0.001). The top
pathways extracted from the GO enrichment analysis for negatively correlated genes
were the antiviral defense response, cellular response to IFN-B3, response to virus,
negative regulation of viral replication, innate immune response and antigen processing
and presentation via MHC | (class | major histocompatibility complex molecule) (Fig.
5A). For the positively correlated gene set, the top pathways included transcriptional
regulation, amino acid transport, ribosomal RNA (rRNA) processing, regulation of
protein ubiquitination and ER stress response, providing a broad description of viral
RNA-correlated genes (Fig. 5A). Next using curated gene lists from published large-
scale ISG screen and single-cell transcriptomic studies (53, 208, 209), we examined the
distribution of correlation coefficients for ISGs and cell cycle-associated genes
subdivided by phase (G1/S, S, G2/M, M and M/G1). Predictably, the majority of genes
do not correlate with viral RNA abundance, and the distribution of coefficients skews
heavily towards zero (Fig. 5B). When assessing viral RNA correlations for cell cycle-
associated genes, most genes were not significantly positively or negatively correlated,
although minor shifts were observed for S, M and M/G1 phase genes (Fig. 5B).
Interestingly, 124 out of 294 |ISGs were negatively correlated with viral RNA

corresponding with a dramatic shift in the coefficient distribution (Fig. 5B). As predicted
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by the GO enrichment analysis, numerous genes associated with the ER stress
response (Gadd4ba, Pppi1r15a, Selenos, Ddit3, Atf4 and others) were strongly
positively correlated with viral abundance (Fig. 5B). A subset of correlated ISGs and a
panel of non-correlated cytokine genes are represented in a correlation matrix (Fig. 5C).
Negatively correlated ISGs strongly clustered together with high correlation coefficients
approaching 1 (Fig. 5C). Conversely, ISGs positively correlated with viral RNA only
weakly correlated with other positively correlated ISGs (Fig. 5C). Many cells expressing
high levels of IFN-I and pro-inflammatory cytokines also featured elevated viral
abundance, but not to the extent of reaching a significant positive correlation (Fig. 5C).
Scatter plots were generated for a subset of viral RNA-correlated genes and collated in
order of increasing correlation coefficients (Fig. 6). Trends associated with negatively
correlated ISGs mostly featured a precipitous decline in gene expression as viral RNA
levels in single cells exceeded around 2'° counts per million transcripts (Fig. 6).
Alternatively, positively correlated genes often were characterized by slopes near or
less than 1 (Fig. 6). For WNV-validated antiviral effector genes (Rsad2, Tnfsf10, Ifi44l,
Oas1b, Oas3, Ifitm3, Eif2ak2 and Mov10), all genes are negatively correlated with viral
RNA as expected (Fig. 6). Interestingly, Tnfsf10, lfi44] and Mx1 present unique
correlation trends with viral RNA in that the cells with the highest viral abundance have

no detectable transcripts for these genes (Fig. 6).
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DISCUSSION

Standard scRNA-seq protocols with oligo-dT-based priming have been used to examine
transcriptional dynamics during viral infection, but the unique genomic structure of
flaviviruses, and other non-polyadenylated viruses that are clinically important
pathogens, represents a distinct hurdle for such studies (91). We have independently
developed and demonstrated the feasibility of WNV-inclusive scRNA-seq as an
attractive approach for the quantification of host transcripts and viral RNA within single
cells. This protocol, in combination with previously published work by Zanini and
colleagues (89), establishes virus-inclusive scRNA-seq as a viable and tractable system
for other non-polyadenylated RNA viruses.

WNV-inclusive scRNA-seq revealed extensive transcriptional heterogeneity in
viral RNA abundance and the IFN-I response across single cells (Fig. 2D, 3, 4). The
majority of WNV reads mapped to the targeted region of the WNV genome (Fig. 2D).
However, minimal non-random background was observed in Mock cells with a median
value of 45 WNV CPM for Mock cells, as compared to 37246 WNV CPM for WNV cells.
This background may result from index hopping (210) and could be accounted for in
subsequent iterations by using unique indexes. In support of published findings (88, 94-
97), we found that few cells produce IFN-B transcript following viral infection (Fig. 3A).
However, we observed a strong induction of numerous ISGs (/rf7, Ddx58, Dhx58, Irf9,
Stat1 and Stat2) with high unimodal expression signatures (Fig. 3), highlighting the well-
established importance of IFN-I-dependent paracrine signaling (53, 93-97). Interestingly,
we saw a bifurcation in ISG correlations with viral RNA, wherein 124 out of 294 ISGs

were negatively correlated with intracellular viral abundance (Fig. 5B). Furthermore, a
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considerable fraction of ISGs featured a precipitous downward trend in expression with
increasing viral RNA, dissimilar to the gradual upward trend exhibited by positively
correlated genes (Fig. 6). Collectively, these findings are reflective of the dynamic
balance and interplay between host and viral factors within a single cell. This represents
the first single-cell transcriptomics study of flavivirus infection to examine the correlation
of ISGs with intracellular viral RNA. To extend this arm of our analysis, we examined
WNV-targeting antiviral effector genes that have been previously validated through
short hairpin RNA (shRNA) and small interfering RNA (siRNA) knockdown screens, cell-
based overexpression assays and in vivo knockout models (50, 53, 137, 198-205).
These validated antiviral effector genes exhibited both unimodal (Tnfsf10, Ifi44l, Ifitm3,
Eif2ak2 and Mov10) and bimodal (Rsad2, Oas1b and Oas3) expression patterns and all
negatively correlated with viral RNA (Fig. 4, 6), demonstrating the technical capacity of
WNV-inclusive scRNA-seq to probe virus-host interactions and identify novel antiviral
candidate genes.

The discovery that bimodal variation in IFN-stimulated genes (ISGs) correlates
with viral RNA abundance (Fig. 4, 6) bears notable relevance to previous work
examining WNV antagonism of IFN-I signaling. WNV, among other flaviviruses, directly
or indirectly antagonizes IFN-I signaling and the JAK-STAT pathway to counter cellular
antiviral defenses (71-73, 76, 77). The WNV nonstructural protein NS5 blocks Jak1 and
Tyk2 activation by interacting with prolidase to inhibit surface expression of IFNAR1 (71,
74). Additionally, WNV recruits plasma membrane-derived cholesterol to replication
sites in the ER, and NS4A and NS4B contribute to membrane rearrangement and

associated ER stress, which is thought to interfere with JAK-STAT signaling (70, 71, 75,
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82). Bimodal ISG expression patterns correlated with viral abundance (Fig. 4, 6) may
result from viral antagonism in primary infected cells allowing for higher replication. This
is supported by the almost uniformly high expression observed for ISGs when limiting in
vitro spread (Fig. 4), a cell population with a predominantly low-level of WNV replication
(Fig. 2D). Alternatively, bimodality may arise from preexisting cell-intrinsic differences,
such as the level of critical signaling components, specifically at the initial stage of
infection.

WNV-inclusive scRNA-seq provides a single-cell transcriptomics protocol to
probe cellular heterogeneity in the host response and quantify viral RNA. The outlined
approach can potentially serve as a valuable tool for in vivo studies to examine cell-
intrinsic responses to viral infection, extending the resolution to infected single cells.
Such studies can also leverage the added ability with this approach to screen for
infected cells by qPCR and cherry-pick cDNA for sequencing to mitigate the cost. Our
study demonstrates the feasibility and utility of WNV-inclusive scRNA-seq as a high-
throughput technique for single-cell transcriptomics and viral RNA detection, which can

be used to provide insights into the cellular features of protective immunity.
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MATERIALS AND METHODS

Cells and viruses. Murine fibroblast L929 cells were obtained from ATCC and grown at
37°C with 5% CO2 in DMEM (Corning) supplemented with 10% heat-inactivated FBS,
2mM L-glutamine (Corning), 256 mM HEPES buffer (Corning), 1mM sodium pyruvate
(Corning), MEM nonessential amino acids (Corning) and antibiotics/antimycotics
(Corning). WNV isolate Texas 2002-HC (WNV-TX) has been previously described (3,
143, 211), and its titer was determined by standard plaque assay on BHK-21 cells.
Working stocks were generated by passaging WNV-TX twice on Vero cells (ATCC
CCL81) and used for in vitro experiments. WNV was incubated directly under ultraviolet
(UV) light for 1 hr to generate UV-inactivated WNV, which was confirmed by plaque

assay before use.

Infection and antibody treatment. L929 cells were plated to 70-80% confluent and
infected with WNV-TX at different MOls (0.1, 1 or 10). Following a 1 hr virus adsorption
period at 37°C, cells were washed once with complete DMEM (cDMEM) and
subsequently incubated for 6-48 hr with cDOMEM or cDMEM supplemented with WNV
E16 neutralizing antibody (5 pg/mL), a gift from Michael Diamond (Washington
University, St. Louis, Missouri) (192). Cells were trypsinized for flow staining or lysed for
RNA at 6, 12, 24 or 48 hr post-infection. Antibody titration in supplemental media was
performed at multiple MOls (0.1, 1 or 10) for 48 hr post-infection to determine the

optimal concentration to considerably reduce in vitro spread before use.
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Flow cytometry. Conditions were run in biological triplicate samples. Cells were treated
with 0.125% trypsin in PBS for 5 min at 37°C. All centrifugation steps were performed at
1250 rotations per minute for 5 min at 4°C. Cells were pelleted, resuspended in FACS
buffer (1x PBS, 1% FBS, 1 mM EDTA), and blocked for 10 min on ice with anti-mouse
Fc Shield (TONBO Biosciences) at 0.5 yL per sample in FACS buffer. Subsequently,
samples were stained for 20 min on ice with Ghost 780 viability dye (TONBO
Biosciences) at 0.1 yL per sample in PBS. Samples were washed and resuspended in
FACS buffer. For WNV E protein staining, samples were fixed following viability staining
with 1x Transcription Factor Fix/Perm (diluted in Transcription Factor Fix/Perm Diluent;
TONBO Biosciences) for 20 min on ice and washed twice with 1x Flow Cytometry Perm
Buffer (diluted in ddH2O; TONBO Biosciences). WNV E16 antibody was conjugated to
Allophycocyanin (APC) using the Lightning-Link APC Antibody Labeling Kit (Novus
Biologicals). Samples were stained with APC-conjugated WNV E16 antibody at 0.25 pg
per sample in Flow Cytometry Perm Buffer for 30 min on ice. Samples were washed,

resuspended in FACS buffer, and run on a BD LSR Il flow cytometer.

Single-cell sorting. Cells were stained with Ghost 780 viability dye (TONBO
Biosciences) as stated above and filtered through a 35 pym strainer into a 5 mL FACS
tube. Single viable cells were sorted into skirted 96-well PCR plates containing 10 pL
RLT buffer (Qiagen) with beta-mercaptoethanol (1:100) per well using a BSL-3 level BD

Aria Il flow cytometer.
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Quantitative RT-PCR (qPCR). Time-matched mock and WNV-infected L929 cells (1 x
10° cells per condition; in triplicate) were lysed in RNA Lysis Buffer. Total RNA was
isolated from cells using the Quick-RNA MiniPrep Kit (Zymo Research). Purified RNA
was reverse transcribed using random primers with the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). WNV RNA levels were quantified by qPCR
using PrimeTime Gene Expression Master Mix (Integrated DNA Technologies), WNV-
specific primers and probe set, and TagMan gene expression assay (ThermoFisher) for
the host gene Gapdh (Mm99999915 g1). WNV-specific primer and probe sequences
(Forward primer: 5 — TCAGCGATCTCTCCACCAAAG - 3’; Reverse primer: 5 —
GGGTCAGCACGTTTGTCATTG - 3; and Probe: 5 - 6FAM-TGCCCGACC-
ATGGGAGAAGCTC-MGB - 3’) were adapted from Lanciotti and colleagues (211) and
correspond to WNYV isolate Texas 2002-HC (GenBank accession number: DQ176637.1).
Cr values were normalized to the reference gene Gapdh and represented as fold
change over time-matched mock values using the formula 2784CT Al primers and probes
were purchased from Integrated DNA Technologies (IDT). gPCR was performed in 384-

well plates and run on an Applied Biosystems 7900 HT Real-Time PCR System.

Bulk mRNA sequencing (RNA-seq). L929 cells were infected with WNV (MOI of 1)
and incubated in the absence or presence (+Ab) of WNV E16 neutralizing Ab. In
biological triplicate (n = 3), 50,000 viable cells were sorted into 100 yL RLT buffer
(Qiagen) with beta-mercaptoethanol (1:100) at 24 hr post-infection for each condition:
time-matched mock, WNV and WNV (+Ab). mRNA sequencing libraries were prepared

at Yerkes Genomics Core (http://www.yerkes.emory.edu/nhp_genomics_core/), and the
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quality of the libraries was verified using DNA-1000 Kits (Agilent Bioanalyzer) and
quantified using the Qubit 2.0 Fluorometer (LifeTechnologies). Libraries were clustered
and sequenced on an lllumina HiSeq (100 bp single-end reads). Sequencing reads
were mapped to the GENCODE mouse reference genome (GRCm38.p5 Release M16).
Reads were normalized and differential expression analysis performed using DESeq2
(212). Normalized reads were expressed as fold change over time-matched mock

values.

Single-cell RNA sequencing (scRNA-seq). SMART-Seq v4 Ultra Low Input RNA Kit
(Takara) was used for cDNA preparation. The protocol was modified to include a WNV-
specific  viral primer during the RT step. WNV SC primer (5 -

AAGCAGTGGTATCAACGCAGAGTACGGGTCAGCACGTTTGTCATTG - 3') targets

the positive-sense envelope protein (E) gene (211) and contains the 5' 25-nucleotide
ISPCR universal anchor sequence (underlined) from the Smart-seq2 protocol published
by Picelli and colleagues (193) for downstream amplification alongside 3° SMART-Seq
CDS Primer Il A-primed transcripts. Similar to 3' SMART-Seq CDS Primer Il A, 1 pL of
WNV SC primer (12 yM) was added to the RT reaction for all samples. Other WNV-
specific primer sequences and concentrations were evaluated. The scRNA-seq protocol
was optimized to ensure high sensitivity for WNV RNA detection and to mitigate the
formation of primer dimers or template-switching oligo (TSO) concatemers observed at
high concentrations or with other primer sequences. During template switching, the RT
product is extended with a sequence complementary to the TSO due to the addition of

2-5 untemplated nucleotides and the capacity of the RT enzyme to switch templates just
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as described in Smart-seg2 (193). PCR is performed using PCR Primer Il A (the ISPCR
universal anchor sequence) for concurrent amplification of both host and viral cDNA.
Following PCR amplification, cDNA quantification is performed for each sample, and
cDNA quality assessment is accomplished using an Agilent 2100 Bioanalyzer. For
library preparation, amplified cDNA is fragmented and appended with dual-indexed
barcodes using Illlumina Nextera XT DNA Library Prep kits. Sequencing was performed
using 101-bp single-end reads at Yerkes Genomics Core
(http://www.yerkes.emory.edu/nhp_genomics_core/) as previously described (213) on
an lllumina HiSeq 3000 at a depth of ~1,000,000 reads per cell. In total, 127 cells were
successfully captured and profiled for single-cell transcriptomic analysis: 25 Mock cells,

68 WNV cells, and 34 WNV (+Ab) cells.

Bioinformatics pipeline. Libraries were sequenced on an lllumina HiSeq 3000
generating 101-bp single-end reads. FastQC (214) was used to check the quality of
fastq files. The primary assembly of GENCODE mouse reference genome (GRCm38.p5
Release M16) (215) and the complete genome of WNV isolate Texas 2002-HC
(GenBank accession number: DQ176637.1) from ViPR (216) were used for mapping
reads. The genome index was built by combining both the genomes, and alignments
were carried out for the combined genomes. STAR v2.5.2b (217) was used with default
parameters to map reads and obtain reads per gene counts (—quantMode Gene
Counts). The counts obtained with STAR were used for downstream analysis in R. The
counts were used to create a SingleCellExperiment v1.0.0 (218) object. The scater

v1.6.3 (219) library was used for the quality control of cells. Genes that were not
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expressed in any cell were filtered out. The isOutlier function from scran was used to
remove cells that had a library size and a number of detected genes greater than 3
median absolute deviations lower than the median values or those with the percentage
of mitochondrial genes that were 3 median absolute deviations higher than the median
value (220). The cell cycle phase was predicted using the cyclone function in scran
package v1.6.3 (218, 220). The normalized expression values were obtained using the

calculateCPM function in the scater library.

Statistical analysis and software. Prism 6 (GraphPad), ggplot2 R package, ggridges
R package, corrplot R package and Hmisc R package were used for statistical analyses
and graphical presentation of data. Spearman’s rank correlation coefficients (p) and
associated p values were computed for each gene pairing using the rcorr function in
Hmisc R package. Two-way ANOVA with Tukey’s multiple comparison correction was
used to evaluate significant differences between conditions for the percentage of WNV
E-positive cells and relative viral RNA. Wilcoxon rank-sum test with continuity correction
was performed to assess significant differences between single-cell distributions for

host mMRNA and viral RNA counts per million transcripts (CPM).
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FIGURE LEGENDS

Figure 1. Population-level analysis of WNV infection in L929 cells.

(A) L929 cells were infected with WNV at an MOI of 0.1, 1, or 10 and incubated for 6, 12,
24, or 48 hr (n = 3). (B) Intracellular viral E protein staining was performed by flow
cytometry using the WNV E16 antibody. (B-C) L929 cells were inoculated with UV-
inactivated WNV (UV) or WNV at an MOI of 1 and incubated for 12 or 24 hr in the
presence (+Ab) or absence of the WNV E16 neutralizing antibody (5 pg/mL) to reduce
in vitro spread (n = 3). (C) Viral RNA quantification was measured by qPCR, and Cr
values were normalized to the reference gene Gapdh and represented as fold change
over time-matched mock values. (A-C) Two-way ANOVA with multiple comparison
correction was used to test for significance (*p < 0.05). (D-F) Cells were infected as in
(B) and examined by bulk RNA-seq analysis at 24 hr post-infection (n = 3). (D-E) Heat
map showing mean gene expression values normalized and represented as fold change
over time-matched mock values. Expression fold change values correspond to the color
gradient on the bottom. (D) Gene cluster description can be found on the left. (E)
Expression fold change displayed for a panel of select genes. (F) Scatter plot for
comparison of up-regulated and down-regulated genes in WNV and WNV (+Ab)

conditions. Cutoff values were as follows: 1.5 fold change and p < 0.01.

Figure 2. WNV-inclusive single-cell RNA sequencing.
(A) L929 cells were infected with WNV (MOI of 1) and incubated in the presence of the
WNV E16 neutralizing Ab (5 pg/mL) to limit in vitro spread. (B) Single cells were sorted

into 96-well PCR plates containing 10 uL lysis buffer per well. (C) During reverse
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transcription (RT), 3 SMART-Seq CDS Primer Il A (30-nucleotide poly-dT sequence
with a 5" 25-nucleotide ISPCR universal anchor sequence) and a WNV-specific viral
primer (21-nucleotide sequence complementary to positive-strand viral RNA with a 5’
25-nucleotide ISPCR universal anchor sequence) are added to capture host transcripts
and viral RNA, respectively. When the reverse transcriptase reaches the 5’ end of both
host mMRNA and viral RNA, its terminal transferase activity adds 2-5 untemplated
nucleotides that serve as an anchor for the template-switching oligo (TSO), which
allows extension of the RT product with sequence complementary to the universal
anchor sequence. PCR Primer Il A binds this sequence for concurrent amplification of
both host and viral cDNA. In the final library preparation step, transposase 5 (Tn5)-
based Nextera tagmentation adds sequencing indexes. lllumina sequencing is
performed using 101-bp single-end reads, thereby quantifying host mRNA and viral
RNA from single cells. (B-C) In total, 127 cells were successfully captured and profiled:
25 Mock cells, 68 WNV cells, and 34 WNV (+Ab) cells. (D) Coverage and alignment of
WNV reads are shown with reference to the WNV genome and WNV SC primer (viral
primer) location, and y-axes are in log10 scale. The cells representing the median value
for WNV and Mock conditions are shown. Violin plot showing expression as counts per
million transcripts (CPM) in log2 scale for WNV RNA in all three conditions described in
2A. Wilcoxon rank-sum test with continuity correction was performed to test significance
(**p < 10”). (E) Violin plots showing expression as CPM in log2 scale for housekeeping
genes. Wilcoxon rank-sum test with continuity correction was performed to test

significance (ns = not significant; *p < 107%; **p < 10°°).
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Figure 3. Cellular heterogeneity in IFN-stimulated gene induction following WNV
infection.

Violin plots showing single-cell distributions for host gene expression as counts per
million transcripts (CPM) in log2 scale. Genes are grouped by categories: (A) IFN-I
production and other cytokines; and (B) PRR and IFN-I signaling. Conditions are
described in Fig. 2A. Wilcoxon rank-sum test with continuity correction was performed

to test significance (ns = not significant; *p < 107%; **p < 10°°).

Figure 4. Unimodal and bimodal variation in antiviral effector gene expression at
single-cell following WNV infection.

Violin plots showing single-cell distributions for antiviral effector gene expression as
counts per million transcripts (CPM) in log2 scale. Conditions are described in Fig. 2A.
Wilcoxon rank-sum test with continuity correction was performed to test significance (ns

= not significant; *p < 107%; **p < 10°©).

Figure 5. ISGs negatively correlate with WNV RNA abundance.

(A) Gene ontology (GO) enrichment analysis for genes significantly (p < 0.001)
positively correlated (p > 0.35) and negatively correlated (p < -0.35) with viral RNA.
Enrichment scores (ES) calculated for each pathway by the formula: —logqo(p-value).
Dotted line indicates significance cutoff (p = 0.05; ES = 1.3). (B) Density plots of host
gene expression correlated viral RNA across all WNV cells. Spearman’s correlation
coefficients (p) calculated for each host gene by viral RNA. Gene set labels (left) and

totals (right) are shown. Cell cycle-associated genes are additionally subdivided by
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phase. Select genes were marked and labeled. Dotted lines indicate correlation
coefficients (p) equal to -0.35 and 0.35. (C) Correlation matrix for 57 of 124 negatively
correlated I1SGs, all positively correlated 1ISGs, 9 non-correlated cytokine genes and
WNV RNA. Correlation coefficients (p) calculated for each gene pairing are indicated by
the color gradient at the bottom. White boxes represent comparisons for which the

correlation did not meet the significance cutoff (p < 0.001).

Figure 6. Sharp downward trends for ISGs negatively correlated with viral RNA.

Scatter plots showing expression as counts per million transcripts (CPM) in log2 scale
of positively and negatively correlated host genes by WNV RNA. Each cell is
represented by a single dot with minimal transparency so areas of high density are
easily discernable. Correlation coefficients (p) are indicated for each gene and
correspond to the color gradient at the top. Scatter plots have been collated from the
lowest to the highest correlation coefficient. All genes shown here meet the following

criteria: |p| > 0.4 and p < 0.0005.
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Figure 4
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ABSTRACT

Neuroinvasive West Nile virus (WNV) infection requires efficient CD8" T cell responses
for virologic control. We found that the meninges and central nervous system (CNS)-
draining lymph nodes (LNs) have detectable viral RNA early on during pathogenesis
and CNS-localized WNV-specific CD8" T cells were phenotypically and functionally
distinct from peripheral WNV-specific CD8" T cells. Viral RNA and conventional
dendritic cell (DC) activation were observed in both peripheral and CNS-draining
lymphoid tissues prior to early replication in the brain. The temporal dynamics of WNV-
specific CD8" T cell accumulation in CNS-draining LNs resembled that of the spleen.
WNV-specific CD8" T cells from the spleen and brain displayed dramatically different
cytokine profiles and expression of activation and inhibitory markers, whereas WNV-
specific CD8" T cells from meninges and CNS-draining LNs exhibited unique
intermediate phenotypes. Brain WNV-specific CD8" T cells were more efficient at
controlling viral infection in neuronal co-culture than splenic WNV-specific CD8" T cells.
These findings highlight the early involvement of CNS-draining lymphatics during WNV
pathogenesis and demonstrate that anatomic localization influences CD8" T cells both

phenotypically and functionally.
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INTRODUCTION

West Nile virus (WNV) is a neurotropic mosquito-borne flavivirus of global importance
(1-3, 5, 6). Neuroinvasive WNV infection results in encephalitis and can lead to
prolonged neurological impairment or death (1, 2, 5, 6). Induction of the host response
mediates early virologic control in the periphery and promotes priming of adaptive
immunity (40-42). Following early replication and dissemination to secondary lymphoid
tissues, the neuroinvasive stage is characterized by brain parenchymal invasion,
neuronal infection, neuroinflammation, and neuronal cell death (3, 39). Meningeal
immunity has been demonstrated to play a pivotal role in central nervous system (CNS)
defense against pathogen invasion (178, 181, 184). Antigen-presenting cells (APCs),
such as dendritic cells (DCs) and border-associated macrophages (M®s), within the
meninges (dura, arachnoid and pia mater), choroid plexus, and perivascular spaces
serve in an immune surveillance capacity to protect the CNS from invading pathogens
(147, 175, 176). Immune cells traffick through meningeal lymphatic vessels, which drain
to the superficial and deep cervical lymph nodes (scLNs and dcLNs, respectively) and
support interactions between peripheral and CNS-localized immune cell populations
(164, 165, 171, 174). Conventional DCs (cDCs) excel at initiating T cell responses by
presenting antigen in MHC | (major histocompatibility complex class |) and MHC |l and
directing T cell polarization through cytokine secretion, whereas plasmacytoid DCs
(pDCs), which are less efficient at antigen presentation, produce extensive amounts of
type | interferon (IFN-I) in response to viral RNA and DNA (104-107). DCs, a key target
cell of WNV infection, limit early viral replication and dissemination in the periphery

through the production of IFN-I and pro-inflammatory cytokines and priming of both
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humoral and cell-mediated responses (43, 46-48, 102, 103). Previous studies indicate
that Batf3”~ mice, which lack cDC1s, fail to generate optimal WNV-specific effector
CD8" T cell responses (103, 110). Furthermore, infected and bystander CD8a™ CD11¢"
DCs, but only infected CD11b* CD11¢c™ myeloid cells, have been shown to present the
immune-dominant WNV NS4B peptide epitope in complex with MHC | during WNV
infection, supporting that DCs are critical for priming protective CD8" T cell responses
(111). Altogether, we have a broad understanding of the kinetics of viral spread in major
tissue compartments and the integral role of DCs in virologic control; however, an in-
depth examination of viral kinetics and immune cell dynamics within CNS-draining
lymphatics is notably lacking.

CD8" T cells are essential for control of WNV infection (44, 135). Mice lacking
CD8a or MHC | exhibit increased mortality, higher viral burden in the CNS and
periphery, and exaggerated pathology in the brain compared to wild-type mice (44).
CD8" T cells control WNV replication through the expression of death receptors,
secretion of cytotoxic molecules, and production of antiviral cytokines such as TNF-a
and IFN-y (113, 136-141). Previous studies have demonstrated that CD8" T cells
require CXCR3 to migrate from meningeal vasculature adjacent to the cerebellum into
the parenchyma and control WNV replication within this region of the CNS (144, 145).
CNS-infiltrating antiviral CD8" T cells require a reactivation signal from CNS-localized
DC or M® populations during WNV infection, and the meninges have been speculated
to be the site of these crucial interactions (102, 146). In the Iymphocytic
choriomeningitis virus (LCMV) model, splenic antigen-specific CD8" T cells from white

pulp and red pulp exhibited phenotypic and functional differences, supporting that
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anatomic localization can influence antiviral T cell responses via environmental cues
(142). During coronavirus infection, CD8" T cells were shown to require a re-activation
signal for effective viral clearance after recruitment by CCL19 and CCL21-producing
stroma cells in the meninges (184). In the experimental autoimmune encephalitis (EAE)
model, CNS-infiltrating auto-reactive CD4" T cells have been shown to contribute to
CNS damage following reactivation within the meninges upon stimulation from local
APCs presumably presenting myelin antigen (182, 183). Altogether, these findings
establish the importance of generating protective CD8" T cell responses and a potential

role for meningeal immunity in promoting CNS defense during WNV infection.

In this study, we sought to define early viral kinetics and immune cell dynamics in
peripheral lymphoid tissues and CNS-draining lymphatics, including the CNS-draining
lymph nodes (LNs) and meninges. We found that WNV RNA and activated cDCs
accumulate in the CNS-draining lymphatics prior to the peak viral burden in the CNS.
Furthermore, accumulation of WNV-specific CD8" T cells in the CNS-draining LNs
resembled that of the spleen, whereas meningeal T cell totals increased at later time
points concurrent with brain T cell populations. Splenic and brain WNV-specific CD8" T
cells exhibited disparate phenotypic profiles, while T cells from CNS-draining LNs and
meninges displayed unique intermediate signatures. Substantial transcriptional
differences were observed for splenic and CNS-localized WNV-specific CD8" T cells,
further supporting that CNS-localized WNV-specific CD8" T cells were in a strong
effector state as compared to splenic populations. Most notably, CNS-localized antigen-
specific CD8" T cells were more efficient at controlling WNV infection of cortical neurons

than splenic antigen-specific CD8" T cells, demonstrating that anatomic localization
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influences the phenotypic signature and functional capacity of WNV-specific CD8" T
cells. Our findings represent the first comprehensive analysis of early viral kinetics and
immune cell dynamics between peripheral and CNS-draining lymphoid tissues,

meninges and brain during neuroinvasive flavivirus infection.
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RESULTS
Early viral spread in peripheral lymphoid tissues and initial DC response
dynamics in skin draining lymph nodes. To assess early viral kinetics in peripheral
lymphoid tissues, we performed qPCR on the spleen and immediate skin-draining LNs,
namely the ipsilateral popliteal LN (popLN) and ipsilateral inguinal LN (ingLN), as well
as distal draining LNs such as the contralateral popLN and the axillary LN (axilLN).
Immediate skin-draining LNs (ipsilateral popLN and ingLN) showed peak viral burden
around 1 day post-infection (p.i.) corresponding with previously published findings (31,
36, 37), whereas distal LNs such as the contralateral popLN and axilLN displayed the
highest levels of viral RNA around 2 days p.i. (Fig. 1A). Viral RNA is detected in the
serum at 10° copies per mL as early as 1 day p.i. and peaks at 4 days p.i. which
coincides with early viral kinetics in the spleen (Fig. 1A). The spleen had detectable viral
RNA as early as 1 day p.i. but did not peak until 4 days p.i. as well (Fig. 1A). When
looking at ISG expression as a marker of the early innate immune response, we see a
5- to 8-fold increase in IFIT1 and RSAD2, two classically described IFN-I-stimulated
genes (ISGs) (56, 59, 78, 203), by 1 day p.i. in the ipsilateral popLN, ingN and spleen
(Fig. 1B). Interestingly, we do not see a marked increase in IFIT1 and RSAD2
expression in the axillary LN at 1 day p.i. (Fig. 1B), but these ISGs are upregulated by 2
days p.i. which is likely attributable to it having the lowest level of viral RNA at 1 day p.i.
(Fig. 1A).

Dendritic cells are a key target cell of WNV infection, and therefore we next
wanted to examine differential activation of dendritic cell subsets in the ipsilateral popLN

and spleen compartments during the early post-inoculation phase of WNV
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pathogenesis. In the ipsilateral popLN, cDC1s and pDCs exhibit elevated expression of
the activation markers MHC | and CD86 with peak levels at 1 day p.i., while activation
marker expression on cDC2s does not appear to increase over the first 3 days p.i. (Fig.
2). Interestingly, however, all three DC subsets display a steady increase in MHC | and
CD86 expression through the first 1 to 3 days p.i. in the spleen (Fig. 2). In total, these
results highlight the kinetics WNV dissemination in peripheral lymphoid tissues and
indicate that DC subsets are differentially activated in the immediate skin-draining LN at

1 day p.i.

Viral RNA detection and activated cDC accumulation in CNS-draining lymphatics
precede parenchymal invasion. To evaluate viral kinetics and the inflammatory
response within CNS-draining lymphatics during WNV infection, we performed qPCR for
viral RNA and ISG expression on CNS-draining LNs, brain and meninges. Viral RNA
was detectable in CNS-draining LNs by 4 days p.i. (Fig. 3A). Additionally, viral RNA was
detectable in the meninges as early as 4 days p.i. preceding the initial spike in viral
replication in the brain which occurred between 4 and 6 days p.i. (Fig. 3A). Notably,
CNS-draining LNs and meninges did not show a decline in viral RNA burden by 6 days
p.i. unlike other peripheral compartments (Fig. 3A).

Given that viral RNA is detectable in the CNS-draining lymphatics early on in
pathogenesis, we next wanted to assess shifts in antigen-presenting cell populations
within these compartments. Correlating with viral RNA kinetics, we observed
accumulation of cDCs, moDCs and inflammatory monocytes in the CNS-draining LNs at

4 days p.i. (Fig. 3B). For CNS-draining LNs, APC totals remained at levels higher than
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mock through 6 to 8 days p.i. (Fig. 3B). These same myeloid cell populations did not
significantly increase in the meninges through 8 days p.i. and began accumulating in the
brain at 8 days p.i. (Fig. 3B). Corresponding with viral RNA levels, we observed that
multiple APC populations, including cDCs, express higher levels of the activation
markers MHC-| and CD86 at 4 days p.i. in CNS-draining LNs and meninges (Fig. 4).
Altogether, these results demonstrate early detection of viral RNA and accumulation of
activated APCs and in the CNS-draining LNs, which support early initiation of the

inflammatory response in these compartments.

WNV-specific CD8" T cells exhibit differential accumulation in peripheral and CNS
compartments. To further examine shifts in the cellular composition of CNS-draining
LNs and meninges, we assessed the accumulation of antigen-specific CD8" T cells
during WNV infection. WNV-specific CD8" T cells expand in the spleen at 5 and 7 days
p.i. with the NS4B Tet" population contributing to around 2% of total CD8" T cells at 7
days p.i. (Fig. 5A). Notably, WNV-specific CD8" T cells increase in CNS-draining LNs
and meninges by 7 days p.i. (Fig. 5B). By 10 days p.i., however, WNV-specific CD8" T
cells have contracted in the CNS-draining LNs, potentially entering circulation, whereas
both populations remain high in the meninges (Fig. 5B). Within the brain, WNV-specific
CD8" T cell populations increase by 7 days p.i. with variability across mice; however, by
10 days p.i. all mice have consistently high totals for WNV-specific CD8" T cells (Fig.
5B). Notably, WNV-specific NS4B Tet” CD8" T cells accounted for roughly 30% of the
total CD8" T cell population in the meninges and approximately 45% of total CD8" T

cells in the brain at 10 days p.i. (Fig. 5B). In total, these data indicate that the
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accumulation of WNV-specific CD8" T cell in CNS-draining LNs more closely resembles
the temporal dynamics observed in the spleen rather than CNS tissues, supporting an

early involvement of CNS-draining lymphatics during WNV pathogenesis.

Phenotypic differences between WNV specific CD8" T cells based on anatomic
localization. Antigen-specific CD8" T cells are essential for controlling WNV in both the
periphery and CNS, and the early involvement of CNS-draining lymphatics prompted us
to explore whether phenotypic differences existed between T cell populations from
peripheral lymphoid tissues, CNS-draining lymphoid tissues, meninges and brain.
Therefore, we performed phenotypic analysis and cytokine profiling to determine if there
were differences in the CD8" T cell responses across distinct anatomic compartments.
These analyses could not be performed on bulk CD8" T cell populations as the results
would be skewed by the differences between tissues in antigen-specific T cell
frequencies (Fig. 5). Therefore, to normalize the WNV-specific CD8" T cell frequencies,
we adoptively transferred naive CD8" T cells from W4B T cell receptor (TCR)-
transgenic mice, which have CD8" T cells that inherently recognize the
immunodominant epitope in the WNV NS4B protein, to wild-type mice of a different
congenic background (143) (Fig. 6A). We then utilized congenic markers to select for
the transferred cells, of which >98% were WNV-specific (Fig. 6B).

We first compared the expression of various surface markers associated with
CD8" T cell activation and effector function between peripheral and CNS compartments
at 7 days p.i. (Fig. 6). Bulk NS4B Tet” CD8" T cells, which serve as a negative control,

displayed a low expression of CD44, a canonical marker of CD8" T cell activation (Fig.
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6C). Conversely, WNV-specific W4B cells from spleen, scLN, dcLN, meninges and
brain all upregulated CD44 expression (Fig. 6C). Interestingly, there were varying levels
of CD44 expression among activated W4B cells across tissues (Fig. 6C). Cells isolated
from the spleen and the meninges had the lowest MFIs, while cells isolated from the
SscLN, dcLN and brain had markedly higher MFls (Fig. 6C). Notably, CD44 is an
adhesion molecule that aids in the extravasation of CD8" T cells into tissues, in addition
to promoting their movement within tissues. Therefore, these differences might reflect
the degree of tissue residency of W4B cells across the various compartments. We can
distinguish between CD8" T cells within the tissue, and those in the vasculature using
intravital labeling of CD8 (143). When we compare the percentage of cells in the
vasculature across tissues, we find lower CD44 expression on W4B cells for tissues
where the majority of W4B cells are within the vasculature (data not shown). While
CD44 is upregulated across these compartments, higher CD44 expression appears to
correspond with higher frequencies of tissue-resident W4B cells.

Analysis of KLRG1 expression, another marker upregulated on CD8" T cells
during the effector phase, showed that cells from the spleen (28%) and meninges (27%)
had the highest frequency of KLRG1+ W4B cells (Fig. 6D). In contrast, W4B cells from
the CNS-draining LNs and brain had a significantly lower frequency of KLRG1+ cells
(Fig. 6D). This might suggest that W4B cells isolated from the spleen and meninges are
most likely to be in the effector phase; however, when we examined inducible markers
of activation, we did not see the same pattern. ICOS is an activation-induced co-
stimulatory marker, and its expression was highest in the scLN, meninges and brain,

suggesting that W4B cells in the brain, meninges, and scLN are receiving the most co-
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stimulatory signals at 7 days p.i. (Fig. 6D). Analysis of PD-1, a co-inhibitory marker,
found that the meninges (18%) and brain (10%) had the highest percentage of PD-1
expressing W4B cells, whereas the spleen (2.5%) and CNS-draining LNs (less than 5%)
were significantly lower (Fig. 6D). PD-1 is upregulated after TCR activation, but its
expression is also maintained when cells are receiving inhibitory signals. Therefore, PD-
1 upregulation could reflect either recent stimulation with cognate antigen or the
presence of immunoregulatory signals in the CNS (221-223). In total, these results
demonstrate that CD8" T cells isolated from peripheral and CNS compartments have
distinct phenotypes during WNV infection. W4B cells isolated from the CNS-draining
LNs displayed extremely similar activation phenotypes, while the meninges and brain
shared some but not all phenotypic markers.

To investigate differences in the cytokine production capacity of W4B cells
across anatomic locations, we performed an ex vivo stimulation. Cells were stimulated
with the cognate antigen NS4B peptide, and cytokines were accumulated within the cell
via treatment with GolgiStop. As expected, unstimulated splenic W4B cells did not
produce cytokines, and all stimulated W4B cells displayed detectable levels of cytokine
production (Fig. 7), demonstrating that W4B cells are activated and able to respond to
WNV at 7 days p.i. for all surveyed tissues. While all W4B cells responded to
stimulation, we observed dramatically different cytokine profiles between peripheral and
CNS tissues. Only 5-20% of W4B cells from peripheral compartments (spleen, scLN,
and dcLN) produce either IFN-y or TNF-a or both. Conversely, over 60% of meningeal
WA4B cells and over 85% of brain W4B cells exhibit IFN-y or TNF-a production following

ex vivo stimulation (Fig. 7). In addition to differences in total production, the cytokine
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profiles were distinct between peripheral and CNS W4B cells. W4B cells from the
periphery are predominantly producing TNF-a, and secreting little to no IFN-y (Fig. 7). In
contrast, brain and meningeal W4B cells are predominantly a TNF-a and IFN-y double-
positive population (Fig. 7). Of the single-producing populations in the CNS, W4B cells
are more likely to be secreting IFN-y than TNF-a (Fig. 7). These data show that W4B
cells isolated from brain and meningeal compartments have a high-producing,
polyfunctional cytokine signature, whereas peripheral W4B cells which have a low-
producing, TNF-a-dominated signature.

Altogether, WNV-specific CD8" T cells are activated across the spleen, CNS-
draining LNs, meninges and brain at day 7 p.i. with several notable differences between
tissues. Brain and meningeal W4B cells expressed significantly higher levels of
activation-induced receptors (ICOS and PD-1) as compared to the spleen and were
around 5 times more likely to produce cytokines than W4B cells isolated from peripheral
compartments (spleen, dcLN, scLN), in addition to displaying a distinct cytokine profile.
In total, these findings demonstrate that there are substantial phenotypic differences for
WNV-specific CD8" T cells across peripheral lymphoid tissues, CNS-draining lymphoid

tissues, meninges and brain.

WNV-specific CD8" T cells from peripheral and CNS compartments are
transcriptionally distinct. To further explore the differences between WNV-specific
CD8" T cells in peripheral and CNS compartments at the transcriptional level, we
performed RNA-seq analysis. We compared between splenic W4B cells and brain W4B

cells as representative tissues for peripheral and CNS compartments, respectively. To
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analyze transcriptional differences between peripheral and CNS-localized WNV-specific
CD8" T cells, we utilized the same transgenic adoptive transfer system described
above. W4B cells were transferred into naive C57BL/6J mice (50,000 cells per mouse),
and W4B cells were sorted from the spleen and brain at 7 days p.i. for RNA-seq (Fig.
8A).

Differential gene expression analysis found that, while there was overlapping
gene expression between the two anatomic locations (1746 genes), 934 genes were
uniquely expressed in splenic W4B cells and 736 genes in brain W4B cells (Fig. 8B).
Many downregulated genes as compared to naive were shared by W4B cells from both
compartments (Fig. 8C). Notably, 422 of the uniquely expressed genes for W4B cells
were upregulated, suggesting that upon entry to the CNS W4B cells are undergoing
dramatic transcriptional changes as compared to splenic W4B cells from both naive and
infected mice. When examining CD8" T cell effector genes, Ifng and Fasl displayed
higher levels of expression for brain W4B cells than splenic W4B cells (Fig. 8D).
Additionally, we also observed a modest upregulation of the cytotoxic molecules
granzyme B (Gzmb) and perforin (Prf1) (Fig. 8D). This increased expression suggests
that brain W4B cells might be more effective at controlling WNV infection than splenic
W4B cells. When probing genes for activation receptors, we found that several
activation receptors (l12ra, Cd69, Kirk1) were moderately to greatly enriched in brain
WA4B cells as compared to splenic W4B cells (Fig. 8D). ll2ra expression is a marker of
cells in the effector phase, and IL-2R signaling will promote the production of cytokines
and cytotoxic molecules (224), further supporting that brain W4B cells are more highly

activated and display enhanced effector gene expression as compared to splenic W4B
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cells. Given these differences, we next examined genes associated with T cell
differentiation, specifically those that promote memory cell formation (Id3, Eomes,
Stat3) and those that define the terminal effector phase (Tbx21 (T-bet), Prdm1 (Blimp1),
|d2, Stat4). While 7 days p.i. is early for memory cell formation during WNV infection,
memory precursor cells should express low levels of the effector phase transcripts and
have begun to upregulate some of the memory-defining transcription factors (115, 116).
Terminal effector cells will have the opposite phenotype with high levels of effector
transcripts and downregulation of memory lineage transcripts (113, 117). Brain W4B
cells did exhibit increased expression of some terminal effector markers compared to
splenic W4B cells (Fig. 8D). Prdm1 and |d2 were both enriched in brain W4B cells as
compared to splenic W4B cells, whereas Tbx21 and Stat4 expression were more similar
between the two anatomic locations (Fig. 8D). Overall, both groups had relatively similar
expression levels for memory lineage transcripts; however, brain W4B cells exhibited a
notable downregulation for Id3 (Fig. 8D). Overall, W4B cells in both the spleen and brain
seem to be firmly in the effector phase as expected, although brain W4B cells appear to
be more terminally differentiated than splenic cells. Because we previously observed a
higher frequency of PD-1 expression for brain and meningeal W4B cells (Fig. 6D), we
next examined whether other inhibitory receptors were differentially expressed in brain
and splenic W4B cells. Strikingly, multiple inhibitory receptors (Ctla4, Lag3, Tigit, Pdcd1
(PD-1), IIM10ra, Cd244) displayed increased expression on brain W4B cells, whereas
Havcr2 (Tim3) was similar (Fig. 8D). High expression of inhibitory receptors is often
associated with an exhausted cell phenotype found in chronic infections (223, 225).

However, during an acute infection such as WNV, this is potentially indicative that cells
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are in a highly immunoregulatory environment and receiving suppressive signals (221,
222). To further highlight differences between naive splenic, 7 days p.i. splenic and 7
days p.i. brain W4B cells, we also displayed in normalized read count values for a
subset of genes. Interestingly, we observed that brain and splenic W4B cells from
infected mice exhibited significantly higher levels of Tbx21 and Prf1 than naive W4B
cells, whereas for Ifng, FasL, Gzmb, Id3, Prdm1, and Pdcd1 the brain W4B cell levels
were significantly different from either naive or days p.i. splenic W4B cells (Fig. 8E).
Altogether taken in context with the phenotypic and transcriptomic profiles, brain W4B
cells appear to be highly activated effector-phase cells and inhibitory marker expression
could be a result of the CNS microenvironment modulating the response to dampen
excessive pro-inflammatory or cytotoxic activity. Overall, transcriptional analysis of brain
and splenic W4B cells revealed that WNV-specific CD8" T cells localized to the CNS
feature a highly antiviral profile, express high levels of both activating and inhibitory
receptors, and appear to be more terminally differentiated than peripheral WNV-specific

CDS8" T cells.

CNS CD8" T cells are more efficient at controlling virus than peripheral CD8" T
cells. We next hypothesized that brain W4B cells, which exhibit a polyfunctional
antiviral phenotype, control WNV more efficiently than splenic W4B cells when co-
cultured with cortical neurons. WNV can directly infect neurons and replicate to
extremely high levels in the brain (up to 10® pfu/g tissue) (137, 139). Therefore, we
optimized a cortical neuron co-culture model (137, 139) to determine if the observed

phenotypic differences between peripheral and CNS WNV-specific CD8" T cells
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translated to a functional difference. Conditions of the co-culture model were carefully
optimized to determine the best timepoint of infection, MOI of infection, and CD8:cortical
neuron ratio. Cortical neuron cultures were derived from WT embryonic mice and then
infected with WNV. After virus adsorption, infected cortical neurons were co-incubated
with WNV-specific CD8" T cells sorted from either the brain or spleen of mice at 7 days
p.i. Cortical neurons and CD8" T cells were co-cultured for 24 hr at which point viral
titers were assessed by focus-forming assay, allowing us to directly compare the
capacity of CD8" T cells from distinct anatomic compartments to control WNV
replication (Fig. 9A). Notably, the addition of W4B cells from either anatomic
compartment resulted in a decrease in viral burden as compared to untreated neurons,
supporting previously published findings that CD8" T cells help control WNV replication
in neurons (137, 139). Interestingly, WNV-specific CD8" T cells from the brain were able
to decrease viral burden by 2-fold as compared splenic WNV-specific CD8" T cells,
demonstrating that CNS-derived WNV-specific CD8" T cells control WNV infection in

cortical neurons more efficiently than splenic WNV-specific CD8" T cells (Fig. 9B).
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DISCUSSION

Here, we demonstrate that the meninges and CNS-draining LNs have high levels of
viral RNA at 4 days p.i. prior to brain parenchymal invasion and more closely resemble
the post-viremic replication kinetics observed in the spleen than in the brain. These
findings support the notion that these compartments are seeded with WNV much earlier
than previously appreciated and suggest that WNV might be reaching CNS-border
regions during the early viremic stage even prior to peak replication in the spleen and
seeding the scLNs and dcLNs before brain parenchymal invasion. When examining
immune cell dynamics within these tissue compartments, we observed accumulation of
activated APC populations in the CNS-draining LNs at 4 days p.i. followed by an
increase in WNV-specific CD8" T cells by 7 days p.i. which corresponded with viral
RNA. However, despite viral RNA being detectable as early as 4 days p.i. similar to the
CNS-draining LNs, the meninges more closely resembled the brain in many respects
with APCs and WNV-specific CD8" T cells accumulating at 8 days p.i. and 10 days p.i.,
respectively. These findings represent the first characterization of viral RNA kinetics and
immune cell dynamics within the CNS-draining lymphatics during WNV infection and
altogether support an early involvement of CNS-draining lymphatics in WNV
pathogenesis.

Phenotypic profiling of CD8" T cells across peripheral and CNS tissues identified
profound differences based on anatomic location and tissue architecture. For W4B cells,
expression of CD44, an activation-induced receptor associated with CD8" T cell
movement, was inversely correlated with the level of vascularization of the residing

tissue. However, other activation or inhibitory markers, such as PD-1, were differentially
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expressed based on the division of periphery and CNS. W4B cells isolated from the
spleen and brain have the most exaggerated differences, while those from the
meninges and CNS-draining LNs might be best described as having an intermediate
phenotype. Some phenotypic differences, such as the increased ICOS expression on
WA4B cells from CNS-draining LNs as compared to the spleen, might be due to recent
migration from the CNS or differences in antigen load at those later points. Importantly,
meningeal CD8" T cell populations may or may not have been subject to environmental
cues within the brain parenchyma. Therefore, it is unclear whether the intermediate
phenotype observed for meningeal WNV-specific CD8" T cells results from unique
meningeal environmental cues or heterogeneity in exposure across the CD8" T cell
population.

Thorough phenotypic and transcriptional profiling of WNV-specific CD8" T cells
supports that CD8" T cells adopt a unique and highly antiviral terminal effector
phenotype upon entry to the CNS. At 7 days p.i., W4B cells isolated from both the
spleen and the brain expressed an activated effector T cell signature; however, brain
W4B cells exhibited consistently higher levels of activation markers by both flow
cytometry and RNA-seq analysis. Additionally, brain W4B cells had particularly enriched
lI2ra expression, suggesting that cells are potentially continuing to receive effector
phase-promoting signals. Notably, IL-2 signaling can promote the formation of SLECs in
a Prdm1/Tbx21 dependent-manner (226), and indeed we see that Prdm1 expression is
highly upregulated in brain W4B cells. Furthermore, Prdm1 drives a terminal effector
transcriptional program and promotes the cytotoxic functions of the CD8" T cells (226).

It is worth noting that the increase in effector cells could also be a reflection of viral load
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as WNV replication in the spleen is declining at 7 days p.i. but approaching peak viral
burden in the brain. Altogether, these findings suggest that brain WNV-specific CD8" T
cells are more likely to be in a highly activated short-lived effector phase than cells from
the spleen at 7 days p.i. and expressing high levels of both activating and inhibitory
receptors.

Corresponding to the aforementioned effector phenotype, we observed that brain
and meningeal W4B cells exhibit a polyfunctional antiviral signature, producing both
IFN-y and TNF-a, whereas W4B cells from the spleen, scLN, and dcLN have a 5-fold
lower frequency of producing these cytokines. Brain and meningeal W4B cells favored
the production of IFN-y over TNF-a upon encounter with their cognate antigen, unlike
peripheral W4B cells which preferentially produced TNF-a. Of note, IFN-y can directly
impact neuronal function and has been shown to promote non-cytolytic clearance of
Sindbis virus from infected neurons (227), implying that brain W4B cells may secrete
IFN-y during WNYV infection as an efficient way to clear virus while limiting cytotoxicity.
However, a recent finding has shown that IFN-y production from antiviral CD8" T cells
persisting in the CNS parenchyma promotes microglia-mediated synaptic elimination
(134). Therefore, the IFN-y-dominated signature of the brain W4B cells might be
necessary for virologic control in , but could cause unintended consequences during
recovery.

A major finding to emerge from our analysis of splenic and brain W4B cells was
that CNS localization was associated with enhanced expression of inhibitory receptors.
Engagement of these receptors serves to dampen the effector functions of CD8" T cells

by inhibiting the secretion and production of cytokines and cytotoxic molecules. As
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discussed above, IFN-y production has been associated with detrimental cognitive
sequelae in the post-infectious CNS (134), and therefore the upregulation of inhibitory
receptors on brain and meningeal W4B cells may be indicative of immunoregulation
within these compartments to mitigate inflammation and limit neuronal damage inflicted
by W4B cells. Following acute encephalitis from murine cytomegalovirus (MCMV)
infection, the PD1:PD-L1 axis has been shown to contribute to the establishment of
resident memory T (Trm) cell populations within the CNS (222). A similar observation
also has been made following murine polyomavirus (MuPyV) infection (221). In
combination with previously published data that W4B cells express elevated levels of
CD103 and CD69, this may suggest the establishment of Tryu cells in the CNS following
WNV infection. Additionally, 1110ra, the IL-10 receptor gene, is highly upregulated on
brain W4B cells. T regulatory (Trg) cells are the primary producers of IL-10, and
previous studies have demonstrated that increased Ty cell numbers during WNV
neuroinvasive disease is protective in both humans and mice (228). While the impacts
of Treg cells on CD8" T cell function in the CNS has not been directly assessed during
WNYV infection, this suggests a link between induction of a regulatory environment and
protection from immunopathology for future study.

The CD8" T cell:cortical neuron co-culture system represents a unique model
(137, 139), and here we describe the first functional demonstration that CNS-localized
WNV-specific CD8" T cells control WNV infection of cortical neurons more efficiently
than splenic WNV-specific CD8" T cells. The difference in functional capacity
corresponded with phenotypic and transcriptional signatures, which revealed a highly

activated and terminal effector phenotype for CNS-localized W4B cells. Importantly, a
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notable limitation of the co-culture system is that it cannot perfectly recapitulate the
microenvironment of the brain, including tissue architecture and multicellular
interactions with CNS-resident cells, such as microglia, or other infiltrating peripheral
leukocytes. The system, however, could be modified in the future to include other cell
types such as microglia or Trg cells to further interrogate the mechanisms
immunoregulation during neuronal infection ex vivo.

In this study, we defined the early involvement of CNS-draining lymphatics during
WNV pathogenesis and examine phenotypic and functional differences in WNV-specific
CD8" T cells across peripheral and CNS compartments. Accumulation of viral RNA and
activated cDCs in CNS-draining LNs occur prior to parenchymal invasion, and WNV-
specific CD8" T cell accumulation parallels that of the spleen. Comprehensive
phenotypic profiling of WNV-specific CD8" T cells in peripheral and CNS-draining
lymphoid tissues, meninges and brain revealed that brain WNV-specific CD8" T cells
are phenotypically distinct from splenic WNV-specific CD8" T cells with those from
meninges and CNS-draining LNs displaying unique intermediate phenotypes. An
emerging body of evidence implicates CD8" T cells and cytokines in memory formation
and learning or other neurological sequelae following injury or infection. Future
therapeutic interventions may require consideration of the unique programming of CD8"
T cells in the CNS during neuroinvasive viral infection, as well as the consequences of
persisting antiviral CD8" T cells in the CNS. Furthermore, future investigation of the
specific cues within the CNS microenvironment, including those in the brain
parenchyma and meninges, that prompt these phenotypic shifts could provide valuable

insight into the underlying mechanisms of protection within the CNS.
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MATERIALS AND METHODS

Viruses and animals. WNV isolate Texas 2002-HC (WNV-TX) has been previously
described (211). Viral titers were measured by plagque assay on BHK-21 cells.
C57BL/6J and Prtprc mice were obtained commerically from Jackson Laboratories or
bred in-house at the Yerkes National Primate Research Center rodent facility at Emory
University. W4B transgenic mice were originally obtained from the Bevan laboratory and
bred in-house. For viral infections, adult male and female mice (8-12 weeks old) were
inoculated subcutaneously in the rear footpad with 100 plaque-forming units (PFU) of
WNV-TX (10 pL). Infected mice were monitored and weighed daily. All experiments
adhered to the guidelines approved by the Emory University Institutional Animal Care

and Committee.

Focus-forming assays. Focus-forming assays (FFAs) were performed on Vero cells
with supernatants from WNV-infected cortical neuron cultures. Vero cells were cultured
in DMEM (VWR, #45000-304) supplemented with 5% FBS, antibiotic/antimycaotic,
sodium pyruvate (VWR, #45000-710), HEPES (VWR, # 45000-690), L-glutamine (VWR,
# 25005CI), and nonessential amino acids (VWR, #45000-700). Supernatants were
serially diluted 10-fold in 1% FBS-DMEM. Vero cells were infected with 50 yL of diluted
supernatant for 1 hr at 37°C followed by the addition of a methylcellulose overlay (2%
methylcellulose (Sigma, #M0512), 2% FBS, OptiMem). Cells were then incubated for 48
hr at 37°C. Cells were fixed (2% PFA-PBS), permeabilized (0.1% saponin, 0.1% BSA,
PBS), washed with PBS, and then incubated with an anti-WNV E16 primary antibody

overnight at 4°C. Wells were incubated with HRP conjugated anti-human 1gG (Thermo,
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#62-842-0) for 2 hr at room temperature, and spots were visualized using True Blue

Peroxidase Substrate (KPL, #507802) and read using an ELISPOT reader.

Quantitative PCR (qPCR). Mice were deeply anesthetized using an isoflurane
vaporizer, and blood was collected via cheek bleed from each mouse in a BD
Microtainer serum separator tube (SST) (VWR, #VT365967) to isolate serum. Mice
were transcardially perfused with sterile DPBS. All tissues were collected in Omni Bead
Ruptor Tubes (VWR, #10032-358) pre-filled with TRI Reagent (Zymo, #R2050-1-200).
Tissues were homogenized using the Omni Beach Ruptor 24 (5.15 ms, 15 seconds)
then centrifuged to remove tissue debris. RNA was extracted using the Direct-Zol 96
RNA Kit (Zymo, #R2056), and converted to cDNA using the High-capacity Reverse
Transcriptase cDNA Kit (Thermo, #4368813). WNV RNA levels were quantified by
gPCR as previously described (229) on an Applied Biosystems QuantStudio 5. Host
gene expression for IFIT1 and RSAD2 were quantified on the same instrument using
PowerUp SYBR Green Master Mix (Thermo, A25777) and previously published primer

sets (Tian, 2013 #532).

Immunophenotyping by flow cytometry. Mice were anesthetized and intravital
labelling was performed by injecting mice with CD45:PE or CD8:APC via the retro-
orbital route. After 5 minutes, mice were euthanized via isoflurane overdose.
Splenocytes were obtained by mechanical homogenization and filtration through a 70
uM filter (VWR, #10199-657). Brains were mechanically homogenized, digested for 15

min at room temperature in Liberase (Sigma, #540102000, 50 pg) buffer. The tissue
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was pushed through a filter and pelleted. To remove myelin debris, the cells were
resuspended in a 30% Percoll in PBS solution and spun at 2000 rpm for 20 min.
Meninges were incubated in dissociation media (0.5 mg/mL DNasel (Sigma, #DN25-
100MG), 8 mg/mL Collagenase D (Sigma, #11088866001) , RPMI) for 40 min at 37°C
on a shaker, then processed to a single-cell suspension and filtered. Lymph nodes were
digested for 20 minutes at 37°C on a shaker in dissociation media (0.1 mg/mL DNase |,
20 pg/mL Liberase, RPMI). Tissue was passed through a filter to create a single-cell
suspension. If cytokines were measured, samples were stimulated ex vivo with NS4B
peptide ( 1 pg/mL) and GolgiStop (BD, #52-2092KZ) for 5 hr (143). For all samples,
cells were resuspended in anti-CD16/32 antibody (Biolegend, #101302) for 20 min at
room temperature, followed by surface staining for 30 min at 4°C. Cells were washed in
FACS buffer, then fixed with BD Facs/Lyse buffer (#349202) for 10 min. For intracellular
stains, cells were permeabilized with FoxP3 Fix/Perm buffer for 30 min at 4°C (Tonbo,
#1020-L050), then stained with intracellular antibodies (30 min, 4°C). Cells were
resuspended in 200 pL of FACS Buffer supplemented with Precision Count Beads
(Biolegend, #424902) for acquisition. Data were collected using an LSRIIl instrument

and analyzed using FlowJo software.

Adoptive transfer experiments. Spleens from naive W4B mice were homogenized,
treated with red blood cell lysis buffer (Lonza, #10-548E), and processed to a single-cell
suspension. CD8" T cells were isolated using the Mojo Sort CD8" T cell Negative

Selection Kit (Biolegend, #480035). CD8" T cells isolated from W4B mice were >95%
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NS4B tetramer (230)-positive. W4B cells were resuspended in DMEM and 5,000 or

50,000 W4B cells were transferred to each recipient via retro-orbital route.

Bulk mRNA sequencing (RNA-seq). Brains and spleens from infected mice were
processed to single-cell suspension as described above. Cells were stained with
CD45.2(PE-Cy7), CD45.1(Bv450), CD8(AF700), CD3(PerCpCy5.5), and Live/Dead
(BV510). Transferred W4B cells were sorted using congenic markers (n = 4), 10,000
viable cells were sorted into 100 uyl RLT buffer (Qiagen) with B2-mercaptoethanol
(1:100). mRNA sequencing libraries were prepared, quality assessed, and sequenced
at Yerkes Genomics Core (http://www.yerkes.emory.edu/nhp_genomics_core/), and
reads were mapped to the GENCODE mouse reference genome (GRCm38.p5, release
M16) all as previously described (229). Reads were normalized and differential
expression analysis performed using DESeq2 (212). Normalized reads were expressed

as fold change over mock values.

Culture of cortical neurons. Embryos were harvested from pregnant dams at day 13-
15 of gestation. Cortical hemispheres were isolated from the brain, and meningeal
tissue was removed. The cortices were homogenized, digested in a 1% Trypsin-
DNaseL solution (15 min, RT), and processed to a single-cell suspension. Cells were
plated in DMEM supplemented with 5% Hi-Horse Serum (Thermo, #26050070), 5%
FBS, antibiotics, non-essential amino acids, and HEPES. The next day media was

changed to B27 (Thermo, #A3582801) supplemented Neurobasal Media (Thermo,
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#21103049). Neurons were monitored for axonal outgrowth and were determined ready

for experimental use 4-5 days post plating.

Antibodies. The following antibodies were used in this paper for flow cytometry. CD8"
T cell panel: anti-CD8:AF700 (Clone 53.67), anti-CD8:APC (2.43), anti-
CD3:PerCpCy5.5 (145-2C11), anti-CD45.2:PE-Cy7 (104), Ghost Dye Violet 510, anti-
KLRG1:BV605 (2F1), anti-CD44:APC-Cy7 (IM7), anti-ICOS:BUV395 (C398.4A), anti-
CD127:FITC (A7R34), anti-IFNy:PE-Dazzle (XMG1.2), anti-TNFa: BV711 (MP6-XT22),
anti-GrazymeB:BV450 (NGZB), anti-PD1:BV650 (J43). Myeloid cell panels:
CD11c:BV650 (N418), CD26:PE-Cy7 (H194-112), I-A/IkE (MHC 11):AF700
(M5/114.15.2), XCR1:PE (ZET), CD172a (SIRPa):BV510 (P84), Siglec H:AF647 (551),
H2kb (MHC I):PacBlue (AF6-88.5), CD86:BV605 (GL-1), CD64:PerCP-Cy5.5 (X54-
5/7.1), CD3:FITC (145-2C11), NK1.1:FITC (PK136), B220:FITC (RA3-6B2),
CD45.2:PE-Dazzle594 (104), F4/80:FITC (BM8), Siglec H:BV421 (440c), CD45:PE (30-
F11), XCR1:AF647 (ZET), CD45.2:BV605 (104), Ly6C:BV510 (HK1.4), CD11¢c:BUV737

(HL3), CD11b:BUV395 (M1/70), CD86:PE-Dazzle594 (GL-1), Ly6C:APC-Cy7 (HK1.4).

Statistical analysis and software. Statistical analyses and graphical presentation of
data was performed using Prism 8 (GraphPad) software. One-way ANOVA with Tukey’s
multiple comparison correction and the multiple t tests were used to evaluate significant

differences depending on the experiment.
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FIGURE LEGENDS

Figure 1. Early viral dissemination and ISG expression in peripheral lymphoid
tissues. (A) Schematic of lymphoid and CNS tissues examined in this study. Mice were
infected with WNV via subcutaneous footpad inoculation. Meningeal lymphatic vessels
drain to the scLN and dcLN, and the meninges and CNS-draining LNs represent
previously understudied compartments. (B) Mice were infected with WNV (100 PFU) by
subcutaneous footpad inoculation, and tissues collected at the indicated time points (n =
4). Relative WNV RNA was measured by gPCR where Cy values were normalized to
the reference gene Gapdh and represented as fold change over time-matched mock
values. Viral RNA copies were interpolated from the standard curve using sample Ct
values and represented as WNV copies per mL serum. (C) Relative IFIT1 and Relative

RSAD2 were quantified in a similar method as described in (B).

Figure 2. Early differential activation of DC subsets in peripheral lymphoid tissues.
Mice were infected with WNV (100 PFU) by subcutaneous footpad inoculation, and
popliteal LN and spleen collected at the indicated time points. CD11¢* CD26" XCR1"
CD172a™ ¢cDC1s, CD11c* CD26* XCR1~ CD172a* cDC2s, and B220* CD11c™ SiglecH*
pDCs from the popLN (A and B) and spleen (C) were stained for activation markers
MHC | and CD86 (n = 4). (A and C) Marker expression was shown by MFI, and (B)

representative histograms are shown for popLN populations.



80

Figure 3. Early viral RNA detection and myeloid cell accumulation in CNS-
draining lymph nodes and meninges. Mice were infected with WNV (100 PFU) by
subcutaneous footpad inoculation, and tissues collected at the indicated time points. (A)
Relative WNV RNA was quantified as described in Fig. 1B (n = 4). (B) Total cell
numbers for CD11¢" CD26" cDCs, CD11¢" CD11b™ Ly6C' MHC II* moDCs, CD11¢""
CD11b" Ly6C" monocytes, and B220* CD11c™ SiglecH* pDCs were measured to

assess shifts in cellular composition across the indicated tissues (n = 4).

Figure 4. Early cDC activation in CNS-draining lymph nodes and meninges. Mice
were infected with WNV (100 PFU) by subcutaneous footpad inoculation, and tissues
collected at the indicated time points. MHC | and CD86 expression were Relative WNV
RNA was quantified as described in Fig. 1B (n = 4). (B) MHC | and CD86 marker
expression was represented by MFI for CD11¢* CD26" cDCs, F4/80* CD11¢°" CD11b"
Ly6C" inflammatory monocyte/macrophage, and F4/80* CD11¢®” CD11b"™ Ly6C"" non-
inflammatory monocyte/macrophage (n = 5). (1-B) and spleen (C) were stained for
activation markers MHC | and CD86. (A) and (C) Marker expression represented by MFI,
and (B) representative histograms are shown for popLN populations. Multiple t tests

were performed to test significance (ns = not significant; *p < 0.05).

Figure 5. Accumulation of WNV-specific CD8" T cells in the meninges, brain, and
peripheral and CNS-draining lymphoid tissues. Mice were infected with WNV (100

PFU) by subcutaneous footpad inoculation, and tissues collected at the indicated time
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points. (A) Total number and frequency of NS4B Tet” CD8" T cells were quantified for
the spleen across multiple time points (n = 4). (B) Total number and frequency of NS4B
Tet" CD8" T cells were quantified for the CNS-draining LNs, meninges and brain across

multiple time points (n = 4).

Figure 6. CD8" T cells in the CNS have altered surface marker expression
compared to those in the periphery. (A) Experimental schematic. Naive W4B cells
were isolated from a CD45.1 W4B mouse and transferred into a naive C57BL/6J mouse.
One day post-transfer, recipient mice were infected. At 7 days p.i., tissues were
collected for analysis via flow cytometry. (B) Gating strategy to identify transferred W4B
cells. Viable CD45" CD3" CD8" cells were gated on congenic markers to identify the
transferred (CD45.1) and non-transferred (CD45.2) populations. NS4B tetramer staining
confirmed that the transferred cells were >99% WNV-specific. (C) Expression of CD44
and ICOS on W4B cells across tissues (n = 4). CD44 and ICOS MFI are shown as
representative histograms. Non-WNV-specific NS4B Tet™ CD8" T cells were used as a
negative control (grey). (C-D) The legend for conditions depicted on bar graphs can be
found at the bottom. (D) KLRG1 and PD-1 expression shown as percentages of total
W4B cells (n = 4). Representative flow plots for the gating strategy are depicted with
NS4B NS4B Tet™ CD8" T cells used as a negative control (grey). Data are
representative of two independent experiments. One-way ANOVA was performed to

test significance (ns = not significant; *p < 0.05; **p < 102; ***p < 1073; ****p < 10™).
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Figure 7. W4B Cells from the CNS have polyfunctional cytokine secretion.
Adoptive transfers were performed as described in Fig. 6A. After tissue isolation, cells
were stimulated ex vivo with NS4B peptide (1 pg/mL) for 5 h at 37°C. Cells were then
permeabilized and stained for cytokines. Representative flow plots are shown for TNF-a
and IFN-y gating on CD45.1" CD3" CD8" cells (W4B cells). Unstimulated splenic W4B
cells were used to define the negative population (grey). Populations were divided into
quadrants (labeled 1-4) to identify double-negative cells (Q1), TNF-a single producers
(Q2), IFN-y single producers (Q3), and TNF-a/IFN-y double producers (Q4). Bar graphs
are shown for the percentage of cells in Q1-4 across tissues (n = 4). Data are
representative of two independent experiments. One-way ANOVA was performed to

test significance (ns = not significant; *p < 0.05; **p < 107%; ***p < 10°%; ****p < 10™).

Figure 8. W4B cells isolated from the brain are transcriptionally distinct from
splenic T cells. (A) Experimental schematic. Adoptive transfers were performed as
described in Fig. 6A. At 7 days p.i., W4B cells were sorted from spleen and brain and
total RNA was extracted for RNA-seq analysis. Naive splenic W4B cells were sorted as
a control (n = 4-5 per group). (B) Heat map showing mean gene expression values
normalized and represented as log2-transformed fold change over mock spleen values.
Expression fold change values correspond to the color gradient (right). The Venn
diagram at the bottom highlights the total number of differentially expressed genes for
WA4B cells from the spleen (red) or brain (blue), as well as overlapping genes (yellow).
(C) A scatter plot of log2-transformed expression fold change (FC) values is shown for

comparison of up-regulated and down-regulated genes in W4B cells from infected
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spleen (green) and brain (red). Cutoff values were as follows: +2 fold change and p <
0.001. (D) Expression fold change values are shown for a panel of select genes
grouped by functional category. Gene cluster descriptions can be found on the left. (E)
Normalized read count values for select genes are shown for comparison between
naive spleen, 7 days p.i. (DPI) spleen, and 7 DPI brain. One-way ANOVA was

performed to test significance (ns = not significant; *p < 0.05).

Figure 9. Brain W4B cells more effectively control WNV replication than Splenic
W4B cells. (A) Experimental schematic. Cortical neurons were generated from
embryonic day 13-15 fetal mice after culturing for 4 days in neuronal growth medium.
Cortical neurons were infected with WNV (MOI of 0.01) and co-incubated for 24 h with
W4B cells sorted from the spleen or brain of WNV-infected mice at 7 days p.i.
Supernatants were collected and viral titers determined by FFA. (B) Viral titers of
supernatants represented as focus-forming units (FFU) per mL in log10 scale. Relative
reduction percentage normalizes the viral titer data to the untreated control. Data are
representative of three independent experiments. One-way ANOVA was performed to

test significance (ns = not significant; *p < 0.05; **p < 102; ***p < 1073; ****p < 10™).
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Figure 5
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Figure 9
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DISCUSSION
Probing WNYV infection at single-cell resolution

Conventional bulk transcriptional assays and knockout mouse models have largely
informed our understanding of the host response to flavivirus infection. However, recent
single-cell studies have highlighted the transcriptional variation in both viral RNA
abundance and the IFN-I response across infected cells. Our findings using the novel
approach of WNV-inclusive scRNA-seq revealed extensive transcriptional heterogeneity
in the host response and viral RNA abundance across single cells. Our protocol, along
with previously published work by Zanini and colleagues (89), demonstrates the
feasibility of virus-inclusive scRNA-seq as a platform for parallel single-cell
transcriptomic and viral RNA analysis with other non-polyadenylated RNA viruses. In
our analysis, we observed high unimodal expression patterns for several ISGs (Irf7,
Ddx58, Dhx58, Irf9, Stat1 and Stat2) despite few cells producing IFN-B transcript
following WNV infection, supporting previously published findings on the importance of
IFN-I dependent paracrine signaling and that only small fractions of cells produce IFN-3

in response to viral infection (53, 88, 93-97).

Our work represents the first transcriptomic study of flavivirus infection to
demonstrate correlation of ISGs and viral RNA within single cells. We observed both
unimodal and bimodal expression signatures for previously validated WNV-targeting
antiviral effector genes, all of which negatively correlated with viral RNA. The bimodality
for a subset of ISGs which correlate with viral RNA abundance may stem from early
viral antagonism or preexisting cell-intrinsic differences, such as the amount of critical

signaling components, in primary infected cells. The low frequency of IFN-B producing
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cells and aforementioned bimodality in ISG expression could be the result of variation at
the level of chromatin organization (93-100). Recent development of commercially
available single-cell ATAC (assay for transposase accessible chromatin) sequencing
assays could provide further insight into how gene regulation via chromatin accessibility
could contribute to heterogeneity in the host response across single cells. IFN-
producing cells might be better suited for IFN-I induction following viral infection due to
cell-intrinsic differences in chromatin landscape or possibly could be more responsive to

chromatin remodeling than non-producing cells.

In the future, WNV-inclusive scRNA-seq can be applied to in vivo studies,
extending the resolution of transcriptional analyses to singe cells to better understand
key features of cellular immunity. Conditional knockout (cKO) models utilizing the cre-
lox system have been previously used to investigate the cell-intrinsic role of genes
associated with the host response following WNV infection. Often these cKO models
target critical signaling pathways to explore the contribution of cell-specific effects
during pathogenesis. WNV-inclusive scRNA-seq of cKO cell populations and wild-type
cell populations would provide valuable insight into the changes in transcriptional
programming and capture any underlying heterogeneity across these cell populations.
Furthermore, the capacity to correlate transcriptional trends with viral RNA abundance
for cellular targets of WNV infection potentially provides an additional level of resolution,
differentiating transcriptional signatures unique to infected and bystander cell
populations. One potential hurdle to analyses of infected and bystander populations is
that infection will not be synchronous in the same manner as in vitro assays. Therefore,

such in vivo approaches might be best applied at early times post-infection or during
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peak viral burden in respective tissues to capture the highest percentage of virally

infected cells.

Exploring the role of meningeal immunity during WNV infection

Recent advances in the field of CNS immunity have shifted our understanding of CNS
immune surveillance and inflammatory processes, and the meninges have been
implicated as a central feature of the CNS-immune interface (147, 149, 164-167).
Models of neurodegenerative diseases, autoimmunity, and neurotropic viral infection
support a significant role for meningeal immunity in disease progression or resolution
(147, 164, 167, 178, 180-182, 184). In both coronavirus infection and the EAE model of
MS, antigen-experienced T cells require a reactivation signal within the meninges
presumably from local APCs presenting cognate antigen (178, 183, 184). In the EAE
model, stimulation of auto-reactive CD4" T cells results in CNS damage; however, for
coronavirus infection, the reactivation signal is critical for prevention of fatal
neuroinflammatory disease (178, 183, 184). This is akin to recent observations for
neuroinvasive WNV infection. In these studies, the meninges were also speculated as a
potential site of interactions between CNS-infiltrating WNV-specific CD8" T cells and
CNS-localized APCs, which provide a critical reactivation signal for efficient viral
clearance (146, 177). However, the involvement of meningeal immunity and how
anatomic localization influences CD8" T cell programming during WNV infection

remains underexplored.

Our work represents the first study to comprehensively evaluate phenotypic and

transcriptional differences between WNV-specific CD8" T cells from the CNS and
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peripheral compartments. We observed early detection and accumulation of viral RNA
within the meninges and CNS-draining LNs. Furthermore, the viral kinetics in these
compartments closely resembled the spleen. We speculate that WNV reaches the
meningeal space via circulation during the early viremic stage where it is phagocytized
by surveilling meningeal APCs and subsequently seeds the scLN and dcLN following
drainage through meningeal lymphatics. This data is supported by cDC activation in
these compartments, corresponding with viral RNA burden and notably occurring prior
to early viral replication in the brain. Previously published work has demonstrated that
mosquito saliva factors enhance WNV dissemination in peripheral lymphoid tissues and
accelerate CNS invasion (31, 36, 37). Similar findings have also been observed for
alphavirus infection (232). Furthermore, the immuno-modulatory effects of mosquito
saliva factors have been demonstrated to not only lead to enhanced pathogenesis but
also increased mortality in infected mice (233). Future studies could examine to what
extent mosquito saliva factors similarly enhance early spread to CNS-draining lymphoid
tissues and the meninges and contrast the host response across peripheral and CNS-

draining lymphoid compartments.

Antigen and immune cell drainage to peripheral LNs is a crucial component of
CNS immunity, although it remains an understudied aspect of neurotropic flavivirus
infection. Here, we found that the temporal dynamics of WNV-specific CD8" T cell
accumulation in CNS-draining LNs resembled that of the spleen. While spleen and brain
WNV-specific CD8" T cells displayed disparate phenotypes, meningeal WNV-specific
CD8" T cells and those from CNS-draining LNs exhibited unique intermediate

phenotypes, suggesting that environmental cues in these distinct anatomic
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compartments contribute to CD8" T cell re-programming during WNV infection.
Previously published work has implicated CNS-localized APCs in reactivating CNS-
infiltrating WNV-specific CD8" T cells, although the location and underlying mechanism
of these interactions has yet to be fully elucidated. Our data supports that these
interactions might be occurring in the meningeal space as the phenotype of meningeal
WNV-specific CD8" T cells recapitulates that of brain WNV-specific CD8" T cells with
respect to elevated PD-1 expression and IFN-y and TNF-a production. However, it is
important to note that meningeal CD8" T cells may have experienced environmental
cues within the brain parenchyma, and therefore the contribution of heterogeneity in
microenvironment exposure remains unclear. Extending these findings, brain WNV-
specific CD8" T cells displayed a highly antiviral transcriptional signature and were more
efficient at controlling WNV replication in cortical neurons than splenic WNV-specific
CD8" T cells. The observed phenotypic divergence for CD8" T cells from these two
distinct anatomic locations translated to a difference in functional capacity to mediate
virologic control, suggesting that the CNS microenvironment influences CD8" T cell
programming to promote efficient viral clearance from cortical neurons (Fig. 1).
Additionally, a potential future study could examine the capacity of meningeal WNV-
specific CD8" T cells to control WNV replication in cortical neurons as efficiently as
brain WNV-specific CD8" T cells. This could further support the meninges as a potential
site of APC reactivation of CNS-infiltrating CD8" T cells.

CD8" T cells utilize both cytolytic and noncytolytic measures to limit viral spread,
including release of cytotoxic molecules, expression of death receptors, and secretion of

antiviral cytokines such as TNF-a and IFN-y (113, 136, 137, 139-141, 227, 234).
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However, how CNS-infiltrating CD8" T cells coordinate viral clearance from infected
neurons while limiting detrimental CNS damage and the long-term effects of chronic
inflammatory processes in the CNS are relatively underexplored areas of neurotropic
flavivirus pathogenesis and immunity. Given their enhanced PD-1 expression and TNF-
a and IFN-y production, future studies should investigate whether CNS-infiltrating WNV-
specific CD8" T cells control WNV infection preferentially through cytolytic or
noncytolytic mechanisms as compared to splenic WNV-specific CD8" T cells.

Antiviral CD8" T cells have been shown to persist in the CNS long after
resolution of neurotropic viral infection, including recent work related to WNV and ZIKV
(116, 134, 235-237). IFN-y, an antiviral cytokine previously shown to be critical for WNV
control, also dynamically regulates circuit plasticity, influencing synapse formation,
learning and memory (134). Recent findings demonstrate that IFN-y produced by
persisting antiviral CD8" T cells promotes microglia-mediated elimination of presynaptic
termini, resulting in spatial learning deficits after clearance of WNV from CNS (134).
This seminal study prompts additional lines inquiry into the post-infectious CNS.
Meningeal immunity could be central to CNS recovery following WNV clearance, and it
remains unclear if or at what point the meninges returns to homeostasis following
neurotropic flavivirus infection. Antiviral CD8" T cells retained within the parenchyma
presumably require persistent or infrequent antigen presentation for continued IFN-y
production; however, the nature of these interactions remains open to future
investigation. Intranasal infection of vesicular stomatitis virus (VSV) has been
demonstrated to establish CD103" Trw cells in the brain parenchyma, and viral antigen

persisting up to six weeks after infection has been observed (236-238). Additionally,
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recent studies indicate that the PD-1:PD-L1 signaling axis contributes to Tgrm
establishment in the brain parenchyma following infection with murine cytomegalovirus
(MCMV) and murine polyoma virus (MuPyV) (221, 222). Future studies should
investigate whether the elevated PD-1 expression observed for both meningeal and
brain WNV-specific CD8" T cells remains through the resolution of WNV infection and
corresponds with CD103 expression. If Tru cells can be confidently identified, recall
responses by memory cell populations from different tissue compartments could be
evaluated to determine whether Tru cells differentially control WNV infection of cortical
neurons. Furthermore, whether viral clearance preferentially occurs in a cytolytic or
noncytolytic manner could provide additional insight into the longevity CD8" T cell re-
programming resulting from microenvironmental cues.

Lastly, viral perturbations of the CNS have been speculated to be a contributor to
Alzheimer’s disease (AD) pathogenesis, but a definitive link has yet to be established
(239). Notably, a recent cohort study of Alzheimer's disease (AD) associated
herpesvirus RNA abundance with multiple features of AD, including genetic risk
networks, gene expression changes, clinical dementia ratings and neuropathology
(240). Furthermore, associations between viral infection and MS have also been loosely
implicated (241, 242). Much of the research in the field of MS and neurodegenerative
diseases has centered on chronic viral infections due to the persistence of viral antigen.
However, the mounting evidence that acute viral infections can lead to extended or
persistent neuroinflammatory processes suggests that the impact of repeated viral
perturbations of the CNS from both chronic and acute infection may cumulatively

contribute to CNS pathology or diseases.
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FIGURE LEGENDS

Figure 1. Microenvironmental cues within the CNS re-program WNV-specific CD8"
T cells resulting in transcriptional, phenotypic, and functional differences.
Working model of CD8" T cell programming during WNV infection. WNV-specific CD8"
T cells are recruited to the CNS through CXCL10 released by neurons. Upon entry into
the meninges and CNS, infiltrating WNV-specific CD8" T cells interact with CNS-
localized APCs and undergo dramatic transcriptional and phenotypic changes, including
enhanced antiviral cytokine production and upregulation of activation and inhibitory
markers such as PD-1. CNS-reprogrammed WNV-specific CD8" T cells more efficiently
control viral infection of neurons than peripheral WNV-specific CD8" T cells. The exact
microenvironmental cues responsible for these changes have yet to be fully elucidated
although published evidence support that interactions with some CNS-localized APC

population are critical in re-programming infiltrating CD8" T cells.
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