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ABSTRACT OF THE DISSERTATION
Cognitive Recovery in the Post Infectious CNS
by
Charise Garber
Doctor of Philosophy in Biology and Biomedical Sciences
Neurosciences
Washington University in St. Louis, 2020

Professor Robyn Klein, Chair

Neuroinflammation plays a pivotal role in a variety of diseases of the CNS associated
with cognitive impairment, including Alzheimer’s Disease, Parkinson’s Disease with dementia,
Multiple Sclerosis, anti-NMDA receptor encephalitis, and West Nile Virus Neuroinvasive
disease (WNND). Despite strong evidence that infiltration of peripheral immune cells and
activation of resident microglia and astrocytes occurs in these various diseases, very little is
known about how this altered immune environment may influence normal cognitive function.
Given that communication between the nervous and immune system is essential for normal
cognitive function, the central motivation of my thesis work is to understand the mechanisms by
which immune activation, which is vital for pathogen control, may influence cognitive recovery
in the setting of viral infection of the CNS.

First, using a recovery model of WNND in which intracranial infection of adult mice

with an attenuated strain of West Nile Virus leads to spatial learning deficits on the Barnes Maze

viii



behavioral task, we demonstrate that following viral clearance activated astrocytes express the
cytokine interleukin-1 (IL-1) which decreases neurogenesis and increases the generation of
astrocytes. Animals deficient in the receptor for IL-1 (IL1R1-/-) are protected from this decrease
in neurogenesis and display early recovery of synaptic terminals and protection from virus-
induced spatial learning deficits. In addition, treatment of mice with Anakinra, an FDA-approved
IL-1R antagonist, during acute disease similarly led to protection from spatial learning deficits.
Next, using the same recovery model of WNND, we demonstrate that T cells persist in
the hippocampus for weeks following viral clearance and continue to express the cytokine
interferon-gamma (IFNg) leading to persistent activation of microglia. Animals deficient in the
receptor for [IFNg (IFNgR-/-) are protected from microglial activation and spatial learning
deficits, despite delayed viral clearance and increased persistence of viral RNA in the
hippocampus compared to wildtype controls. Conditional deletion of IFNgR from microglia
upon tamoxifen administration to Cx3CR1-Cret® x IFNgR-fl/fl mice was sufficient to protect
animals from spatial learning deficits. These results were confirmed in animals infected with
Zika-virus (ZIKV), a related flavivirus with different neural tropism, suggesting a common
mechanism by which altered immune activation in the CNS leads to long term cognitive deficits.
These studies provide valuable insights into the neuroimmune processes that influence tissue
repair and cognitive recovery in the hippocampus following viral encephalitis, and identify IFNg

signaling in microglia as a critical signal underlying diverse recovery mechanisms.

iX



Chapter 1: Introduction to neuroimmunity
and cognitive function

1.1 Overview of neuroimmunology and CNS function

Neuroinflammation is a hallmark of many diseases associated with cognitive impairment
including Alzheimer’s disease, Parkinson’s disease with dementia, multiple sclerosis, anti-
NMDA receptor encephalitis and viral encephalitis. However, even under homeostatic, disease-
free conditions, communication between the nervous and immune systems is essential for proper
brain function. This includes a role for microglia, the resident immune cells of the CNS, which
actively extend and retract their processes to remodel their local environment by engulfment of
synapses' = or newborn neurons*®, and for T cells, non-resident adaptive immune cells, which
continuously patrol the CNS and influence cognitive processing through the secretion of
cytokines’ !°. Thus, the neuroprotective or pathological effect of inflammation may depend on

specific cytokine expression induced in regionally distinct ways.

1.2 Microglia

1.2.1 Neurodevelopment
The Microglia arise from erythromyeloid progenitors (EMP) of the fetal yolk sac during

primitive hematopoiesis and begin seeding the CNS around E9.5 in mice!!!2, In addition to
microglia, other myeloid cells of the CNS including perivascular, meningeal, and choroid plexus
macrophages also derive from EMPs of the fetal yolk sac and seed the CNS between E9.5-12.513.

The kinetics of microglial seeding into the CNS, coincident with angiogenesis and neurogenesis,



and prior to astrocyte and oligodendrocyte genesis, provides a unique opportunity for microglia
to influence neurodevelopment'®. Indeed, ingenuity pathway analysis (IPA) of microglial gene

expression identified many functions associated with nervous system development!®.

Several signaling pathways have been described which are important for microglial
development and maintenance in the adult brain including transforming growth factor (TGF)-
beta, the transcription factor Pu.1, interferon regulatory factor (IRF)-8 and colony stimulating
factor 1 receptor (CSFIR)!!:1>-18, CSFIR signaling is required for proliferation of yolk sac
macrophages, as such CSF1R-/- mice do not have microglia although microglia are present in the
CNS of animals lacking the ligand CSF1, which suggested an alternate CSF1R ligand is
important for maintenance of microglia in the CNS. IL-34 can also signal through CSFIR, and is
expressed by neurons in the cortex and hippocampus, but not the cerebellum of adult mice.
Accordingly, animals deficient in IL-34 show decreased numbers of microglia in the cortex and

hippocampus, with no changes observed in the cerebellum!”-13,

Pioneering in vivo imaging studies revealed that microglia in the adult brain are highly
dynamic, constantly extending and retracting processes to sample the surrounding environment,
contacting neuronal cell bodies, astrocytes, blood vessels and synapses!!*2°, Transcriptome
analysis revealed that microglia in the adult brain express many genes involved in sensing the
environment, and the majority of these recognize intrinsic CNS antigens while a much smaller
percentage recognized bacterial or other pathogen associated products?!, suggesting that
surveillance of the local environment represents an important microglial function.

1.2.2 Homeostatic function
During development, microglia play a crucial role in refining circuits by pruning excess

synapses>>, or promoting the formation of new ones?>?*, In the lateral geniculate nucleus of the
2



thalamus, visual circuits are modified through activity dependent synaptic pruning via
complement®. A recent report has also suggested a role for astrocyte derived 1L-33, an IL-1
family member, in signaling to microglia to promote synapse pruning in the thalamus and spinal
cord during postnatal synapse maturation?*. During adulthood, microglia contribute to learning-

dependent spine formation?.

As the specialized tissue-resident macrophage in the CNS, microglia have multiple
functions during development and adulthood related to phagocytosis of debris. In addition to the
pruning of synapses mentioned above, microglia also remove apoptotic purkinje cell neurons in
the developing cerebellum?, apoptotic newborn cells in the neurogenic niche of the
hippocampus®, and non-apoptotic tbr2+ neural progenitors in the developing cerebral cortex®.
1.2.3 Role in disease
Under homeostatic conditions, microglia, and other myeloid cells of the CNS derived from
EMPs of the yolk sac are long lived and are not replaced by circulating monocytes, with the
exception of choroid plexus macrophages which have more frequent turnover'>. However, during
blood brain barrier disruption in the setting of disease, peripheral monocytes can be recruited
into the CNS parenchyma and contribute to the pathogenesis or resolution of disease. There
continues to be a strong debate over the relative contributions of peripheral-derived macrophages
and resident microglia in CNS diseases; in particular the ability of the former to enter and engraft
in the CNS and the ability of the latter to proliferate and expand in response to disease.
Following facial nerve axotomy, in which microgliosis is observed in the absence of blood brain
barrier breakdown, microglia seem to proliferate locally in response to the injury?®. Single-cell
tracking by in vivo imaging confirmed the long-lived nature of microglial cells in the cortex, and

suggested that in the setting of Alzheimer’s disease the increased density of microglia around
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plaques is most likely due to proliferation of neighboring microglia whose daughter cells migrate
towards the plaque®®. These studies suggest that microglia can proliferate in response to disease.
1.2.4 Role in disease

Microglia isolated from different regions of the brain express unique genetic signatures®’.
Cortical and striatal microglia cluster distinctly from cerebellar microglia, with hippocampal
microglial demonstrating an intermediate expression profile. Some of the most regionally distinct
pathways include those involved in immune function and energy metabolism, which are
increased in hippocampal and cerebellar microglia. Interestingly, hippocampal microglia show
particular variability in aging, acquiring a profile that more closely resembles cortical microglia.
In contrast, cerebellar microglia show increased expression of immune-related genes, consistent
with the immune vigilant status of the hindbrain (see section 1.4.4)*’. Baseline differences in the
transcriptional profile of microglia suggest that microglia from distinct brain regions may
respond differently to infection or injury, providing an exciting new area of research to be

explored.

1.3 Astrocytes

1.3.1 Neurodevelopment
In the developing CNS, neurogenesis precedes astrogenesis. Astrocytes develop from the neural

stem cells, although the precise transcriptional cues regulating this “gliogenic switch” remain
unknown. Activation of the Janus kinase-signal transducer and activator of transcription (JAK-
STAT) signaling pathway promotes astrocyte differentiation?®?°. Fate-mapping revealed that
astrocytes proliferate in the ventricular zone and early astrocyte-restricted precursors migrate to
specific regions of the CNS according to their initial site of origin in the ventricular zone*%3!. In

vivo imaging studies demonstrated that differentiated astrocytes in the cortex then divide
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postnatally to expand and functionally integrate with other CNS cell types®2. Thus both
asymmetric division occurring in germinal centers in late embryogenesis and symmetric division
occurring in the final brain region where they will reside accounts for the 6-8 fold increase in

astrocyte numbers observed in the first thee postnatal weeks¥t.

1.3.2 Homeostatic function

Astrocytes perform a diverse array of functions in the developing and adult CNS. Astrocyte end-
feet surround cerebrovascular endothelial cells to form the blood brain barrier which regulates
entry of molecules and cells into the CNS parenchyma**. Astrocytes also send processes toward
synaptic connections between neurons to regulate synapse formation and neurotransmitter
recycling®>. Neighboring astrocytes are coupled electrically by gap junctions and buffer
extracellular ions, in particular potassium, through expression of the potassium channel Kir4.136,
Recent studies have identified unique roles for astrocytes in more complex behaviors. Astrocytes
located in the chemoreceptor areas of the brainstem, respond rapidly to changes in pH and
release ATP which triggered breathing in mice’’. Astrocytes from other brain regions were not
sensitive to changes in pH, suggesting that astrocytes may acquire regionally distinct functions as
they integrate into CNS circuits®’. Indeed, an early study found that astrocytes from the
hippocampus promote neurogenesis when cultured with neural stem cells, but astrocytes from
the spinal cord do not*®. More recent studies have shown that astrocytes in the ventral (motor)
and dorsal (sensory) regions of the spinal cord display unique genetic signatures, which influence
axon orientation and synapse formation during development® and astrocytes in the trigeminal
nucleus induce bursting in rhythmogenic neurons by secretion of the calcium binding protein
S100B%. Collectively, these studies demonstrate that astrocytes perform a wide range of

functions, which may be unique to the region of the CNS where they are found.



1.3.3 Role in disease
Astrocytes have long been known to react to injury, however the extent to which this reaction is

neuroprotective or pathological has become a recent focus in the field of glial biology. In a
pioneering study, Zamanian et al purified astrocytes from the CNS following two different types
of injury: ischemic injury by middle cerebral artery occlusion (MCAOQO) and neuroinflammation
by a single i.p. injection of LPS*!. Transcriptional profiling revealed a set of genes which showed
increased expression after both MCAO and LPS, as well as genetic signatures that were unique
to one injury or the other*!. A follow up study further refined the expression profile to define a
set of genes coined “pan-reactive” (upregulated in both MCAO and LPS), “A1” (upregulated
after LPS) and “A2” (upregulated after MCAQ)**. Although the nomenclature has sparked some
criticism, in part due to controversy surrounding the M1/M2 designation for reactive microglia®,
these studies made important advances by identifying patterns of gene expression associated with

neuroprotective or neurotoxic responses.

Astrocytes can serve neuroprotective roles after CNS injury. Recent work has provided
evidence to challenge the prevailing the dogma that glial scar formation after spinal cord injury
prevents axonal regrowth. In an elegant series of experiments, Anderson et al prevented or
removed glial scars and did not see spontaneous regrowth of axons. However, delivery of growth
factors via synthetic hydrogel depots in the lesion led to robust regrowth of axons, and this
regrowth was significantly blunted in the absence of glial scar formation**. Another study
identified a unique mechanism of astrocyte-derived mitochondria to neurons to promote survival
following stroke*. Astrocytes can also serve neurotoxic roles after CNS injury or prevent

recovery. LPS reactive astrocytes release a neurotoxic factor, the identity of which is currently



unknown, which kills alpha motor neurons in vitro**. In a mouse model of Alzheimer’s disease,
plaque associated astrocytes produced increased levels of the inhibitory neurotransmitter GABA
which impaired synaptic plasticity and learning and memory*®. These studies suggest a
functional diversity in the reaction of astrocytes to various types of CNS damage which may

promote or prevent recovery.

1.3.4 Enhanced innate immune responses of hindbrain neurons and

astrocytes
*The following section is adapted from a box I wrote for our published review?”

Astrocytes from different brain regions display distinct immune signatures at baseline and in
response to an inflammatory stimulus. Early in vitro experiments demonstrated that brain stem
astrocytes had elevated MHC-II and ICAM-I expression compared to various forebrain
structures*. Cerebellar and spinal cord astrocytes additionally released higher basal levels of
many chemokines/cytokines in vitro compared to cortical astrocytes including IL-1B, CCL2, IL-
6, and IL-9, and brain region had specific effects on chemokine/cytokine levels following

exposure to HIV proteins®.

Neurons also display regional heterogeneity of innate immune response at baseline and in
response to infection. In situ hybridization studies demonstrate that ISG-49 (IFIT-3) is highly
expressed in the Purkinje cell layer of the cerebellum, corpus callosum, and choroid plexus
following LCMV infection. In contrast, ISG-56 (IFIT-1) is most highly expressed in the
olfactory bulb and olfactory neurons. Striking differences in ISG expression occurs even in
neuronal subpopulations within a given region. For example, while ISG-49 was resent at high
levels in Purkinje cell, molecular, and granule neurons of the cerebellum, ISG-56 was primarily

restricted to granule neuron layer while ISG-54 (IFIT-2) was found in the Purkinje cell layer.



Granule cell neurons also expressed high levels of ISG-49 and ISG-56 following WNV
infection®®. In fact, differences in expression of innate immune genes can be seen at baseline.
Microarray analysis comparing granule cell neurons of the cerebellum to cortical neurons of the
cerebral cortex revealed that IFN related genes including Ifitl, Irf7, Statl and Oasl were higher
in cerebellar granule cell neurons. Granule cell neurons displayed increased resistance to viral
infection at baseline and in response to IFN-b treatment. Indeed, even the kinetics response to
IFN-b treatment was increased in cerebellar granule cell neurons peak expression levels of
several genes including Ifitl, Rsad2, and Oas reached peak expression levels at an earlier time

point compared to cortical neurons’!.

1.4 T cells

1.4.1 Meningeal Immunity
A growing body of literature has demonstrated the important role of meningeal T cells in

influencing spatial learning in mice®2. Early experiments demonstrated that SCID mice, which
lack functional B and T cells, have impaired performance on the Morris Water Maze™. This
impairment in spatial learning was not due to differences in motor function or baseline
psychomotor abnormalities, and could be reversed with CD3 T cell replenishment>*. Mice
undergoing a spatial learning task demonstrated an increase in CD4+ T cells in the meninges
relative to naive mice which did not undergo cognitive testing®, and further studies demonstrated
a critical role for CD4+ T cells in spatial learning’>’. Importantly, surgical resection of deep
cervical lymph nodes led to an increase of CD4+ T cells in the meninges and was correlated with
deficits in spatial learning relative to sham operated controls>, suggesting that spatial learning
depends in part on maintenance of particular T cell subsets in the meninges®>>¢, The discovery
of meningeal lymphatics, which demonstrated a structural route for recirculation of meningeal
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lymphocytes and drainage of cerebral spinal fluid (CSF), provides an important advance in
understanding the interchange between peripheral immune compartments and the CNS!'%-%7,
1.4.2 Response to RNA virus infection

T cells play a critical role in viral clearance from the CNS, although the response must be
carefully controlled to limit immunopathology in an organ with limited capacity for repair. T cell
recruitment to the CNS occurs primarily via chemokine signaling pathways. During WNV
infection, neuronal production of CXCL10 leads to the recruitment of CXCR3+ T cells to the
CNS to control viral infection and promote survival®®. Reactivation of recruited T cells occurs
via interaction with CD11c+ dendritic cells in an IL1IR1 dependent manner®, and release of T
cells from the perivascular space into the parenchyma is in part mediated via alterations in
polarity of CXCL12 expression at the endothelium®. Recent work in a model of neurotropic
coronavirus infection highlights the importance of CD8+ T cell reactivation in perivascular
spaces of the CNS for viral control and survival. In this work, expression of CCL19 and 21 by
stromal endothelial and fibroblast reticular like cells in the perivascular spaces of the CNS was
shown to be important for coordinating recruitment and reactivation of antiviral CD8+ T cells to
the CNS via CCR7 signaling®!. The specific chemokine milieu in the infected CNS appears to
also influence T cell activity and antiviral response. During acute infection with LCMV,
cytotoxic T lymphocytes express chemokines which leads to peripheral myeloid cell recruitment,
severe immunopathology and death®?. However, during chronic LCMYV infection, therapeutic

administration of virus specific T cells can lead to non-cytopathic clearance of virus®’.

T cells can persist in the CNS for months to years following neurotropic infection with
dengue®, VSV, WNV-67 and influenza®®, however the functional implications of this
g p

persistence are relatively unknown. Tissue resident memory T cells (Trwm cells) are a recently
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described class of long lived memory T cells which reside in non-lymphoid tissues at sites of
prior antigen exposure and coordinate a rapid recall response to re-challenge®’°. Trym cells are
classically defined by the expression of the integrin o.E (CD103) and the early activation marker
CD69, however expression of these two markers is not uniform across all circulation-
independent Trwm cells in non-lymphoid tissues. CD69 is rapidly upregulated upon activation
through TCR signaling and exposure to type I interferons, and interferes with signaling through
the sphingosine 1 phosphate 1 receptor S1P1, preventing T cell egress from the tissue’!’2. In the
CNS, generation of Trum cells appears to be antigen dependent®>3. However, persistent antigen
exposure was not required for Trm persistence in the CNS®-%8, CD69+ brain Tru cells also
express high levels of the pro-survival molecule Bel-274, which may explain their long term

survival despite lack of continuous antigen exposure.

Consistent with studies of Trm cells in other tissues, brain Trm cells are poised to provide
enhanced protection against returning pathogens. An early study identified CD69+ CD8+ T cells
persisting in the CNS to 320 days post infection (the latest time point analyzed) which retained
killing function when exposed to peptide or virus loaded cells ex vivo®. More recent studies have
demonstrated that brain Trwm cells can provide enhanced protection and survival in mice upon re-
challenge’ 5. This protection could occur despite depletion of peripheral CD4 and CDS cells,
and was dependent on interferon-gamma and perforin production by the brain Trum cells’. While
these studies demonstrate the existence of brain Trum cells, and the capacity to provide functional
pathogen control upon re-exposure, very little is known about how the presence and activity of
persistent T cells may influence activity of resident CNS cells including microglia, astrocytes,

and neurons in the absence of overt infection.
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1.5 Hippocampal function in learning and memory

1.5.1 Hippocampal circuitry
The hippocampus plays a critical role in the processing, storage and retrieval of different types of

memory, in particular spatial memory. Memory is encoded through a feedforward circuit loop
that centers around the CA3 region of the hippocampus’®. The CA3 receives input from the
entorhinal cortex either directly through the perforant path, or indirectly through the dentate
gyrus (DG). There are excitatory connections between CA3 pyramidal cells, as well as inhibitory
input from CA3 interneurons. The primary output of the CA3 is through axons which synapse on
CAI1 pyramidal cells and interneurons’®. Different sub-regions of the hippocampus have distinct
functions in computational memory processing. In particular, the dentate gyrus, which receives
numerous connections from the entorhinal cortex but sends sparse input to the CA3, is
responsible for pattern separation’’. The excitatory connections between CA3 pyramidal cells
allow for pattern completion to integrate new spatial memory information into the pattern of
what was previously experienced”’. Elegant studies using a multi-electrode approach to
simultaneously record neurons in the DG and CA3 during a spatial processing task in which
local and global cues were spatially rotated at distinct angles provided experimental and
computational evidence for this long-standing, anatomically-based, hypothesis’.

1.5.2 Hippocampal circuitry

Neurogenesis occurs in two distinct brain regions in adult animals: the subgranular zone (SGZ)
of the dentate gyrus (DG), and the subventricular zone (SVZ) of the lateral ventricles”. Genetic
labeling studies demonstrated that SVZ neurogenesis contributes to the replacement of olfactory
bulb neurons without a change in overall number®. In contrast, neurogenesis in the SGZ appears

to account for the increase in the number of DG neurons observed as animals age®’. Blockade of
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neurogenesis by radiation or anti-mitotic drugs has led to mixed results over the requirement of
adult neurogenesis for spatial learning in adult mice®!. However, specific targeting of neural
precursor cells by genetic ablation in C57BL/6 mice demonstrated that adult neurogenesis is
important for spatial learning and memory recall on the Barnes Maze behavioral task®®. More
specifically, hippocampal neurogenesis appears to be important for pattern separation, or the
ability to encode and recall small changes between similar inputs, in the dentate gyrus. Ablation
of neurogenesis in the SGZ prevented animals from correctly distinguishing between spatially
similar reward arms during a modified radial arm maze designed to test pattern separation.
Performance of depleted animals was similar to sham-operated controls if the arms were
separated by a greater distance®?. Exercise induced increases in neurogenesis was recently shown
to improve spatial pattern separation in adult mice, and aged animals which were exposed to
exercise but resistant to increases in neurogenesis were subsequently resistant to exercise-
induced benefits in spatial memory®®. These studies suggest that neurogenesis in the adult rodent
hippocampus contributes to spatial memory encoding.

1.5.3 Synaptic plasticity

Long-term potentiation, the ability of repeated afferent stimulation to produce a long-term
enhancement of synaptic transmission, has long been the leading hypothesis to explain how
synaptic plasticity influences hippocampal encoding of spatial memory®4. This phenomenon was
first observed in the dentate gyrus anesthetized rabbits®> and has since been validated in other
model systems including mice®*. One of the first studies using the cre-lox system for conditional
gene expression, specifically deleted N-methyl-D-aspartate receptors (NMDARSs), which are
important mediators of LTP, in CA1 neurons to demonstrate that loss of LTP in the CA1

impaired spatial learning on the morris water maze®®. A seminal study using an inhibitory
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avoidance paradigm, which creates a stable memory in rats after one trial, provided experimental

evidence that learning induces LTP in the hippocampus®’.

1.6 Inflammation-induced CNS dysfunction in parenchyma
infection

*The following sections are adapted from material I wrote for our published review*’

1.6.1 Viruses
Both DNA and RNA viruses of different families can infect the CNS, leading to the clinical

syndromes of meningitis, encephalitis, or meningoencephalitis. Many DNA viruses and few
RNA viruses replicate in the nucleus, establishing latency by integrating into the cellular DNA,
while most RNA viruses primarily replicate in the cytosol, and generally do not establish
latency®®. Herpes simplex encephalitis (HSE), caused by the DNA virus herpes simplex virus
(HSV)-1, is the most common acute, sporadic encephalitis in the US and worldwide®’.
Arthropod-born viruses, or arboviruses, are another important cause of encephalitis (Reviewed
in®%). West Nile virus (WNV), a positive sense RNA flavivirus, is the most widely distributed
arbovirus worldwide, with cases reported on every continent but Antarctica’’. The
pathophysiology, diagnosis, and management of acute HSE and WNV have been recently
reviewed”?. Patients with viral encephalitis of any etiology typically present with fever,
headache, confusion and altered mental status but may also present with seizures or focal
neurological signs. Animal and human studies have demonstrated that both innate immune
responses and lymphocyte trafficking to the CNS are important mechanisms of virologic
control®**, Neurological and neuropsychiatric sequelae can persist or develop following
encephalitis due to a variety of neurotropic pathogens, which has become a prioritized area of
research®. Patients surviving HSE or WNV encephalitis experience high rates of neurological

sequelae including memory impairment (60%), speech disorders (35%) and cognitive
13



impairment (29%)°¢. Of the 90% of patients who survive WNV, about 50% experience cognitive
sequelae deficits including depression, fatigue, memory impairment or changes in executive
function that may persist for years’”%. Here, we will focus on mechanisms underlying

neurological sequelae in HSE and WNV encephalitis in individuals with intact immunity.

Increasing evidence suggests that developmental pathways regulating synaptic plasticity
by microglia and astrocytes can be reactivated during disease states. Alterations in synapse
homeostasis resulting from aberrant activation of glia may contribute to the cognitive
dysfunction seen in many neurocognitive disorders, including Autism Spectrum Disorders and a
variety of dementias including Alzheimer’s Disease (AD)*-!%. The complement system, part of

101 “influences

innate immunity that initiates adaptive responses to clear virus peripherally
synapse homeostasis during development?*!92 and can promote synapse elimination during
neurodegenerative and neuroinfectious diseases!?*!%. In a model of AD using J20 transgenic
mice which harbor a familial AD-mutant of human amyloid precursor protein!®®, C1q deposition
preceded synapse elimination and plaque formation, and mice deficient in complement signaling
had fewer phagocytic microglia and reduced synaptic elimination!'®. Loss of Clq also protected
animals from synaptic elimination and downstream behavioral phenotypes in a model of
dementia caused by deficiency of progranulin, a pleotropic protein that plays a major role in
genetic causes of frontotemporal dementia!%. Progranulin-deficient microglia exhibit increased
lysosomal activity and complement production, leading to preferential elimination of inhibitory

neurons!?’

. In a model of WNV-induced memory impairment, phagocytic microglia persisted for
weeks after viral clearance, and gene signatures associated with complement-mediated synapse

remodeling were elevated in the hippocampus, a CNS region responsible for memory!®. Delayed

recovery from acute synapse loss correlated with poor spatial learning, and mice with fewer
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microglia (1/3477) or complement deficiency (C37~ or C3ar”~) were protected from virus-
induced synaptic elimination!'®?, suggesting aberrant microglial activation and complement-
mediated deletion of neuronal communication following viral encephalitis may result in

neurological sequelae seen in neurotropic virus-infected survivors.

While instituting intravenous acyclovir as the standard of care for HSE has greatly improved
survival rates!®®, patients surviving acute infection are at risk for clinical neurologic relapse and
the development of new neuropsychiatric symptoms including memory loss and epilepsy'?”. PCR
analysis of the CSF during relapse at times reveal an absence of CNS viral replication, leading to
the hypothesis that these relapses are in fact immune-mediated!!°. In recent years, numerous
studies and case reports have linked clinical relapses to the development of autoimmune
encephalitis, and in particular to anti-N-methyl-D-aspartate receptor (NMDAR) encephalitis
(Reviewed in'!!"). Administration of patient, but not control, CSF to hippocampal cultures leads
to a titer-dependent but reversible decrease in NMDAR density without altering the number of
synapses or the density of other synaptic proteins like PSD-95, GluR 1, GluR2 receptor clusters
or GABA receptor!!2, Intracerebral infusion of patient CSF or purified IgG similarly increases
NMDAR internalization in vivo and alteration in glutamate homeostasis and signaling!!'?!!3,
Furthermore, these autoantibodies inhibited the development of long-term synaptic plasticity in
vitro''*. The recent development of a rodent model for anti-NMDAR encephalitis demonstrates
that continuous infusion of patient autoantibodies can lead to behavioral deficits, providing a

platform for preclinical testing!!3

. Whether autoantibodies develop due to molecular mimicry,
secondary to release of antigens following neuronal lysis, or as a primary mechanism of

neuroprotection by the immune system requires further study.
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1.6.2 Neurotropic parasites
CNS infections with certain neurotropic parasites are also known to cause alterations in host

behavior. Among the most well-known is Toxoplasma gondii, a common zoonotic parasite with
a worldwide seroprevalance between 30-70%. 7. gondii, causes chronic CNS infection and
neuroinflammation after ingestion of oocysts in contaminated food or water!!>. Ingested oocysts
develop into fast-dividing tachyzoites that invade the gut epithelium and lamina propria,
replicate asexually through a process called endodyogeny, and then exit and infect myeloid cells,
which allow dissemination to multiple tissue sites in the body (including the eye, heart, liver,
lung, lymph nodes, muscles and CNS (Reviewed in'!6). The life cycle of T. gondii requires
infection of feline prey intermediate hosts whose ingestion leads to infection of feline definitive
hosts (Reviewed in!!7). Infection of intermediate host CNS appears to be a critical stage of the T
gondii life cycle, ensuring successful predation via modifications in prey’s olfactory preferences
that reduce predator avoidance!'®!!°, Epidemiologic studies of 7. gondii infection in humans,
which may have evolved when human ancestors were still under feline predation!2’, similarly
link parasite seropositivity with alterations in olfactory preference and behavioral abnormalities
in immunocompetent individuals, the latter of which include those associated with

neurodegenerative and psychiatric diseases.

CNS invasion by 7. gondii (Reviewed in'?!), leads to infection of all neural cell types,
most of which are promptly cleared of parasite via astrocyte and microglial expression of T cell
chemoattractants CCL5, CXCL9 and CXCLI10, that recruit IFN-y-expressing CD4" and CD8* T
cells directed at 7. gondii antigens'??. Neurons remain latently infected with slowly replicating
bradyzoites for the life of the host. In murine studies, behavioral effects of 7. gondii are

associated with direct infection of cortical neurons and astrocytes with modification in their
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functions, including those that impact innate immunity and dopaminergic and glutamate
signaling!?*!24, Direct effects of 7. gondii on neuronal function, including derailments of
neurotransmitter expression, modulation of calcium signaling, and loss of myelinated fibers,
MAP-2" neurites and NeuN™ cells are all suggestive of parasite-mediated impairment or injury
(Reviewed in'?%). These effects are proposed to underlie a variety of behavioral alterations,
psychiatric diseases and certain neurodegenerative disorders observed in 7. gondii—infected
hosts. However, aversion to cat urine is also observed in rodents after clearance of cysts'?6, and
low total cyst burdens and lack of specific neuronal tropism observed in infected brain regions
raise the important possibility that chronic 7. gondii infection induces inflammatory-mediated

dysfunction that does not require the persistence of parasite.

The T. gondii-infected CNS exhibits increased astrocyte expression of TNF, IL-1a, and
IL-6'?7, each of which have been implicated in the regulation of neural correlates of memory
including adult neurogenesis, synaptic plasticity and modulation of long-term potentiation!28-130,
Molecular interactions between dopaminergic and inflammatory cascades within neurons may
underlie behavioral alterations during chronic infection with 7. gondii. NR4A transcription
factors NR4A1, NR4A2, and NR4A3 (also known as Nur77, Nurrl, and Norl, respectively)
share similar DNA-binding properties and have been implicated in regulation of dopamine
neurotransmission genes'3!. Nurrl, in particular, induces tyrosine hydroxylase (TH) expression
during differentiation of dopaminergic neurons and plays a key role in the maintenance of the
dopaminergic system of the adult brain. Consistent with this, NR442 polymorphisms are
associated with a variety of neurologic and psychiatric disorders including Parkinson’s disease,

Lewy body dementia, addiction and attention deficit disorder'*2, Nurrl and its co-regulating

factor, glycogen synthase kinase 3, recruits COREST, a complex made of several proteins that
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assembles chromatin-modifying enzymes, also interacts with the transcription factor complex
NF-kB-p65, protecting dopaminergic neurons during LPS-induced inflammation by reducing
expression of inflammatory genes, including 7nf, NO and //1b, in microglia and astrocytes!3?.
Nurrl-heterozygous mice show increased exploratory behavior and reduced anxiety that is
exacerbated by chronic infection with 7. gondii compared with similarly infected wild-type

134 While there are no studies examining NR4A2 polymorphisms in psychiatric patients

animals
chronically infected with 7. gondii, cognitive deterioration among bipolar disorder patients
infected by T. gondii has been reported'*>. Genome-wide analyses may be a useful approach to

identify susceptibility genes that predispose individuals to development or worsening of affective

disorders after infection with 7. gondii.

1.7 West Nile virus

1.7.1 Virology

West Nile virus (WNV) is a neurotropic, mosquito-borne flavivirus that cycles primarily
between birds and rodents. Humans and horses can incidentally serve as dead-end hosts when
bitten by an infected mosquito, but due to low levels of viremia do not contribute to the
transmission cycle for the virus. WNV is a member of the Flaviviridae family which includes
other viruses that cause a significant burden of disease worldwide including Dengue virus
(DENV)!3%, Japanese Encephalitis virus (JEV), Tick-borne encephalitis virus (TBEV) and Zika
virus (ZIKV, see section 1.9). Like other flaviviruses, WNV is a single-stranded positive-sense
RNA virus containing a single open reading frame. The translated polyprotein is cleaved by viral
and host proteases to generate three structural proteins (C, prM, and E) and seven non-structural

proteins (NS1, NS2A, NS2B, NS3, NS4a, NS4b)!37.
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1.7.2 Epidemiology and clinical presentation
WNV was first isolated from a febrile patient in Uganda in 1947!3% and was introduced to the US

in New York in 1999'%°, Since then the virus has spread across the US and is the leading cause of
domestically acquired arboviral disease with about 2,000 cases reported to the CDC every
year'#%, Most patients who become infected with WNV are asymptomatic or experience non-
specific flu-like symptoms that cause significant morbidity but remain undiagnosed'#!. A subset
of patients may experience severe and potentially fatal neuroinvasive disease including

encephalitis, meningitis, and/or flaccid paralysis!'4?

. Patients surviving West nile virus experience
significant morbidity due to the presence of persistent neurological sequelae which can last for
years’$143-150 A gystematic review of the clinical literature revealed that muscle weakness,
fatigue, memory loss and depression are among the most commonly reported symptoms'>°.
Fatigue was present in 48-75% of patients after neuroinvasive disease and 48% of patients with

WNV fever!0, Memory loss was present in up to 59% of patients for up to 8 years following

infection with WNV130,

1.8 Zika virus

1.8.1 Epidemiology and clinical presentation

Zika virus was first isolated in 1947 from a rhesus monkey in the Zika forest of Uganda!>!

.In
2007 there was an outbreak in the Yap Island of Micronesia primarily characterized by rash,
fever, arthralgia and conjunctivitis which represented the first occasion of spread outside of
Africa and Asia'®2. In 2013 and 2014 another major outbreak of Zika virus occurred, this time
associated with Guillain-Barre syndrome, an autoimmune flaccid paralysis!*3. In 2016 the Zika
virus epidemic was named a Public Health Emergency of International Concern (PHEIC) due to

the clustered reports of microcephaly and GBS cases in Brazil and other countries!>*.
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The recent epidemic has revealed multiple outcomes of Zika virus infection causing
human disease. Congenital ZIKV exposure can cause multiple abnormalities, now clinically
defined as Congenital Zika Syndrome, including severe microcephaly, cortical malformation,
subcortical or basal ganglia calcifications, and hypertonia!>. In addition to Guillain-Barre
Syndrome (GBS), which was associated with Zika virus infection in French Polynesia!*3, a range
of other neurological complications in adults infected with Zika virus have been reported, and
the long-term outcomes for patients surviving this emerging neurotropic virus remain
unknown!6-192 Animal studies have demonstrated increased neurotropism and neurovirulence of
African lineage strains, particularly in the CNS. Some have suggested that outbreaks may have
occurred, but went unnoticed due to the low capacity for detecting and reporting emerging

threats in much of the continent!®3

. Indeed, a retrospective cohort study in Nigeria in 2012
identified 340 cases of microcephaly among 3196 infants enrolled (10.6%), which at the time
was attributed to suspected CMV164,

1.8.2 Neurotropism

Zika virus can infect human neural progenitor cells derived from human induced pleuripotent
stem cells (hiPSCs), leading to increased cell death and cell cycle disturbance!®® which prevents
neurosphere proliferation and brain organoid growth in vitro'%®. In triple knock out mice
deficient in Irf3, Irf5, and Irf7, retro-orbital injection of a Cambodian isolate of ZIKV led to
infection of adult neural progenitor cells in neurogenic zones leading to caspase-3 activation and

167 Another study found early infection of GFAP+ astrocytes and mature neurons in the

apoptosis
CNS after intraperitoneal (ip) injection of wildtype pups with a Cambodian isolate on the day of

birth (P0), with sparse infection of neural progenitor cells at this developmental stage'®S. Another

group infected WT mice at P7 or P21 by intracranial injection with ZIKV MR766 and found
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immunoreactivity for the apoptotic marker cleaved caspase 3 (CC3) to colocalize with NeuN, a
marker of mature neurons'®. Finally, a recent study of congenital Zika virus infection in pigtail
macaques found decreased numbers of neural progenitors in the neurogenic SGZ and SVZ as

well as increases in astrocytes in virus-exposed fetal tissue harvested by caesarean section within

one month of their due date!’°.

High levels of ZIKV RNA and infectious virus were detected in the spinal cord and
brains of 4-6 week old Ifnari-/- mice infected with a ZIKV isolate from French Polynesia!’!.
ZIKV non-structural protein 5 (NS5) targets human STAT?2 for proteasome-dependent
degradation, which allows it to evade the Type I interferon response and cause disease!’>!73. NS5
does not bind mouse STAT2, which could explain the lack of disease in wild-type mice!”>.
Indeed, in Stat2-/- mice, subcutaneous infection with African lineage strains (Uganda MR766
and Dakar 41519) led to high levels of virus in the brain, robust induction of chemokines and
cytokines, and lethality by 7 days post infection. WT animals infected with the same strains did

not lose weight or succumb to the infection!’.
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Chapter 2: Astrocytes decrease adult
neurogenesis during memory dysfunction via
I1-1

This chapter is adapted from a manuscript published in Nature Immunology:

Garber C, Vasek MJ, Vollmer LL, Sun T, Jiang X, Klein RS. Astrocytes decrease adult
neurogenesis during virus-induced memory dysfunction via IL-1. Nat Immunol.
2018;19(2):151-161. doi:10.1038/s41590-017-0021-y.
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experiments, compiled and analyzed the data; C.G., M.J.V., and R.S.K. prepared the figures;
L.L.V,, T.S. and X.J. were involved in specific experiments; C.G., M.J.V., and R.S.K. analyzed
the data and wrote the manuscript.

2.1 Abstract

Memory impairment following West Nile virus neuroinvasive disease (WNND) is associated
with loss of hippocampal synapses with lack of recovery. Adult neurogenesis and synaptogenesis
are fundamental features of hippocampal repair, suggesting viruses impact these processes. Here,
using an established model of WNND-induced cognitive dysfunction, transcriptional profiling
revealed alterations in gene expression that limit adult neurogenesis, including interleukin (IL)-1.
WNND-recovered animals exhibit decreased neuroblasts and increased astrogenesis, without
recovery of hippocampal neurogenesis at thirty days. Analysis of cytokine production in ex vivo
isolated microglia and astrocytes revealed the latter to be the predominant source of IL-1. IL-

1R 1-deficient, WNND-recovered mice exhibit normal neurogenesis, recovery of presynaptic

termini, and resistance to spatial learning defects, the latter of which likewise occurred after
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treatment with IL-1R1 antagonist. Thus, preferential generation of proinflammatory astrocytes
impairs neuronal progenitor cell homeostasis via expression of IL-1, which may underlie long-

term cognitive consequences of WNND, but provides a therapeutic target.

2.2 Introduction
Members of the Flavivirus genus, which include West Nile (WNYV), Japanese encephalitis (JEV),

and Zika (ZIKV) viruses, are the most important arthropod-borne viruses causing encephalitis in
humans!. Acutely, patients suffering from WNV neuroinvasive disease (WNND) can experience
confusion, fatigue, loss of motor control, memory loss, coma, and a mortality rate of 5-10%'. WNV
is a (+)-sense single-stranded RNA virus that targets fully differentiated neurons, but may be
cleared by immune-mediated processes, even after infection of the central nervous system (CNS)?2.
However, approximately half of survivors experience debilitating, long-term cognitive sequelae,
including defects in verbal and visuospatial learning, for months to years beyond the acute
infectious event®*. Animal studies have identified multiple cytokines that play critical roles in cell-
mediated antiviral immunity, including tumor necrosis factor (TNF)?, type I, II and III interferons
(IFNs)%?, and interleukin (IL)-1'%!!, which improve survival. Prior studies have determined that
human and murine neurons are the target of WNV in vivo!'?!4, Importantly, studies in which critical
cytokines have been deleted via genetic approaches have not led to expanded tropism of WNV to
nonneuronal cells within the CNS!'%!5, While neuronal death is associated with high mortality in
human and murine cases of WNV encephalitis'®, survivors may exhibit limited neuronal loss!#!7,
suggesting inflammatory processes triggered acutely contribute to long-term memory dysfunction.
That many patients recovering from WNND experience memory impairments for months to years
beyond viral clearance indeed suggests a chronic condition with either sustained damage or limited
repair.
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In a murine model of recovery from WNND, in which intracranial inoculation of a mutant
WNV (WNV-NS5-E218A) leads to high survival rates with visuospatial learning defects,
hippocampi exhibit up-regulation of genes involved in microglial-mediated synaptic remodeling,
including drivers of phagocytosis and the classical complement pathway, and decreased expression
of synaptic scaffolding proteins and glutamate receptors'*. Complement-mediated synapse
elimination has been reported to occur in numerous neuroinflammatory diseases, including
multiple sclerosis'®, Alzheimer’s disease!®, and schizophrenia?’, suggesting this may be a general
mechanism underlying inflammation-associated disruption of neural circuitry. The hippocampus,
essential for spatial and contextual memory formation, receives input from the entorhinal cortex,
which relays through the dentate gyrus, CA3, and CA1%!. WNV-NS5-E218A-recovered mice with
poor spatial learning show persistence of phagocytic microglia engulfing presynaptic terminals
within the hippocampal CA3 acutely, and during recovery!'4. While this provides molecular
explanations for poor spatial learning in WNV-recovered animals, it does not explain why other
hippocampal correlates of learning, such as adult neurogenesis, are not able to restore spatial
learning.

Adult neurogenesis occurs within the hippocampal dentate gyrus (DG) and the
subventricular zone (SVZ)??. Within the DG, adult neural stem cells (NSCs) give rise to astrocytes
and intermediate neuronal progenitors, the latter of which proliferate and differentiate into
neuroblasts that mature into granule cell neurons and integrate into the hippocampal circuit over
the course of a few weeks?®. This process is regulated by intrinsic and extrinsic factors, including
local signaling molecules, exercise, aging and inflammation?*. A variety of endogenous factors
play critical roles in the generation and integration of newly generated neurons in the adult

hippocampus. These include morphogens, such as neurogenic locus notch homolog (Notch)
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proteins, sonic hedgehog (Shh), wingless integrated signals (Wnts), and bone morphogenic
proteins (BMPs), and neurotrophic factors, such as brain-derived neurotrophic factor (BDNF),
ciliary neurotrophic factor (CNTF), insulin-like growth factor-1 (IGF-1), and wvascular
endothelium growth factor (VEGF)?. Recently, proinflammatory pathways, including those
triggered by systemic accumulations of TNF, interleukin (IL)-1f, and IL-6, and microglial
activation have been implicated in the regulation of neural correlates of memory including adult
neurogenesis, synaptic plasticity and modulation of long-term potentiation!#26-2%,

IL-1, in particular, has gained attention for its impact on cognitive function in the context
of neuroinflammation. IL-1 signaling is mediated by a family of proteins comprised of IL-1a, IL-
1B, and IL-1 receptor antagonist (IL-1ra) primarily through type I IL-1 receptor (IL-1R1). IL-1B
is generated via proteolytic cleavage of pro-IL-1f by Caspase 1 during inflammasome activation®’.
IL-1 is highly expressed in vivo by infiltrating myeloid cells during WNV encephalitis, where it

critically regulates antiviral effector T cell responses!®!!

. While IL-1 is a key player in
orchestrating CNS immune responses, including onset of fever?’, it also plays a role in spatial
learning and memory-related behavior?®. Indeed, injection of IL-1p into the brain impairs spatial
learning, contextual fear memory, and adult neurogenesis®*!. Although several studies have
investigated impacts of IL-1 on hippocampal-based learning and behavior in neurologic diseases?!-
35, none have done so in a setting of IL-1 induction during CNS viral infection.

Here, using an established model of post-infectious cognitive dysfunction from WNND
in which animals display defects in spatial learning, we investigated the regulation of
neurogenesis during repair and recovery. We identified a novel feed forward mechanism in

which IL-1 contributes to spatial learning defects via derailment of hippocampal neurogenesis to

generate proinflammatory astrocytes, which exhibit a previously unidentified role in IL-1-
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mediated cognitive dysfunction, and that this pathway may be successfully targeted for the

prevention of learning defects during recovery from viral encephalitis.

2.3 Results

WNND-recovered mice exhibit genetic signatures of derailed neurogenesis

Our previous microarray study of hippocampal gene expression in WNV-NS5-E218A-recovered
mice identified several significantly altered pathways in mice with impaired spatial memory
including axon guidance, Wnt signaling, and p53 signaling'4, which point to potential effects on
adult neurogenesis. To further examine these pathways, we grouped the genes altered between
Mock and WNV-NS5-E218A-recovered animals into those that promote or inhibit neurogenesis,
here shown as gene expression heatmaps (Fig. 2.1a, b). Expression of genes associated with
inflammation and/or prohibition of neurogenesis (Casp1, Il1a, Tnf, Tnfrsfla) was higher in WNV-
NS5-E218A-recovered (Fig. 2.1a) compared with mock-infected mice, which exhibited higher
expression of genes that promote proliferation and differentiation of neuroblasts (Epha5, Wnt2,
Nrg3) and axon guidance (Robo2, Sema3) (Fig. 2.1b). Markers for recently identified subgroups
of reactive astrocytes®® deemed A2 and Al, the latter of which are proposed to be induced by
activated microglia and lose the ability to promote neuronal survival, outgrowth, were also
significantly elevated (Fig. 2.1¢, d). Alterations in genes that impact neurogenesis after infection
with WNV-NS5-E218A and markers of reactive astrocytes, including additional panreactive
astrocyte markers® were validated in an independent set of hippocampal samples by qPCR (Fig.

2.1e-h). These data suggest that WNND might limit adult neurogenesis in favor of astrogenesis.

WNND induces acute loss of adult neurogenesis in the hippocampus
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Given that genetic signatures in the hippocampi of WNV-recovered mice are consistent with
pathways that negatively impact adult neurogenesis, we evaluated the generation of new neurons
during WNV encephalitis. We administered BrdU during the peak of WNV encephalitis for a
period of 4 days (days 3-7), allowed mice to recover for 45 days and then evaluated numbers of
newly generated neurons (Fig. 2.2a-d). WNV-recovered mice exhibited fewer BrdU-labeled
neurons within the DG granule cell layer than mock-infected controls (Fig. 2.2a, ¢, d). To
determine whether reduction in newly generated neurons in WNV-recovered mice is due to
alteration in the rate of neuronal progenitor cell proliferation, mock-infected versus WNV-NY99-
infected or WNV-NS5-E218A-infected mice were administered BrdU during the peak of
encephalitis, followed by either immunohistochemical (Fig. 2.3a, b) or flow cytometric (Fig. 2.8)
evaluation of neuronal progenitors, which express doublecortin (DCX"), in the SVZ or
hippocampi, as described previously®’. Infections with wild-type WNV (NY-99) via either the
peripheral footpad or intracranial route, or attenuated WNV-NS5-E218A all led to fewer BrdU-
labeled neuroblasts at 6-8 days post-infection (Fig. 2.3¢). This reduction in generation of
neuroblasts was assessed over the course of recovery from WNND, at days 6, 15, and 30 post-
infection (d.p.i.) as compared to age-matched mock-infected controls. This analysis revealed that
significant deficits persist until day 30 in the hippocampus, with a trend towards recovery observed
in the SVZ (Fig. 2.3d). Taken together, these data indicate that hippocampal neuronal repair is

defective after WNND.

WNYV does not target NSCs or neuronal progenitors
One possible explanation of fewer new neurons after the recovery period of WNV encephalitis is

that neuroblasts are dying before reaching maturity. In agreement with previous studies, we
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confirmed that neural stem cells and intermediate neuronal progenitors were not permissive to
WNV infection®®, and observed that less than 1% of DCX" neuroblasts were infected in vivo in
both the SVZ and DG (Fig. 2.9a). Furthermore, rates of neuroblast apoptosis during acute WNND
were equivalent to mock-infected controls (data not shown). The few infected neuroblasts that
were observed within the DG were located within the granule cell layer, suggesting that these may
be late-stage DCX+ cells during their transition into immature neurons. Late-stage neuroblasts
exhibit many of the same properties as neurons including, receptors, filament proteins, and cellular
processes (e.g. axon and dendrite formation), thus potentially explaining the ability of WNV to
infect them. Alterations in the proliferation rates of neural progenitors could result in changes to
the overall pool of stem cells over time. Using mice expressing GFP under the Nestin promoter,
we counted the numbers of Nestin and GFAP-double positive neural stem cells remaining within
the hippocampal DG at 45 days post-infection, but found no differences in the numbers of these
cells present in mock and WNV-NS5-E218A recovered mice (Fig. 2.9b). Thus, WNV does not

target or alter the numbers of NSCs, nor does it infection neuroblasts.

Astrocytes are the primary source of IL-1p in the recovering CNS

To further investigate the potential for an alteration in cell fate of early stage progenitors, we
determined whether fewer neuronal progenitors were produced in favor of more glial progenitors
within the hippocampus of WNV-infected mice. To test this, mock- versus WNV-NY- or WNV-
NS5-E218A-infected mice were administered BrdU during the peak of encephalitis followed by
flow cytometric evaluation of hippocampal neuronal progenitors and astrocytes 48 hours later (Fig.
2.4a, b). Infections with either wild type WNV (NY-99) or WNV-NS5-E218A led to more BrdU-

labeled GFAP-expressing astrocytes in the hippocampus at 7 days post infection than mock-
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infected controls (Fig. 2.4b). Although GFAP expression varies among astrocyte subpopulations,
recent work has demonstrated that GFAP is the most highly expressed transcript and protein in
astrocytes isolated from the hippocampus?®®. Next, we determined whether an increase in astrocyte
genesis during acute infection significantly contributes to alterations in the CNS immune profile
after viral clearance. Analysis of ex vivo-isolated astrocytes at 25 d.p.i. demonstrated an increase
in markers of A1, but not A2, reactive astrocyte markers, (Fig. 2.4¢, ¢’). Thus, the slight increases
in neuroprotective markers previously detected in whole hippocampal samples at the same time
point (Fig. 2.1c-e) are likely contributed by other cell types. Analysis of panreactive markers®®
also detected increased expression of GFAP (Fig. 2.4¢’). Identification of cellular sources of anti-
neurogenic and proinflammatory cytokines in the CNS via transcriptional analysis of ex vivo-
isolated astrocytes and microglia at 25 d.p.i. revealed astrocytes as the primary source of IL-1f3,
Caspase-1, and TNF (Fig. 2.4d). The purity of those cellular sources was confirmed by
transcriptional analysis of cell type-specific markers, as previously reported®. Isolated astrocytes
demonstrated significant enrichment of the astrocyte Gfap gene expression while isolated
microglia show significant enrichment of microglial Cx3cr/ and Trem?2 expression. Both ASCA-
2 positive astrocytes and CD11b positive microglia had negligible expression of the neuronal gene
Rbfox3 (Fig. 2.10). Kinetic analysis of ///b expression within hippocampi of WNV-NS5-E218A-
infected mice showed persistent elevation of this anti-neurogenic cytokine at 25 d.p.i. (Fig. 2.4e).
Immunohistochemical analysis of mock- and WNV-NS5-E218A-infected tissue at 25 d.p.i. (Fig.
2.4f) confirmed increases in numbers of activated, GFAP+ astrocytes (Fig. 2.4g) that are the
primary cellular source of IL-1f protein expression in the recovering hippocampus (Fig. 2.4h, i).
Taken altogether, these data indicate that WNND promotes the generation of Al reactive

astrocytes that express anti-neurogenic cytokines.
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Il1r1”" mice resist alterations in cell fate of early progenitors

To determine whether WNV-mediated reduction in neuroblast proliferation requires IL-1R1
signaling, mock- and WNV-NS5-E218A-infected //1r1” mice were administered BrdU during the
peak of encephalitis, followed by flow cytometric evaluation of hippocampal neuronal progenitors.
In contrast to the reduction in neuroblast proliferation observed in neurogenic zones of wild type
animals, ///71~ mice exhibited normal neurogenesis in both the hippocampus (Fig. 2.5a) and SVZ
(Fig. 2.5b). In addition, ///r1”- mice did not undergo the substantial increase in proliferating
astrocytes observed in wild-type animals (Fig. 2.5¢). Immunohistochemical identification of
Ki67+ proliferating neural progenitor cells in conjunction with Mashl, which identifies early
neural progenitor cells with neurogenic potential®, within the DG revealed acute WNV-mediated
decreases in wild-type animals, but not in animals deficient in IL-1R1 or Caspase 1 (CaspI™),
which cleaves pro-IL-1b to produce mature IL-1b (Fig. 2.5d). Acute viral loads did not differ
between wild-type and ///717- animals at 6 d.p.i. in various brain regions (Fig. 2.11a-c), and there
was no difference in persistent viral RNA at 25 d.p.i. in the hippocampus (Fig. 2.11d), confirming
that virologic control of WNV-NS5-E218A was intact in ///rI”" animals. In addition, flow
cytometric analysis of cells isolated from the hippocampus demonstrated similar numbers of
various subpopulations of resident and infiltrating CD45" cells in WNV-NS5-E218A infected
wildtype and /171" animals (Fig. 2.11e-l). These data support the notion that IL-1R1 signaling

underlies derailment of neurogenesis during WNND.

IlIrI”~ mice exhibit synapse recovery and normal spatial learning
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Given that I/1r1”" mice are protected from derailed neurogenesis following WNV infection, we
hypothesized that IL-1R1-deficient animals would exhibit improved synapse recovery following
infection with WNV-NS5-E218A. Both WNV-NS5-E218A-infected wild-type and /1717 mice
exhibit acute loss of presynaptic terminals at 7 d.p.i. (Fig. 2.5e), and wild-type animals continued
to show decreased numbers of presynaptic terminals at 25 d.p.i. In contrast, ///r/”- animals
displayed recovery of synapses at this time point (Fig. 2.5f). Given that adult neurogenesis and
synaptic plasticity are critical for spatial learning, we allowed WNV-NS5-E218A-infected, //1r1
~mice to recover for a month beyond viral clearance (46 d.p.i.) and tested their ability to spatially
locate and remember the location of a target hole in a Barnes maze over the course of 10 trials held
twice daily for 5 days (Fig. 2.6a). While WNV-recovered, wild-type mice display significant
deficits in spatial learning'* (Fig. 2.6b), the performance of WNV-recovered I11r1”- mice was
indistinguishable from mock-infected animals (Fig 2.6¢). Area under the curve (AUC) analysis for
each animal, which allows a comprehensive view of how individuals within the group performed
across all 5 days of testing on the Barnes Maze, demonstrated that wild-type animals recovering
from WNND had more severe memory impairments than mock-infected wild-type controls and
WNND recovered 171717~ animals (Fig 2.6d). To assess differences in exploratory behavior that
may affect performance on the Barnes Maze spatial learning task, we performed Open Field testing
(OFT) at 45 d.p.i., | day prior to the Barnes Maze (Fig. 2.6a). While the number of lines crossed
during OFT were similar for mock- and WNV-infected mice of both genotypes, mock-infected
11717~ animals crossed fewer lines than mock-infected wild-type controls (Fig. 2.6e). No
differences in the number of center crosses were observed between all groups (Fig. 2.6f). These

studies demonstrate a critical role for IL-1R1 in limiting synapse and cognitive recovery.
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IL-1R antagonism prevents WNV-induced spatial learning deficits

In order to explore the potential for therapeutic intervention, we opted to test cognitive recovery
in wild-type animals treated during acute infection with either vehicle or the IL-1R antagonist,
Anakinra. As synapse elimination'* and loss of neurogenesis occurs during acute infection, which
is also when IL-1 expression was highest, we began treatment at 10 d.p.i., a time point during viral
clearance'* when the blood brain barrier was still permeable (Fig. 2.12). Mock- or WNV-NS5-
E218A-infected animals received 5 daily intra-peritoneal doses of vehicle or Anakinra, and then
recovered for 30 days prior to Barnes Maze testing at 46 d.p.i. (Fig. 2.7a). As expected, vehicle
treated WNND recovered animals were significantly impaired in their ability to identify the
location of the target hole during Barnes Maze testing (Fig. 2.7b). In contrast, animals treated with
Anakinra were protected from WNV-induced spatial learning impairment (Fig. 2.7¢). AUC
analysis confirmed that WNND-recovered animals treated with Anakinra had improved
performance on the Barnes Maze compared with vehicle treated animals (Fig. 2.7d). Finally, OFT
at 45 d.p.i. demonstrated that there were no differences between any of the groups in exploratory
behavior, locomotion, or number of center crosses (Fig. 2.7f). These studies identify a potential
therapeutic target for the prevention of spatial learning defects that occur during recovery from

WNND.

2.4 Discussion

The original designation of cytokines as immune modulators has expanded to include a variety of
functions in nonlymphoid tissues, especially the CNS, where they play critical roles in
neurodevelopment. Regulation of signaling by the gp130 family of cytokines through Janus
Kinase/Signal Transducer and Activator of Transcription (JAK/STAT) pathways maintains the

pool of neural stem and progenitor cells (NPCs), promoting neurogenesis of the latter*!. During
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development, IL-1R1 is also expressed on proliferating NPCs and IL-1b exerts an anti-
proliferative, anti-neurogenic and pro-gliogenic effect on embryonic hippocampal NPCs in

4243 Studies of viral encephalitis have demonstrated critical roles for innate cytokines

vitro
expressed by infiltrating immune cells in T cell-mediated clearance of pathogen. However, their
impact on CNS recovery and repair after viral clearance via actions on NPCs has not been
elucidated. Our findings suggest that during the acute phase of viral infection, myeloid cell-derived
IL-1 (ref.!9) alters the proliferation and differentiation fates of neural progenitor cells, leading to a
shift from neurogenesis to astrogenesis. Proinflammatory astrocytes then become the predominant
source of the cytokine, which continues to inhibit neurogenesis, after myeloid cells retreat from
the CNS'. Accordingly, mice deficient in IL-1R signaling are resistant to both derailment of
neurogenesis as well as spatial memory impairments, which are observed in wild-type WNV-
recovered mice. Because loss of neurogenesis is detected early in the course of infection,
administration of IL-1R antagonist at 10 d.p.i., a time-point when the BBB is still permeable, was
able to reverse the effects of IL-1 and improve spatial learning. Our data indicate that the
combinatorial effect of synapse loss'® and reduced neurogenesis can negatively impact
hippocampal spatial learning and memory long beyond the initial episode of infection via a shift
in sources of cytokines to neural cells.

Other neurotropic flaviviruses, including Japanese Encephalitis and Zika Virus, have been
shown to directly infect neural progenitors, causing apoptosis of progenitors and progeny***. In
agreement with previous studies*, we found very few neural progenitor cells infected with WNV.
However, transcriptional profiling detected altered expression of genes implicated in hippocampal

neurogenesis during WNND recovery. These included increased expression of genes that encode

CDKN1a, CDCA4, and CCNDI, cell cycle progression inhibitors, and decreased expression of
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genes that encode Epha5 and Sema6B, which regulate hippocampal axon pathfinding during neural

development*’48

, were detected during WNND recovery. We also detected alterations to the Wnt
signaling pathway, which can impact neural progenitor cell proliferation and motility, but also
regulates synapse formation*” and plasticity®’, potentially contributing to the failure of mice to
recover from both neurogenesis derailment as well as WNV-mediated synapse loss!*. The genetic
signatures present during WNV recovery describes an environment which both impedes neural
progenitor cell proliferation and the ability of immature and mature neurons to form new synapses.

While previous studies have detected IL-1R1 within the hippocampus®!, recent research
highlighting astrocyte heterogeneity has not identified these cells as a first target of IL-1°2. In
contrast, numerous studies have implicated neural progenitor cells as a significant target of IL-1.
IL-1a and IL-1b have both been shown to induce neural stem and progenitor cells to favor the
astrocyte rather than neuronal lineage in vitro*>. TNF, which is highly expressed in WNV-infected
brains® in an IL-1R-dependent manner'®, has been shown in other contexts to direct neuronal

progenitors towards an astrocyte fate via downstream STAT3 induction®?, suggesting that these

may be part of the same anti-neurogenic pathway. In vivo studies using overexpression and stress

43,54,55 56,57
2

models have shown that IL-1b decreases neurogenesis , and influences synaptic plasticity
processes that are vital for the development and retention of spatial memory. We found that
abundance of IL-1b during acute infection altered lineage fate of neural stem cells within
neurogenic zones of the CNS favoring astrocyte genesis. This led to a feed-forward cycle of
inflammation, as astrocytes became the primary source of IL-1f in the recovering hippocampus.
IL-1R1-deficient mice were protected from decreased neurogenesis following WNV infection, and

retained the ability to learn a spatial memory task. Importantly, we demonstrated that the effect

was specific to inflammasome-activated IL-1b by confirming that Caspl”~ animals were also
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protected from decreased neurogenesis. In studies using cultured NPCs, IL-1b and TNF are both
capable of altering lineage-fate to favor greater numbers of astrocytes and both of these pathways
are dependent on downstream STAT3 activation®®. While we focused on the role and necessity of
IL-1R signaling, TNF, which was also upregulated by astrocytes at 25 d.p.i., may also contribute

to the observed lineage fate-altering phenotype.

While multiple studies have described effects of cytokines released from astrocytes® and
microglia® on memory and hippocampal neurogenesis, the precise contributions of each cell type
in vivo remain ill-defined. In the current study, we found that astrocytes within WNV-recovered
CNS express increased expression of 1/1b, Caspl and Tnf, whereas microglia increased expression

3852 which can also reflect differences in

of Ccl2. Astrocytes display a regional heterogeneity
homeostatic function, such as synaptogenesis®’, and response to infection, where cerebellar
astrocytes are poised to quickly mount antiviral programs®'. In addition to developmentally

determined sub-populations®?63

, astrocytes display a remarkable plasticity and molecular identity
determined in part by neuronal cues®. In response to different types of injury, reactive astrocytes
can develop a recently described polarized phenotype termed Al (infection induced, pro-
inflammatory astrocytes) or A2 (ischemia induced, promoting tissue repair) that are distinguished
by distinct genetic signatures®®. In this study, Al astrocytes were induced in vivo by
lipopolysaccharide injection and the combination of IL-1a, TNF, and C1q was observed to promote
Al polarization in vitro. Our model of viral infection also exhibits elevated production of IL-1,
TNF, and C1q'“. Consistent with this, we also observed the in vivo development and persistence
of astrocytes with panreactive and A1 markers. As proinflammatory astrocytes lose the ability to

phagocytose due to a decrease in mRNA expression of the phagocytic receptors Mertk and Megf10,

and fail to support synaptogenesis in vitro due to decreases in expression of Gpc6 and Sparcli,
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factors that normally promote excitatory synapse formation®®. Thus, the lack of recovery of
synapses in our model could be explained by the generation of this subset of reactive astrocytes.
Alternatively, lack of recovery could also be due to the loss of a specific astrocyte population that
normally promotes synaptogenesis®’. Although expansion of a synapse-promoting astrocyte
population leads to seizures in the context of a reactive glioma®, this population may be crucial
for CNS repair in the setting of the diverse array of diseases recently associated with loss of
synapses in addition to WNV encephalitis, including Alzheimer’s disease!®, schizophrenia?’, and
lupus®. Further studies are needed to more fully understand how homeostatic astrocyte
populations respond to CNS injury, and whether this correlates with regional or functional identity.
The discovery that newly derived, reactive astrocytes of a recently identified proinflammatory
subset® are responsible for persistently decreased adult neurogenesis during WNV recovery also

suggests cell-type specific studies will be required to elucidate these pathways in disease models.

There is a growing body of experimental evidence demonstrating the importance of
homeostatic neuroimmune interactions for normal cognitive function (recently reviewed by%¢7),
However, the effects of immune mediators on brain function depend on their levels and
locations; this phenomenon was classically demonstrated as a U-shaped curve relating the effect
of IL-1 signaling on cognitive function in which either overexpression or complete blockade of
IL-1 signaling both negatively impacted spatial learning®®. Thus, in the context of
neuroinflammation, increased expression of immune molecules may similarly lead to altered
cognitive performance. Of note, we observed a trend towards recovery of neurogenesis in the
SVZ that was absent in the hippocampus, an effect that has been reported previously in response

to ionizing radiation®®, suggesting a differential responses to injury in these neurogenic niches.

Interestingly, in a study of hypoxia driven neuroinflammation, hippocampal neurogenesis
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decreased, while SVZ neurogenesis increased, an effect that was linked to IL-6 signaling”®.
Further work addressing the mechanism underlying differential responsiveness to cytokine

signaling in neurogenic niches could shed light on basic aspects of neural precursor cell biology.

2.5 Methods

Animals
5-8 week-old male mice were used at the outset of all experiments. C57BL/6J mice were obtained

~~ mice (> 10 generations backcrossed to C57BL/6) were

from Jackson Laboratories. /171
obtained from Jackson Laboratories. Nestin-GFP mice (> 10 generations backcrossed to C57BL/6)
were obtained from G. Enikolopov (Cold Spring Harbor Laboratories). All experimental protocols

were performed in compliance with the Washington University School of Medicine Animal Safety

Committee (protocol# 20140122).

Mouse models of WNYV infection

Footpad: (WNV-NY99) The WNV strain 3000.0259 was isolated in New York in 2000 (Ebel et
al., 2001) and passaged once in C6/36 Aedes albopictus cells to generate an insect cell-derived
stock. 100 plaque-forming units (pfu) of WNV-NY99 were delivered in 50 ul to the footpad of

anaesthetized mice.

Intracranial: “WNV-NS5-E218A,” which harbors a single point mutation in the 2’O-methyl-
transferase gene, was obtained from M. Diamond (Washington University) and passaged in Vero
cells as described previously*!. Deeply anaesthetized mice were administered 10* pfu of WNV-

NS5-E218A or 10 pfu of WNV-NY99 in 10 ul of 0.5% FBS in HBSS into the brain’s third ventricle
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via a guided 29-gauge needle. “Mock” infected animals were deeply anesthetized and administered

10 ul of 0.5% FBS in HBSS into the brain’s third ventricle via a guided 29-gauge needle.

Stock titers of all viruses were determined by using BHK21 cells for viral plaque assay as

previously described*.

Microarray analysis.

Further analysis was performed on previously published hippocampal microarray gene expression
data'* (Gene Expression Omnibus #GSE72139) from Mock-infected and WNV-NS5-E218A
animals at 25 days post infection. Expression data from selected genes (P < 0.05 or P < 0.1 for
italicized genes, Two-tailed Students #-test) were converted to Z-scores for each individual gene

and animal and are displayed as colorimetric heatmaps.

In vivo bromodeoxyuridine (BrdU) labeling.

BrdU (Sigma Aldrich) in sterile PBS was injected intraperitoneally (IP) for all experiments. For
acute Immunohistochemical studies (harvests day 7-8 post-infection) mice were given 150 mg/kg
of BrdU at 48 h prior to tissue harvest. For flow cytometric analyses, mice were given 100 mg/kg
of BrdU at 48 h and again at 24 h prior to tissue harvest. For neuronal BrdU labeling, mice were
given 75 mg/kg every 12 h beginning at 3 days post-infection and ending at 7 days post-infection

for a total of 7 doses.

Antibodies
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WNV (1:100 described previously®), NeuN (1:100, Cell Signaling, Cat 12943S, Clone D3S31),
BrdU (1:200, Abcam, Cat ab1893, polyclonal), CD45 (Biolegend, Cat 103114, Clone 30-F11),
Doublecortin (1:150, Cell Signaling, Cat 4604S, polyclonal), GFAP (1:50 for flow cytometry; 1:
200 for IHC, BD, Cat 561483, Clone 1B4), IL-1b (R&D, Cat AF-401, polyclonal), Mash1 (BD,
Cat 556604, Clone 24B72D11.1), Ki67 (Abcam, Cat AB15580, polyclonal), Synaptophysin
(1:250, Synaptic Systems, Cat 101004, polyclonal). Secondary antibodies conjugated to Alexa-

488, Alexa-555, or Alexa-647 (Invitrogen) were used at al:400 dilution.

Immunohistochemistry

Following perfusion with ice-cold PBS and 4% paraformaldehyde (PFA), brains were immersion-
fixed overnight in 4% PFA, followed by cryoprotection in 2 exchanges of 30% sucrose for 72 h,
then frozen in OCT (Fisher). 9 um-thick fixed-frozen coronal brain sections were washed with
PBS and permeabilized with 0.1% Triton X-100 (Sigma-Aldrich), and nonspecific Ab was blocked
with 5-10% normal goat serum (Santa Cruz Biotechnology) for 1 h at 23°C. Mouse on Mouse kit
(MOM basic kit, Vector) was used per manufacturers protocol when detecting synaptophysin
(mouse, DAKO) to reduce endogenous mouse Ab staining. After block, slides were exposed to
primary Ab or isotype matched IgG overnight at 4°C, washed with 0.2% FSG in PBS and
incubated with secondary Abs for 1 h at 23°C. Nuclei were counterstained with DAPI (Invitrogen)
and coverslips were applied with vectashield (Vector). Immunofluorescence was analyzed using a
Zeiss LSM 510 laser-scanning confocal microscope and accompanying software (Zeiss). For each
animal, 6-8 images were taken from 2-3 different coronal sections spaced at least 50 um apart.
Positive immunofluorescent signals were quantified using the public domain NIH Image analysis

software, ImageJ.
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Flow cytometry

Cells were isolated from brains of WT mice at day 6, 15, or 30 days post-infection and stained
with fluorescently conjugated antibodies to CD45, BrdU, and Doublecortin as previously
described?’. Briefly, animals were deeply anesthetized with a ketamine/xylazine mixture and
perfused intracardially with ice cold dPBS (Gibco). Brains were aseptically removed, minced and
enzymatic digested in HBSS (Gibco) containing collagenase D (Sigma, 50mg/ml), TLCK trypsin
inhibitor (Sigma, 100 ug/ml), DNase I (Sigma, 100U/ul), HEPES ph 7.2 (Gibco, 1M), for lhr at
23°C while shaking. The tissue was pushed through a 70 um strainer and spun down at 500g for
10min. The cell pellet was resuspended in a 37% percoll solution and spun at 1200g for 30min to
remove myelin debris. Cells were washed in PBS, then resuspended in FACS buffer. Cells were
blocked with TruStain fcX anti-mouse CD16/32 (Biolegend) for 5 min on ice, followed by
incubation with fluorescently conjugated antibodies for 30 min on ice. Cells were then washed 2
times in PBS, fixed with 4% PFA for 10 min at 23°C and resuspended in FACS buffer. Data

collection was performed with LSR-II (BD Biosciences) and analyzed with Flowjo software.

EXx vivo isolation of microglia and astrocytes with microbeads

Animals were deeply anesthetized with a ketamine/xylazine mixture and perfused intracardially
with ice cold dPBS (Gibco). Brains were aseptically removed, minced and enzymatic digested in
HBSS (Gibco) containing collagenase D (Sigma, 50mg/ml), TLCK trypsin inhibitor (Sigma, 100
ug/ml), DNase I (Sigma, 100 U/ul), HEPES 7.2 (Gibco, 1M), for 1hr at 23°C while shaking. The
tissue was pushed through a 70 um strainer and spun down at 500g for 10min. The cell pellet

was resuspended in a 37% percoll solution and spun at 1200g for 30 min to remove myelin
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debris. Cells were washed in PBS then resuspended in MACS buffer. CD11b* Microglia and
ACSA-2" astrocytes were isolated using manual MACS sorting according to the manufacturer’s
instructions (Miltenyi Biotec). Non-specific labeling of CD11b+ microglia was prevented by
incubating the cells with FcR blocking reagent prior to labeling the cells with ACSA-2
antibodies for magnetic isolation. The purified microglia and astrocytes were processed for real-

time quantitative RT-PCR as described below.

Real-time quantitative RT-PCR

cDNA was synthesized using random hexamers, oligodT15, and MultiScribe reverse transcriptase
(Applied Biosystems). A single reverse transcription master mix was used to reverse transcribe all
samples in order to minimize differences in reverse transcription efficiency. The following
conditions were used for reverse transcription: 25°C for 10 min, 48°C for 30 min, and 95°C for 5

min. Real-time quantitative RT-PCR was performed as previously described!4.

Behavioral Testing

Open field and Barnes Maze testing was performed as previously describe!®. Briefly, mice were
tested on the Barnes Maze over the course of 5 consecutive days, receiving two trials per day,
spaced 30 minutes apart. For each trial, the mouse was given 3 minutes to explore the maze and
find the target hole. Mice that did not enter the target hole within 3 minutes were gently guided
into the hole. After each trial, the mouse remained in the target hole for exactly 1 minute, and then
was returned to its home cage. The maze was decontaminated with 70% ethanol between each
trial. The numbers of errors (nose pokes over non-target holes) were measured. One day prior to

Barnes Maze testing, mice were tested via open field testing to monitor differences in exploratory
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behavior. Each animal was given 5 minutes to explore an open field arena before returning to its
home cage. Behavior was recorded using a camera (Canon Powershot SD1100IS), and a blinded

experimenter scored the trials.

Anakinra Treatment

Anakinra (Kineret®, Sobi) was diluted in PBS to 10 mg/mL and animals were treated with 100
mg/kg/day of Anakinra or Vehicle (PBS) for 5 consecutive days by intraperitoneal (ip) injection.
Animals were weighed daily to monitor for weight loss or adverse events, none of which were

observed during the course of treatment.

Statistical Analysis

Statistical analyses were performed using Prism 7.0 (GraphPad Software). All data were analyzed
using an unpaired student’s t-test, one-way or two-way ANOVA with Bonferroni post-test to
correct for multiple comparisons as indicated in the corresponding figure legends. A P value of <

0.05 was considered significant.
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Fig. 2.1. Gene transcripts that impact neurogenesis and markers of proinflammatory
astrocytes are altered in WNV-recovered mice. (a-d) Heat maps show relative expression by
z-score of altered genes generated by microarray analysis of hippocampal RNA collected at 25
days post infection (d.p.i.) from Mock, and WNV-NS5-E218A infected, recovering mice. All
genes listed in black font show significant fold change (P < 0.05 by two-tailed Student’s t-test)
while those in green are trending toward significance (0.05 < P < 0.1 by two-tailed Student’s t-
Test). (e-h) Validation of microarray hits by QPCR in an independent sample of hippocampal
RNA collected at 25 d.p.i. from mock and WNV-NS5-E218A infected, recovering mice. *, P <
0.05; ** P<0.01, *** P<0.001, by two-tailed Student’s t-test. Each symbol represents an
individual mouse; data are mean + s.e.m. . Data are pooled from 2 independent experiments with
4-10 mice per condition in each. Panels of gene-expression markers include genes that are pro
and anti-neurogenic (e), Al & A2 astrocyte markers (f-g) and panreactive astrocyte markers (h).
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Fig 2.2 Fewer new neurons are born within the dentate gyrus during WNV-NS5-E218A
recovery. (a) Representative image of the dentate gyrus of Mock and WNV-NS5-E218A infected
animals at 45 d.p.i., following in vivo BrdU labeling during acute infection. BrdU (red), NeuN
(green), and DAPI (blue). (b) Experimental design. Mice were given BrdU by intraperitoneal
injection every 12 hours for 3.5 days (7 injections) beginning at 4 d.p.i., then animals were
sacrificed at 45 d.p.i. for immunohistochemical analysis. (¢, d) Quantification of BrdU"NeuN*
cells per section of dentate gyrus depicted in panel a (¢), and normalized to the number of BrdU*
cells. *, P < 0.05 by two-tailed, Student’s t-test. *** P < 0.001. Each symbol represents an
individual mouse; small horizontal lines indicate the mean (+ s.e.m). Data are representative of
one experiment.
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Fig 2.3 Deficits in adult neurogenesis during WNYV infection. (a) Experimental design. Mock,
WNV-NY99 or WNV-NS5-E218A mice were given an i.p. BrdU injection (100 mg/kg) at 24
and 48 hours prior to harvest at 6, 15, or 30 d.p.i. (b) Cells were isolated from subventricular
zone (SVZ) or hippocampus (HP) and proliferation rates of neuroblasts (% BrdU incorporation)
was measured by flow cytometry. Representative plots showing BrdU+ cells after gating on
doublecortint+ (DCX) cells (see Supplementary Fig. 1) in mock, WNV-NY-99 and WNV-NS5-
E218A intracranially infected animals. (¢) Quantification of proliferating neuroblasts (%DCX+
cells labeled with BrdU) in the hippocampus and subventricular zone at 6, 15, and 30 d.p.i.
following in vivo BrdU labeling as shown in a. (d) Representative images and quantification of
immunostaining for proliferating neuroblasts in the SVZ and HP following footpad infection
with WNV-NY99. * P <0.05, ** P <0.005, *** P <0.001 by two-tailed student’s t-test.
Quantification in ¢ and d was normalized to age-matched mock-infected controls to compensate
for age-related alterations in neurogenesis. Each symbol represents an individual mouse; small
horizontal lines indicate the mean (+ s.e.m.). Data are pooled from 2 independent experiments
with 3-5 mice per condition per time point (c) or representative of one experiment with 5 mice

(d).
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Fig 2.4. Greater numbers of astrocytes are born within the hippocampus during acute
WNYV encephalitis which adopt a proinflammatory phenotype and express IL-1B. (a,b)
Mock, WNV-NY99 and WNV-NS5-E218A infected mice were given an i.p. BrdU injection at
24 and 48 hours prior to harvest at 6 d.p.i. Cells were isolated from dissected hippocampi and
stained for flow cytometry. Quantification of neurogenesis (BrdU'DCX") and astrogenesis
(BrdU"GFAP") was normalized to mock. Gene expression analysis of (¢) Al, and (¢’) A2 and
panreactive astrocyte markers in ex vivo isolated astrocytes from mock and WNV-NS5-E218A
whole brains by qPCR. (d) Gene expression analysis of cytokines in ex vivo isolated microglia
and astrocytes from WNV-NS5-E218A whole brains by qPCR, normalized to mock-infected
samples of the respective cell types. (e) Gene expression of ///b by qPCR of RNA isolated from
hippocampal tissue collected at 7, 25, and 52 d.p.i. from mock and WNV-NS5-E218A infected
animals. (f-i) Immunostaining for IL-1[ in hippocampus of mock and WNV-NS5-E218A
infected animals collected at 25 d.p.i. Representative images are shown in f, percent area of
GFAP in g, percent area of IL-1[] in h, and percent area of 7/-/b *“GFAP" normalized to total IL-
10" areaini. *, P<0.05, ** P <0.005, *** P <0.001 by two-tailed student’s t-test. Each
symbol represents an individual mouse; small horizontal lines or bar height represent the mean
(+ s.e.m.). Data are representative of one experiment (a,b,e-i), or pooled from three independent
experiments with at least 3 mice per group (c, ¢’, d).
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Fig 2.5. IL-1R17 mice resist WNV-mediated alterations in neuroblast proliferation and
recover synapses earlier than wildtype controls. (a,b) Mock and WNV-NS5-E218A infected
wild-type (WT) and [l1r1”- animals were assessed for alterations in neurogenesis at 6 d.p.i.
following in vivo BrdU labeling at 24 and 48 hours prior to harvest. Quantification of BrdU'DCX+
cells by flow cytometry are shown for the hippocampus (HP) in a and the subventricular zone
(SVZ) in b, normalized to age-matched mock infected controls. (¢) Mock and WNV-NS5-E218A
infected 1/1r1”~ animals were assessed for alterations in astrogenesis at 6 d.p.i. following in vivo
BrdU labeling at 24 and 48 hours prior to harvest. Quantification of BrdU+GFAP+ cells by flow
cytometry are shown for the hippocampus, normalized to age-matched mock infected controls. (d)
Hippocampal neurogenesis in Mock and WNV-NS5-E218A infected WT, 1/1r17-, and Caspase-1-
" (Casp1”) was analyzed by immunohistochemistry (IHC) at 6 d.p.i. Quantification of the number
of Mash17Ki67" cells per mm of dentate gyrus analyzed. (e-f) Immunostaining of synapses in
mock and WNV-NS5-E218A infected WT at ///r1”" animals at 7 d.p.i. in e and 25 d.p.i. in f.
Quantification shows percent area of synaptophysin in the CA3 of the hippocampus.
Synaptophysin (red) and DAPI (blue). *, P <0.05, **, P <0.005, *** P <0.001 by two-tailed
student’s t-test. Each symbol represents an individual mouse; height of bar indicates the mean (+
s.e.m.). Data are pooled from 2 independent experiments (a,b) or representative of one experiment
(e-f) with 4-5 mice/group.
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Fig 2.6. IlIrI’- WNV-NS5-E218A-infected mice are protected from virus-induced spatial
learning deficits on the Barnes Maze behavior task. (a) Experimental design. Mock or WNV-
NS5-E218A infected wild-type (WT) and I11r1”- underwent behavioral testing beginning at 45
d.p.i. Open field testing was performed at 45 d.p.i., followed by 5 consecutive days of Barnes Maze
testing. (b) Barnes maze performance of WT mice, showing average errors per trial of each group
for each day of testing. (¢) Barnes maze performance of IlIrl’- mice. (d) Barnes Maze
performance of mock and WNV-NS5-E218A infected mice, quantified as area under the curve for
each individual animal within each group. (e) Open Field testing showing the number of lines
crossed in 5 minutes of testing for each animal. (f) Open Field testing showing the number of times
an animal crossed the center of the arena in 5 minutes of testing for each animal. For Barnes Maze,
ns = not significant (P > 0.05), *, P < 0.05 by two-way ANOVA for effect of WNV. ns = not
significant (P > 0.05), *, P <0.05, **, P <0.005 by one-way ANOVA with Bonferroni’s multiple
comparisons test to compare groups. Each symbol represents an individual mouse; small horizontal
lines or height of bars represents the mean (+ s.e.m.). Data are pooled composite experiments with
at least 4 animals per group.

64



Vehicle Anakinra

)
(on
(@)

254 25+
Mock
WNV-E218A pLE P £ 204 *E -o= Mock £ 204 ~e— Mock
o o ns
) — ————1# 5 1o -=- WNV-E218A 5 sl C —+- WNV-E218A
Time (d.p.i.): 0 1011 121314 2 o
(=] o
Open © 104 © 104
Field Barnes Maze g g
Day of testing: 01 2 3 4 5 <5 < 5
1L 1 1 1 1 1 1
. . 7”7 l I l I I l C L] T T L] T C L] T T L] T
Time (d.p.i.): 4546 47484950 1 2 3 4 5 1 2 3 4 5
Day of testing Day of testing
d Spatial learning e Locomotion f Anxiety
60~ - * 500+ 30+
g *% )
3 e B400- o
2404 - = 8 o “a 5204
£ « & . 4 S SRR it EPO-
6 .. L] - - . 8 -T— == ko) : o o ad
E20] = - 2% 5 o] =
° B ¢ ‘s o i v
3 oo ¢ ©1004 S oo ®
1] L ** L) o
3+ L A
<
C T L) L] L c L) Ll L) L} C Ll L Ll L
Mock WNV Mock WNV Mock WNV Mock WNV Mock WNV Mock WNV
Vehicle Anakinra Vehicle Anakinra Vehicle Anakinra

Fig 2.7. WNV-NSS5-E218A-infected mice treated with Anakinra are protected from virus-
induced spatial learning deficits on the Barnes Maze behavior task. (a) Experimental design.
Mock or WNV-NS5-E218A infected wild-type (WT) mice were treated with 5 consecutive doses
of 100mg/kg/day of Anakinra or vehicle by intraperitoneal (ip) injection beginning at 10d.p.i.
Animals were allowed to recover for an additional 30 days post treatment, followed by behavior
testing at 45 d.p.i. Open Field testing was performed at 45 d.p.i., followed by 5 consecutive days
of Barnes Maze testing. (b) Barnes maze performance of vehicle treated WT mice, showing
average errors per trial of each group for each day of testing. (¢) Barnes maze performance of
Anakinra treated wildtype mice. (d) Barnes Maze performance of mock and WNV-NS5-E218A
infected mice, quantified as area under the curve for each individual animal within each group.
(e) Open Field testing showing the number of lines crossed in 5 minutes of testing for each
animal. (f) Open Field testing showing the number of times an animal crossed the center of the
arena in 5 minutes of testing for each animal. For Barnes Maze, ns = not significant (P > 0.05),

*, P <0.05 by two-way ANOVA for effect of WNV. ns = not significant (P > 0.05), *, P <0.05,
** P <0.005 by one-way ANOVA with Bonferroni’s multiple comparisons test to compare
groups. Each symbol represents an individual mouse; small horizontal lines or height of bars
represents the mean (£ s.e.m.). Data are pooled composites of 3 independent experiments, with at
least 3 animals per group.
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Fig 2.8 Flow cytometry gating strategy

(a) Following isolation and staining with Dapi and antibodies to CD45, Doublecortin, and
BrdU, doublets were excluded, and the CD45-negative population was utilized for further
gates. b Percentage of BrdU" neuroblasts, through expression of the marker, DCX, was
calculated and example plots shown from Hippocampus (HPC), Hippocampus from an animal
which did not receive BrdU injection (HPC no BrdU), Cortex (CTX), and Subventricular
Zone (SVZ).
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Fig 2.9 WNV permissivity of DCX+ neuroblasts in vivo

a 5 week old mice were infected via the footpad with 100 pfu of wild type WNV(NY99) and
harvested for tissue collection on day 8 post infection. Immunohistochemistry is shown for
West Nile antigen and the neuroblast marker, doublecortin (DCX) within the Dentate gyrus
(DG) and Subventricular Zones (SVZ). Many WNV+ neurons can be seen within the granule
cell layer (GCL) of the DG and the striatum neighboring the SVZ, however only 1 out of 4
animals showed any WNV and DCX-double positive cells (shown by white arrowhead, Left),
resulting in a mean % of infection of less than 1% of total DCX" cells. Within the DG,
infected DCX" cells were always located within the GCL—indicating that they are more
mature neuroblasts or immature neurons. bImmunostaining for GFP and GFAP in mock and
WNV-NS5-E218A nestin-GFP reporter animals. Representative images of the dentate gyrus
are shown on the left and quantification of Nestin+ transit amplifying (TA) and
Nestin"GFAP" neural stem cells (NSC) on the right. Nestin-GFP (green), GFAP (red) and
DAPI (blue). ns = not significant (P> 0.05).
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Fig 2.10 Determination of astrocyte and microglia purity

qRT-PCR analysis of expression of cell type specific astrocyte (GFAP), microglia (Cx3CRI,
Trem?2), and neuronal (RBFox3) transcripts in ex vivo isolated astrocytes (ASC2* cells) and
microglia (CD11b" cells). *, P <0.05 using two-way ANOVA followed by Bonferonni post
test.
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Fig 2.11 Lack of IL-1 signaling does not affect viral control of immune cell infiltrates to the
CNS

a-c Plaque assay of CNS tissue from WNV-NS5-E218A infected wildtype (WT)

and /l1r1~/~ animals at 6 d.p.i. d qPCR analysis of WNV envelope protein at 25 d.p.i. in
hippocampus from WNV-NS5-E218A WT and ///r] ~/~ mice. e-l Flow cytometric analysis of
stained single cell populations isolated from hippocampus of WT and ///r =/~ mice at 6 d.p.i.
ns = not significant (P > 0.05 using two tailed student’s t test).
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Fig 2.12 Blood brain barrier opening peaks at 6 dpi, and closes by 12 dpi

a-c Relative blood brain barrier permeability of the frontal cortex, hippocampus, and
cerebellum at 3, 6, 9, and 12 d.p.i. was assessed by an in vivo sodium fluorescein assay to
determine optimal time for drug administration. d.p.i.: Days Post Infection.
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Chapter 3: T cells promote microglia-
mediated synaptic elimination and cognitive
dysfunction during recovery from

neuropathogenic flaviviruses

This chapter is adapted from a manuscript published in Nature Neuroscience:

Garber C, Soung A, Vollmer LL, Kanmogne M, Last A, Brown, J, Klein RS. T cells promote
microglia-mediated synaptic elimination and cognitive dysfunction during recovery from
neuropathogenic flaviviruses. Nat Neurosci. 2019;22(8):1276-1288. doi:10.1038/s41593-
019-0427-y.

C.G,, A.S., and R.S.K. designed the experiments. C.G., A.S., L.L.V.,, M.K., A.L., and J.B.
performed experiments. C.G., A.S., L.L.V., M.K,, and R.S.K analyzed the data. R.S.K., C.G.,
and A.S. wrote the paper. All authors read and edited the manuscript.

3.1 Abstract

T cells clear virus from the CNS and dynamically regulate brain functions, including spatial
learning, through cytokine signaling. Here we determined whether hippocampal T cells that
persist after recovery from infection with West Nile virus (WNV) or Zika virus (ZIKV) impact
hippocampal-dependent learning and memory. Using newly established models of viral
encephalitis recovery in adult animals, we show that in mice that have recovered from WNYV or
ZIKYV infection, T cell-derived interferon-y (IFN-y) signaling in microglia underlies spatial-
learning defects via virus-target-specific mechanisms. Following recovery from WNYV infection,
mice showed presynaptic termini elimination with lack of repair, while for ZIKV, mice showed

extensive neuronal apoptosis with loss of postsynaptic termini. Accordingly, animals deficient in
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CDS8* T cells or IFN-y signaling in microglia demonstrated protection against synapse
elimination following WNYV infection and decreased neuronal apoptosis with synapse recovery
following ZIKV infection. Thus, T cell signaling to microglia drives post-infectious cognitive

sequelae that are associated with emerging neurotropic flaviviruses.

3.2 Introduction

Among the most debilitating consequences of arboviral infections of the CNS is impairment in
cognitive function that occurs despite recovery from acute encephalitis. Mosquito-borne
infections with flaviviruses, in particular and including WNV and Japanese encephalitis virus,
are linked to significant long-term cognitive sequelae, including decreases in psychomotor speed
and in verbal and visuospatial learning, which not only persist but also worsen for years after
recovery from encephalitis'. In addition, the recently emerged and related flavivirus ZIKV may
cause a range of neurological complications in adults, including encephalopathy, and
meningomyelitis or encephalomyelitis, which may be associated with defects in memory and
cognition with unknown long-term outcomes for survivors?. In the adult CNS, WNV targets fully
differentiated neurons®, whereas Japanese encephalitis virus targets immature neurons* and
ZIKV may additionally target microglia® and neural progenitors® depending on the strain. That
recovery from infection with these viruses may all correlate with reduced learning abilities,
despite their differential tropism for neural cell subtypes, suggests that events triggered acutely

may be generalizable for a broader category of memory disorders.

The formation and consolidation of memories occur primarily in the hippocampus and depends

on the integrity of a trisynaptic circuit between the entorhinal cortex, the hippocampal dentate
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gyrus (DG) and the cornu ammonis (CA). In particular, excitatory connections between CA3
pyramidal neurons support the formation of spatial memories in adult rodents’. Accordingly,
memory disorders, including those associated with Alzheimer’s disease (AD), Parkinson’s
disease, and post-viral encephalitis cognitive sequelae, are all associated with disruptions in
circuit integrity via synapse elimination or neuronal loss within the hippocampus®'°. Microglial
function is critical for synaptic plasticity and for maintenance of adult neurogenesis within
neurogenic niches!!"'2, While mechanisms contributing to hippocampal dysfunction are
incompletely understood, recovery from WNV infection clearly involves alterations in the
homeostatic functions of microglia and astrocytes. This is because reactive changes in these cells
persist for weeks after clearance of the infectious virus, which lead to complement-mediated
synapse elimination within the CA3 region!®and interleukin-1 (IL-1)-mediated inhibition of

synaptic repair’?.

Activation of microglia and astrocytes in the acutely infected CNS promotes the parenchymal
entry of antiviral T cells, which exert virological control via cytokine-mediated, non-cytolytic
mechanisms. T cell cytokines such as IFN-y may also influence microglial biology. In brain
tissues of patients with multiple sclerosis, Parkinson’s disease, or AD, infiltrating T cells are

14-16 "and transition into AD dementia correlates with

found in proximity to activated microglia
increased numbers of microglial majorhisto-compatibility complex IT (MHCII)" cells!’. IFN-y
influences social interactions'8, synapse formation!®, neurogenesis?, and learning and memory?!,
primarily through regulatory mechanisms. Thus, IFN-y-deficient animals show increased rates of
hippocampal neurogenesis and synapse formation and hyperconnectivity in the pre-frontal

18,19

cortex "7, all of which are partially reversed by an injection of recombinant IFN-y into the

cerebrospinal fluid. Such effects suggest that IFN-y dynamically influences circuit plasticity in
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adult animals. Resident memory T (Twm) cells, which reside in non-lymphoid tissues at sites of
prior antigen exposure, produce IFN-y to coordinate rapid recall responses following re-
challenge??. Although there is evidence to indicate that IFN-y* T cells may induce microglial
activation, the functional implications of a parenchymal population of T cells that persist in the

CNS after clearance of viral infections remain unknown.

In this study, we demonstrate that antiviral T cells that persist within the hippocampus after
recovery from flaviviral infection are the most proximal trigger of spatial-learning defects. Using
newly established in vivo models of recovery from flaviviral encephalitis caused by either a
mutant WNV (WNV-NS5-E218A) or ZIKV (Zika-Dakar virus) infection, we determined that
CD8" T cell-derived IFN-y is required for microglial activation and impaired spatial learning in
the post-infectious CNS. We show that WNV and ZIKV differentially target forebrain regions
within adult mice, especially with regard to the hippocampus, which exhibited dramatic
differences in neuropathology. However, while both flaviviruses led to the persistence of IFN-
y"'CD8"* T cells and microglial activation in the hippocampus following recovery, WNV infection
was associated with the elimination of presynaptic termini, while ZIKV promoted the loss of
neuronal nuclei and postsynaptic termini. Subpopulations of these T cells expressed CD 103, a
marker associated with the formation of brain Tim cells, which suggests that the newly formed
Tim cells might contribute to these effects. Although IFN-y receptor (IFNGR)-deficient mice
(Ifngrl™") infected with either WNV or ZIKV exhibited no acute defects in CNS virological
control, spatial learning was preserved. Ifagrl”~ and Cd8™ mice exhibited early recovery of
presynaptic termini expressing synaptophysin during recuperation from WNV infection. For
ZIKV, Ifngrl” and Cd8~ mice exhibited decreased neuronal apoptosis with recovery of

postsynaptic termini that was most pronounced in the CA regions following viral clearance.
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Microglial-specific deletion of IFNGR protected mice against spatial-learning deficits and
blocked alterations in synapses or neuronal numbers induced during recovery from infection with
either virus. These results indicate that T cell and microglial interactions are critical for

triggering post-infectious cognitive dysfunction through effects on hippocampal circuitry.

3.3 Results

ZIKYV preferentially targets the adult hippocampus.

To address the mechanisms of cognitive recovery from neuroinvasive infection with ZIKV, we
developed a model of ZIKV infection recovery in adult mice. Direct intracranial inoculation of
8-week-old C57BL/6J (wild-type (WT)) mice with ZIKV-Dakar (Dakar 41525, Senegal, 1984),
which shows increased pathogenicity, including higher levels of inflammatory cytokine
induction in mice, compared with Asian strains?, led to weight loss but 100% survival (Fig.
3.1a,,b).b). This was comparable to our established recovery model of infection with a mutant
WNV!0, a strain in which a point mutation in NS5, a nonstructural protein that encodes a 2’-O-
methyltransferase, prevents viral recognition by tetratricopeptide repeats 1 (IFIT1), which
normally acts to block translation of virion-delivered virus-specific RNAs?*. ZIKV replicated to
high levels in the hippocampus and cortex, and, to a lesser extent, in the cerebellum (Fig. 3.1c).
Quantitative PCR (qPCR) analysis of hippocampal tissue during acute ZIKV infection and
recovery demonstrated robust induction of Cxcl/10, Tnfa, and Il1a (Fig. 3.1d), which are
molecules known to play important roles during WNV infection of the CNS?°. Detection of
ZIKV or WNV envelope protein (£) mRNA via in situ hybridization revealed dramatic

differences in viral tropism within forebrain regions. Robust levels of ZIKV £ mRNA were
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detected within all regions of the hippocampi of all animals examined. By comparison, £E mRNA
in WNV-infected mice was variably detected in multiple areas throughout forebrain and
hindbrain regions (Fig. 3.1e; Fig. 3.9a,b). Immunohistochemical (IHC) detection of viral proteins
within cellular targets of both viruses revealed that both WNV and ZIKV primarily targeted
mature neurons (Fig. 3.1f; Fig. 3.9¢,d); however, ZIKV E protein was also detected within
NeuN* cells near the neurogenic subgranular zone of the DG, suggesting that there is additional
targeting of immature neurons (Fig. 3.9¢,f). These data suggest that direct intracranial infection
with ZIKV leads to high viral titers in the hippocampus and induces a neuroinflammatory
immune response in animals that survive infection, providing a robust model for recovery from

neurotropic viral infection.

ZIKY infection of the adult CNS is associated with loss of neurons.

Expression of cytokines and chemoattractant molecules within the virally infected CNS
promotes the recruitment and activation of antiviral T cells, which may persist after viral
clearance with unknown consequences®®. A transcriptional microarray analysis of hippocampal
gene expression during recovery of WNV (25 days post-infection (d.p.i.)) indeed identified
pathways associated with adaptive immune responses. Genes involved in antigen processing and
presentation and in chemokine signaling!'® were identified, which suggests that cytokines and
chemoattractant molecules persist beyond acute infection. Indeed, flow cytometry analysis of
CD45" cells in the hippocampus during acute infection and after recovery from ZIKV and WNV
encephalitis revealed a large population of infiltrating lymphocytes (CD45MCD11b"), which

were primarily CD8" T cells, that persisted despite viral clearance (Fig. 3.10). Intraparenchymal
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T cells and activated astrocytes and microglia were detected robustly at all time points within the
hippocampus during recovery from ZIKV infection (Fig. 3.2a,c), whereas these cells were at the
highest levels at 25 d.p.i. with WNV (Fig. 3.2b,d). Consistent with prior work!?, WNV infection
did not lead to neuronal loss in the hippocampus (Fig. 3.2b,d), although ZIKV infection led to a
significant decrease in NeuN™ cells during acute infection that plateaued by 25 d.p.i. (Fig.
3.2a,c). These data suggest these flaviviruses exert distinct immunopathological effects during

recovery.

Antiviral CD8*TFNy* T cells associate with microglia in the post-infected hippocampus.

An analysis of infiltrating CNS T cells in mice at 25 d.p.i. with WNV or ZIKV revealed
significantly increased percentages of CD8" T cells expressing the integrin CD103, which has
been associated with CNS Tr cell formation?® (Fig. 3.2e,f). Percentages of
CD45™4CD11b"CX3CR17CCR2™ microglia expressing MHCII, a marker associated with
microglial activation that is induced by the T cell cytokine IFN-y, were also significantly
increased (Fig. 3.2g,h). Consistent with this, the QPCR analysis revealed that

hippocampal Ifng expression increased following WNV and ZIKV infection, and remained
significantly elevated during recovery (Fig. 3.3a,c). An analysis of [IFN-y-YFP (yellow
fluorescent protein) reporter mice at 25 d.p.i. demonstrated that CD3" T cells expressed the bulk
of IFN-y in hippocampus at this time point, with IBA1* microglia representing an additional
source (Fig. 3.3b,d). Flow cytometry analysis of CD45 TFN-y" cells isolated from the
hippocampus of IFN-y-Thy1.1 reporter mice at 25 d.p.i. confirmed that ~15% of the cells were

CD45™4CD11b" microglia, while ~80% were CD45"CD11b~ lymphocytes, specifically CD8" T
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cells (Fig. 3.3e—g). An analysis of CD8TFN-y *cells confirmed that a subpopulation of these
cells expressed CD103, while detection of NS4B, the predominant CD8 epitope in WNV-
infected mice?’, via tetramer staining confirmed virus specificity (Fig. 3.3f,g; Fig. 3.11). In
addition, IFN-y*CD8" T cells were observed in close proximity to CX3CR1" microglia at 25
d.p.i. (Fig. 3.3h,1). An additional flow cytometry analysis of mice at 52 d.p.i. confirmed that
CDS*TFN-y" T cells persisted in the hippocampus 1 month after viral clearance (Fig. 3.11). These
data show that antiviral T cells reside in the hippocampus following flavivirus infection, and may

influence the reactivity of resident neural cell populations through cytokine signaling.

ZIKV- and WNV-infected mice show IFN-y-mediated deficits in spatial learning post

recovery.

While IFN-y is critical for virological control within the CNS, it is also a dynamic regulator of
circuit plasticity'®. Thus, we hypothesized that IFN-y signaling between T cells and resident CNS
cells may underlie post-infectious cognitive sequelae. Mock, WNV, or ZIKV infection

of Ifngrl” and WT mice did not reveal significant differences in survival, weight loss, or clinical
score between these animal models (Fig. 3.12a—f). Consistent with the clinical course, the
kinetics of infectious viral replication in most brain regions of the CNS were similar between
WT and Ifagrl~ mice following WNV and ZIKV infection (not shown), with the exception of
the cerebella in Ifngrl ™~ animals, for which WNV clearance was significantly delayed, but
cleared in both genotypes by 24 d.p.i. (Fig. 3.12g—1). Mock-, WNV-or ZIKV-

infected Ifngrl”~and WT mice underwent cognitive behavioral testing 1 month following viral

clearance (Fig. 3.4a). WT mice exhibited spatial-learning deficits on the Barnes maze following
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WNV infection, as previously described!'®!3, as did those recovering from ZIKV infection,

while Ifingrl™~ mice were protected, showing similar learning curves to mock-infected controls
(Fig. 3.4b,c). To control for alterations in anxiety or movement that could impact performance in
hippocampus-dependent tasks, we also performed open-field tests (OFTs). While WNYV infection
did not alter exploratory or anxiety-like behaviors during the OFT in WT or Ifigrl~~ mice (Fig.
4de,g), ZIK V-infected WT and Ifngrl~'~ mice crossed more lines during the OFT than mock-
infected controls (Fig. 3.4d), but did not show differences in anxiety (Fig. 3.4f). As this increase
in locomotion was observed in both genotypes, this change in behavior is unlikely to explain the

difference in the Barnes maze deficits observed between WT and Ifngrl~~ mice.

T cell-derived IFN-y is required to achieve an antiviral state following antigen re-exposure??,
which is an important functional outcome for T cell generation. Of interest, we found that there
was decreased expression of the Trm cell marker CD103 in a subpopulation of

CD45MCD11b CDS8" T cells in the hippocampus of Ifingrl~'~ animals post recovery from
infection compared with WT controls, with minimal CD103 expression in CD4" T cells (Fig.
3.13a,b). We also found high levels of CCR2 on a subpopulation of CD45"CD11b CD8" T cells
in the hippocampus of mice that had recovered from infection, the expression of which did not
change in the absence of IFN-y signaling (Fig. 3.13¢,d). Importantly, CCR2 expression by

CD3* T cells has been demonstrated in human spinal cord tissue from cases of WNV
encephalomyelitis®®; however, the functional consequence of CCR2 expression by T cells in the
CNS remains unknown. Together, these data suggest that IFN-y signaling negatively affects
cognitive recovery from neurotropic viral infections, which is unlikely to be due to differences in

clinical disease or virological control.
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IFNGR signaling is required for neuronal apoptosis during recovery from ZIKYV infection.

Given the dramatic hippocampal targeting and neuronal loss observed following ZIKV infection
(Figs. 3.1 and 3.2), we determined whether the altered survival of neural cells might underlie
spatial-learning deficits. At 25 d.p.i. with ZIKV, Ifingrl~~ and Cd8 " mice exhibited
significantly higher levels of NeuN compared with similarly infected WT animals, in which
levels were reduced by ~30% of mock-infected controls (Fig. 3.5a—c). In comparison,

WT, Ifngri™", and Cd8™"~ mice had similar levels of detection of NeuN following recovery from
WNV infection (Fig. 3.5e—g). Consistent with prior studies'?, we observed no ongoing neuronal
loss in WT animals post recovery from WNV infection (Fig. 3.5e—g). Consistent with the
observed loss of NeuN™ cells, TdT-mediated dUTP nick end labeled (TUNEL)" cells in the DG,
CA3, and CA1 regions of the hippocampus of ZIKV-infected WT animals were significantly
increased post recovery compared with mock-and ZIKV-infected Ifingrl ™~ animals post recovery
(Fig. 3.5h). Of note, levels of apoptosis within the DG were considerably lower and more
variable than that observed in other hippocampal regions (Fig. 3.5a,d,h). Within the CA3, which
is a region critical for spatial learning, detection of NeuN*TUNEL" cells was significantly lower
in ZIKV-infected Ifngrl~~ and Cd8 ' mice compared with similarly infected WT animals after
viral clearance (Fig. 3.51,j). ZIKV did not target GAD67" GABAergic neuronal populations,
which suggests that the virus may not target interneurons (Fig. 3.14a). In contrast, there were no
significant differences in NeuN*TUNEL" cells in the hippocampus of WT and Ifngrl~ mice
post recovery from mock infection or WNV infection (Fig. 3.5k). ZIKV also did not alter the
number of new neurons born within the DG during recovery from infection, which suggests that
impairment in neurogenesis is not a contribution to long-term deficits (Fig. 3.14b). However,

increased neuronal loss and apoptosis persisted up to 52 d.p.i. in ZIKV-infected WT mice post
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recovery compared with mock-and ZIK V-infected Ifingrl~~ mice post recovery (Fig. 3.51; Fig.
3.14d). These data indicate that WNV and ZIKV lead to differential effects on neurons,

including pathology, that contribute to defects in spatial learning.

IFNGR is required for synapse elimination during recovery from WNYV infection via IL-1.

Prior studies have demonstrated that WNV infection leads to acute and chronic loss of
synaptophysin® presynaptic terminals, but preservation of Homerl* postsynaptic terminals,
which ceased by 52 d.p.i.!°. In addition, expression of IL-1p by reactive astrocytes inhibits the
recovery of presynaptic termini and is associated with spatial-learning deficits during recovery
from WNV infection'3. Given the synapse recovery observed in Ifngr!/™ mice and the
demonstration that IFN-y influences IL-1p expression®’, we examined levels of this cytokine in
WNV-infected Ifingrl™"~ mice post recovery. Consistent with prior studies'®, we detected
increased IL-1f expression by GFAP" astrocytes in the hippocampus of WNV-infected WT mice
post recovery, which was significantly decreased in Ifingrl~~ animals at 25 d.p.i. (Fig. 3.6a). As
previously reported'®, WNV-infected WT animals showed decreased synaptophysin® presynaptic
terminals within the CA3 at 7 and 25 d.p.i., while WNV-infected Ifingr!™” and Cd8~ animals
demonstrated limited evidence of synapse elimination at either time point (Fig. 3.6b,c; Fig.
3.14e). This result suggests that IFNGR is required for synapse elimination during WNV
infection. In contrast, and consistent with acute and chronic loss of NeuN" perikarya, ZIKV
infection led to loss of Homer1™ post-synaptic terminals in WT and Ifngr/™"~ animals at 7 d.p.i.,
with preservation of synaptophysin * and vGlut® presynaptic terminals (Fig. 3.14c,f,g). ZIKV-

infected WT animals continued to exhibit decreased numbers of Homer1™ postsynaptic terminals
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within the CA3 at 25 and 52 d.p.i., while ZIK V-infected Ifingr1~~ animals exhibited recovery of
postsynaptic termini by 52 d.p.i. (Fig. 3.6d,e). ZIKV-infected WT and Ifngr!~~ animals also both
displayed significantly increased IL-1p expression by GFAP™ astrocytes in the hippocampus
compared with mock-infected controls post recovery (Fig. 3.15a). Of note, IL-1f expression was
not detected within IBA1" cells at 25 d.p.i. (not shown). These data suggest that persistent
alterations in postsynaptic termini contribute to spatial-learning deficits in ZIKV-infected mice

independent of IL-1f signaling.

IFNGR signaling potentiates microglial engulfment of postsynaptic termini and perikaryal

in ZIKV-infected animals.

Phagocytic roles for microglia are well established and include removal of both apoptotic
newborn cells in the neurogenic niche of the hippocampus and non-apoptotic TBR2" neural
progenitors in the developing cerebral cortex, in addition to synapse pruning and elimination, the
latter of which requires the upregulation of markers of microglial activation®’. We therefore
wondered whether T cell-derived IFN-y signaling is required for synapse elimination or neuronal
loss following WNV or ZIKV infection, respectively, via specific effects on microglia. Indeed,
both WNV and ZIKV infection led to increased expression of IBA1 at 25 d.p.i. in WT mice,

which did not occur in similarly infected Ifingri ™"

animals (Fig. 3.7a,b). Importantly, no
differences in numbers of CD45"CD11b"CX3CR1"CCR2™ microglia cells or expression of
TMEMI119, a recently described homeostatic marker for microglia, were observed in WNV-and

ZIKV-infected WT and Ifingrl~~animals post recovery (Fig. 3.15b—¢). This result is consistent

with prior data demonstrating that viral infections do not promote microglial proliferation!?.
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Flow cytometry analysis of CD45™4CD11b"CX3CR17CCR2™ microglia revealed increased
expression of MHCII in WNV-and ZIKV-infected WT animals post recovery; this increased
expression was significantly attenuated in Infgr/~"~ animals (Fig. 3.15f,g). This finding confirms
that IFN-y contributes to microglial activation in the post-infectious CNS. Three-dimensional
reconstructions of IBA1* cells from sections of ZIKV-infected mice at 25 d.p.i. revealed
Homerl" puncta (Supplementary Video 1) and NeuN™ nuclei (Supplementary Video 2) within
microglia. Colocalization of Homerl or NeuN, lysosomal-associated membrane protein 1
(LAMP1), and IBA1 revealed increased numbers of postsynaptic termini within the lysosomes of
IBA1" cells, which were significantly reduced in Ifingr! ™ mice at 25 d.p.i. (Fig. 3.7c—f). These
data suggest that microglia may be critically involved in responses to T cell-derived IFN-y that

drive cognitive impairment after infection with either WNV or ZIKV.

Micrgolial-specific deletion of IFNGR protects animals against spatial-learning defects.

Given the shared alteration in microglial activation observed in both WNV-and ZIKV-infected
animals post recovery in the absence of IFN-y signaling, we utilized a conditional deletion
paradigm to determine whether IFN-y signaling within microglia of mice post recovery was
responsible for the observed spatial-learning deficits. Cx3crl R [fngrV1 (referred to as
Cre*hereafter) animals and Cx3criER]fngrV (referred to as Cre™ hereafter) litter-mate controls
were mock-infected or infected with WNV or ZIKV, and then treated with tamoxifen 1 week
after infectious viral clearance (at 19 and 21 d.p.i.). Animals were allowed to recover for 3 weeks
to achieve specific deletion of /fngr in long-lived microglia while allowing time for short-lived

CX3CRI1-expressing myeloid populations to turnover?! (Fig. 3.16a—d), at which time cognitive
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behavior testing was performed (Fig. 3.8a). Similar to WT animals, tamoxifen-treated

Cre animals displayed significant spatial-learning deficits on the Barnes maze following WNV
and ZIKV infection (Fig. 3.8b,c). In contrast, tamoxifen-treated Cre” animals performed
similarly to mock-infected controls (Fig. 3.8b,c). OFTs confirmed no differences in locomotor
activity or anxiety between experimental groups, with the exception of an increase in activity in
ZIKV-infected WT animals, as previously shown (Fig. 3.8d—g). Importantly, microglial-specific
deletion of Ifngr after viral clearance was sufficient to prevent elimination of

synaptophysin® presynaptic termini and neuronal apoptosis in WNV-and ZIKV-infected mice,
respectively (Fig. 3.8h,1). A lack of increased microglial MHCII expression was also observed in
WNV-and ZIKV-infected Cre" mice post recovery (Fig. 3.16e,f), confirming that IFN-y
signaling in microglia during recuperation promotes their continued activation. Together, these
data suggest that IFN-y signaling in microglia contributes to microglial activation and spatial-

learning deficits following clearance of infectious WNV and ZIKV from the CNS.

3.4 Discussion

Antiviral T cells persist within the CNS for months to years after neurotropic viral infections?®.
The extent to which these tissue-resident cells impact on normal brain function is unclear;
however, studies of acutely infected mice suggest that CD8"* T cells may damage neuronal
structures, such as dendrites, during viral clearance®?. Here, we developed a novel murine model
to evaluate mechanisms of cognitive decline following adult ZIKV infection. We found that
ZIKYV preferentially targets and induces the loss of neurons throughout the hippocampus, which
was also associated with the loss of postsynaptic Homer1* termini. In contrast, the related WNV,

which infects neurons throughout the CNS, led to elimination of synpato-physin® presynaptic
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termini, which was most pronounced within the CA3 region of the hippocampus, as previously
described!®!3, Survival after infection with either virus was associated with the recruitment of
antiviral CD4" and CD8" T cells, the latter of which persisted in the virus-cleared CNS,
expressed CD103, and became a predominant source of IFN-y. While IFN-y"CD4" T cells also
persisted, targeted deletion of IFN-y signaling or CD8 was sufficient for reversing the effects of
WNYV and ZIKV infection on synapses and apoptosis, respectively. IFN-y signaling was required
for synapse elimination during WNYV infection and for the loss of neuronal cell bodies and
recovery of synapses after ZIKV infection. Levels of [FN-y remained elevated after viral
clearance, and IFN-y signaling was required for microglial activation and cognitive dysfunction
during recovery from infection with either virus. Microglia-specific deletion of Ifngr prevented
the development of WNV-or ZIKV-induced hippocampal-dependent learning and memory
deficits, suggesting that T cell signaling to microglia is a pivotal event in the development of
post-infectious cognitive dysfunction after recovery from flavivirus encephalitis (Fig. 3.17). We
used an inducible CX3CR1-Cre line (Cx3crl -Cre®RT) and administered tamoxifen 1 week after
viral clearance (~20 d.p.i.), when macrophages are no longer present in the CNS (Fig. 3.10). We
therefore designed this experiment to limit the possibility that non-microglial myeloid cells were
participating in the process. Nevertheless, as CXC3R1 is not a specific microglial marker, non-

microglial cells could possibly contribute to the results obtained.

Infection with ZIKV appears to target the hippocampus in our model. The pathogenesis of ZIKV
infection is poorly understood, and there is considerable debate regarding the putative receptors
that enable ZIKV infection of various cell types. Several entry receptors, including the innate
immune receptor DC-SIGN, the transmembrane protein TIM-1, and TAM receptors (Tyro3, Axl,

and Mertk), a family of phosphatidylserine receptors, have been extensively studied for their
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potential role as flavivirus entry receptors®’. However, a more recent study investigating different
infection routes of ZIKV, including subcutaneous, transplacental, vaginal, and intracranial
infections in WT and TAM receptor null mice, showed no difference in viral titers**. TAM
receptors, at least in mice, are therefore not essential for ZIKV infection, but may play roles in
viral tropism. Studies examining 7yro3 expression in the rodent CNS, however, have
demonstrated that it is specifically expressed within the neocortex, especially within the
hippocampus*®. Thus, although Tyro3 is not required for ZIKV infection, the high level of
hippocampal expression of this receptor could potentially contribute to ZIKV targeting this CNS
region. ZIKV also led to extensive and ongoing neuronal apoptosis in the hippocampus, which
was attenuated in the absence of IFN-y. This is consistent with studies of mice with CNS
autoimmune disease, in which IFN-y is observed to directly induce apoptosis of
oligodendrocytes®®. Alternatively, activated microglia can promote apoptosis by inducing
phosphatidylserine exposure and subsequent phagocytosis of neurons by Mertk?”. The
differential extent of neuronal apoptosis and recovery in ZIKV-infected WT, Ifngri™",

and Cd8”~ mice supports reports that a threshold number of neurons may be needed to achieve
spatial learning®®. Resolution of neuroinflammation may involve FasL-mediated apoptosis of T

cells*®, which may explain the increased numbers of TUNEL" cells that are not neurons.

The persistence of presynaptic termini after ZIKV infection suggests that synaptic boutons of
injured axons of hippocampal neurons may be resistant to the rapid loss incurred by other
cortical neurons®. This also suggests that microglial activation following viral infection does not
universally lead to elimination of presynaptic termini, even among closely related virus family
members, and that mechanisms leading to microglial-mediated phagocytosis of synapses or

neuronal nuclei may be distinct*!. Elimination of presynaptic termini following WNV infection
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requires the complement component C3 and its receptor C3aR!°. Astrocytic C3 induces C3aR-
mediated phagocytosis in a model of AD, but this is attenuated with prolonged exposure to C3
(ref. #2), which may explain the lack of elimination of presynaptic termini in the setting of the

observed robust and persistent ZIKV-induced astrogliosis.

Loss of IFN-y signaling also led to attenuation of astrocyte activation during recovery from
WNV, but not ZIKV, infection. The lack of astrocyte activation in Ifingr/~'~ animals protected
animals against astrocyte IL-1B production'?, which limits synapse repair during recovery from
WNV infection!3. This effect could be caused by a direct loss of IFN-y signaling in astrocytes, or
it could be secondary to the lack of microglial activation*’. In our model, the latter explanation is
more probable given that specific deletion of /fngr in microglia was sufficient to protect animals
against spatial-learning deficits, and prior work has demonstrated that in Csflr"~ mice, which
lack microglia, lipopolysaccharide injection fails to activate astrocytes**. These studies suggest
that signaling between microglia and astrocytes critically regulates ongoing neuroinflammation
following viral clearance. That spatial learning is preserved in ZIKV-infected Ifngr! ™~ animals
post recovery despite widespread astrocyte reactivity and IL-1f production, which is pathogenic
in WNV-infected animals post recovery, adds to the growing body of work demonstrating that
heterogeneity in astrocyte reactivity can promote or prevent CNS repair in a disease-specific

manner**.

Although the full spectrum of clinical complications after infection with ZIKV remains unclear,
the incidence of neurological manifestations is increasing, including reports of cognitive
sequelae®*. Our study also detected increased motor activity in ZIKV-infected mice post
recovery. Of interest, neuropsychiatric symptoms, including hyperactivity and hypomania, have

been reported in a young adult presenting with ZIKV encephalitis*®. This finding suggests that
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ZIKV targeting of the hippocampus may influence cognitive functions beyond spatial learning.
Cognitive dysfunction after recovery from WNYV infection was first reported in the United States
approximately 8 years after its emergence in the New York area*’, and numerous clinical studies
since that time have documented persistent psychological and cognitive sequelae following
WNV infection!. Moreover, the induced cognitive sequelae may worsen over time!. In humans,
male sex is independently associated with developing neuroinvasive disease and death,
especially in older individuals*®. While no studies have addressed sex differences in cognitive
outcomes, higher survival rates of female patients could impact potential findings. In our study,
we used both male and female animals in numbers powered to assess cognitive dysfunction but
not sex differences. Further studies of both humans and rodents are needed to examine sexually

dimorphic features of neurological sequelae after flavivirus encephalitis.

The differential effect of global versus cell-specific deletion of IFNGR on locomotor activity in
ZIK V-infected mice suggests that cell-specific roles for this receptor in motor activity may occur
during recovery. In addition to microglia, IFNGR is also expressed by astrocytes, neurons, and
brain microvasculature, which may each exhibit regional differences in their levels of expression
and/or signaling pathways. Given that ZIKV also targets axons in the pyramidal tract (Fig. 3.1e),
it is possible that effects on motor activity are mediated by any of these cell types within this
brain region. As microglial-specific deletion of IFNGR abolished hyperactivity, it is possible that
IFNGR signaling in microglia specifically limits the effects of the virus on motor function. As
the effect was not abolished in mice with global IFNGR deletion, it is possible that IFNGR
signaling of other cell types might override the effects of microglia. Additional studies
examining regional and cell-specific differences in IFNGR signaling are needed to determine the

mechanism of this effect.
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In summary, our studies demonstrate that re-establishing circuit integrity through recovery of
lost synapses or neurons is critical for restoring hippocampal function after injury, and identify
IFN-y signaling to microglia as a proximal regulator of this repair in the post-infectious CNS.
Given the recent association of herpesviral infections* and T cells®® within the CNS parenchyma
of patients with AD, the mechanisms uncovered in our study could have implications for other

types of memory disorders.

3.5 Methods

Animals

Male and female mice (8-10 weeks old) were used for each experiment. C57BL/6J, Ifngrl ™",
Ifngr”™ and CX3CR1-CreFRT mice were obtained from Jackson Laboratories. Transgenic animals
were backcrossed more than ten generations to C57BL/6 mice at Jackson Laboratories. IFN-y-
YFP (C57BL/6 background) and IFN-y-Thyl.1 (C57BL/6 background) were obtained from H.
Shin at Washington Univeristy in St. Louis. CX3CR1*PCCR2®?* mice were obtained from R.
Ransohoff and the Lerner Research Institute and crossed in-house to Ifngrl™~ mice to
generate Ifngrl"CX3CR1SFPCCR2RFP reporter mice. All experiments followed the guidelines

approved by the Washington University School of Medicine Animals Safety Committee (protocol

no. 20170064).

Mouse models of WNYV infection.
WNV-NS5-E218A and ZIKV-Dakar strains utilized for intracranial infections were obtained from
M. Diamond at Washington University in St Louis. WNV-NS5-E218A contains a single point

mutation in the gene encoding 2’-O-methyltransferase. Mice were deeply anesthetized and
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intracranially administered 1 X 10* plaque-forming units (p.f.u.) of WNV-NS5-E218A or ZIKV-
Dakar. Viruses were diluted in 10 pl of 0.5% fetal bovine serum in Hank’s balanced salt solution
(HBBS) and injected into the third ventricle of the brain with a guided 29-guage needle. Mock-
infected mice were intracranially injected with 10 pl of 0.5% in HBSS into the third ventricle of
the brain with a guided 29-guage needle. BHK21 cells were used for viral plaque assays to

determine stock titers of both viruses (described below).

Measurement of viral burden.

WNV-or ZIKV-infected mice were killed and tissues were collected, weighed, homogenized with
zirconia beads in a MagNA Lyser instrument (Roche Life Science) in 500 ul of PBS, and stored
at —80 °C until virus titration. Thawed samples were clarified by centrifugation (2,000 x g at 4 °C
for 10 min), and then diluted serially before infection of BHK21 cells. Plaque assays were overlaid
with low-melting point agarose, fixed 4 days later with 10% formaldehyde, and stained with crystal
violet. Viral burden was expressed on a logio scale as p.f.u. per gram of tissue. During initial
development of the adult ZIKV infection and recovery model (Fig. 3.9), viral burden was
determined by qPCR with reverse transcription (QRT-PCR). RNA was extracted using a RNeasy
Mini kit (Qiagen). ZIKV levels were determined by one-step qRT-PCR on an Applied Biosystems
ViiA7 Real-Time PCR system using standard cycling conditions. A standard curve was produced
using serial tenfold dilutions of ZIKV RNA, and viral burden was expressed as viral RNA

equivalents per gram of tissue.

Immunohistochemistry.
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Mice were anesthetized and perfused with ice-cold Dulbecco’s PBS (Gibco) followed by ice-cold
4% paraformaldehyde (PFA). Brains were post-fixed overnight in 4% PFA followed by
cyroprotection in 30% sucrose (three exchanges for 24 h), then frozen in OCT compound (Fischer).
Coronal tissue sections (10 um) were washed with PBS and permeabilized with 0.1-0.3% Triton
X-100 (Sigma-Aldrich). Nonspecific antibodies were blocked with 5% normal goat serum (Sigma-
Aldrich) at room temperature for 1 h. To reduce endogenous mouse antibody staining when
detecting ZIKV, a Mouse on Mouse kit (MOM basic kit, Vector) was used as per the
manufacturer’s instructions. Slides were then incubated in primary antibody (described below) or
isotype-matched IgG overnight at 4 °C. Following washes in PBS, slides were then incubated in
secondary antibodies at room temperature for 1 h, and nuclei were counterstained with 4,6-
diamidino-2-phenylindole (DAPI; Invitrogen). Coverslips were applied with ProLong Gold
Antifade Mountant (Thermo Fisher). Inmunofluorescent images were acquired using a Zeiss LSM
880 confocal laser scanning microscope and processed using software from Zeiss.

Immunofluorescent signals were quantified using the software Imagel.

Antibodies for immunohistochemistry.

The following primary antibodies were used for IHC analyses: WNV (1:100, polyclonal?), ZIKV
(1:50; gift from M. Diamond (St. Louis, MO), ZV-13), NeuN (1:1,000; Cell Signaling, cat no.
129438, clone D3S3I), BrdU (1:200; Abcam, cat. no. ab1893, polyclonal), doublecortin (1:125;
Cell Signaling, cat. no. 4604S, polyclonal), GFAP (1:250; Thermo, cat. no. 13—-0300, clone
2.2B10), IL-1B (1:100; R&D, cat. no. AF-401, polyclonal), CD3 (1:250; R&D, cat. no. MAB4841,
clone 17A2), CDI11c (1:50; Novus, cat. no. NB110— 97871, clone AP-MAB0806), GFP (1:500;

Abcam, cat. no. ab13970, polyclonal), IBA1 (1:200; Wako, cat. no. 019—19741, polyclonal),
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TMEMI119 (1:200; Abcam, cat. no. ab209064, clone 28-3), TUNEL (Roche In situ Cell Death kit
Red), and synaptophysin (1:250; Synaptic Systems, cat. no. 101004, polyclonal). Secondary
antibodies conjugated to Alexa-488 (Invitrogen, cat. no. A-21206, polyclonal) or Alexa-555

(Invitrogen, cat. no. A-21435, polyclonal) were used at a 1:400 dilution.

Three-dimensional reconstruction of confocal z-stack images.

Confocal z-stack images were taken using a Zeiss LSM 880 laser scanning microscope with
Airyscan at X63 magnification, and consisted of at least eight images. Images were transformed
into three-dimensional reconstruction videos using the image analysis software Volocity 3D

image.

RNAscope in situ hybridization.

Mice were anesthetized and perfused with ice-cold PBS. Brains were then immersion-fixed
overnight in 4% PFA followed by three exchanges of 30% sucrose for 24 h. Brains were
embedded in OCT compound (Fischer) and 10-um sagittal tissue sections were prepared.
RNAscope 2.5 HD Assay-Brown was performed as per the manufacturer’s instructions. Probes
against WNV and ZIKA mRNA (ACD) were used. Viral tropism was analyzed using a ZEISS

Axio Imager Z2 fluorescence microscope.

Flow cytometry.

92



Cells from the hippocampus and cortex of mice were isolated at indicated d.p.i. and stained with
fluorescence-conjugated antibodies (described below) as previously described!3. Briefly, mice
were anesthetized and perfused with ice-cold Dulbecco’s PBS (Gibco). Hippocampal and cortex
brain tissue were dissected out, minced, and enzymatically digested at room temperature for 1 h
with shaking. The digestion buffer contained collagenase D (Sigma, 50 mg ml™!), TLCK trypsin
inhibitor (Sigma, 100 ug ml™!), DNase I (Sigma, 100 U ul™"), HEPES buffer, pH 7.2 (Gibco, 1 M)
in HBSS (Gibco). The tissue was then pushed through a 70-um strainer and pelleted by a 500
x gspin cycle for 10 min. To remove myelin debris, cells were resuspended in 37% Percoll and
spun at 1,200 x g for 30 min. Cells were then resuspended in FACS buffer. TruStain fcX anti-
mouse CD16/32 (BioLegend, cat. no. 101320, clone 93) was used to block the cells for 5 min at 4
°C, followed by cell surface staining for 15 min at 4 °C. Cells were washed twice in FACS buffer,
fixed with 4% PFA, and resuspended in 2% PFA for data acquisition. Data were collected using a

Fortessa X-20 instrument and analyzed with the software Flowjo.

Antibodies for flow cytometry.

The following antibodies were used for flow cytometry: CD45 (PE/Cy7, BioLegend, cat. no.
103114, clone 30-F11), CD11b (Brilliant Violet 605, BioLegend, cat. no. 101257, clone M1/70),
I-A/I-E (MHC-II, APC/Cy7, BioLegend, cat. no. 107628, clone M5/114.15.2), CD4 (Alexa Fluor
700, BioLegend, cat. no. 100536, clone RM4-5), CD8 (PerCP/Cy5.5, BioLegend, cat. no.
100734, clone 53-6.7), NK1.1 (Brilliant Violet 421, BioLegend, cat. no. 108741, clone PK136),

CD103 (APC, BioLegend, cat. no. 121414, clone 2E7), Thyl.1 (PE, BioLegend, cat. no. 202524,
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clone OX-7), CD119 (IFNGR, Biotin, BD Biosciences, cat. no. 558771, clone GR20), and

streptavidin (PE, BD Biosciences, cat. no. 554061).

Behavioral testing.

Animals underwent open-field and Barnes maze testing as previously described!®. Briefly, mice
were given 3 min to explore the Barnes maze platform and to find the target hole. If a mouse did
not find the target hole within the test period, it was gently guided in the hole. At the end of a
trial, the mice remained in the target hole for 1 min before being placed back into their home
cage between trials. Each mouse received two trials per day over the course of five consecutive
days. The number of errors (or number of nose pokes over non-target holes) was recorded.
Before Barnes maze testing, animals performed the OFT as a measure of exploratory behavior.
Each mouse was given 5 min to explore an empty arena before being placed back into its home
cage. Both the Barnes maze platform and the open-field arena were decontaminated with 70%
ethanol between trials and/or mice. All trials were video recorded using a camera (Canon

Powershot SD11001IS) and scored by experimenters blinded to the treatment conditions.

Statistical analysis.

Unpaired Student’s z-test or one-way or two-way analysis of variance (ANOVA) with
appropriate post-test to correct for multiple comparisons, in which the means of all groups were
compared pairwise, were performed as indicated in the figure legends. Prism 7.0 (GraphPad

Software) was used for generating graphs and statistical analyses. P values of <0.05 were
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considered significant. To determine sample sizes for virological and immunological studies, a

power analysis was performed using the following values: probability of type I error = 0.05,

power = 80%, fivefold hypothetical difference in mean, and population variance of 25-fold

(virological studies) or 12-fold (immunological studies). Sample sizes for behavioral testing

experiments were predetermined by the power analysis. For all experiments, animals were

randomly assigned to mock, WNV or ZIKV infection. Investigators were blinded to group

allocation during data collection and analyses.
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Figure 3.1. ZIKYV targets the hippocampus.
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a-d, Establishing a mouse model of adult ZIKV infection and recovery. a, ZIKV infection did
not cause lethality in adult mice. b, ZIKV infection led to weight loss, expressed as the
percentage of day 0 body weight. Data were pooled from two independent experiments (rn = 10
mice per group; P<0.0001). ¢, ZIKV replicated in the CNS of WT mice. Viral burden was
quantified via standard plaque assays (n = 5 mice per group; P =0.0001 for the frontal corext
and hippocampus). P.f.u., plaque-forming units. d, ZIKV infection induced cytokine responses in
the hippocampus. qPCR analysis of indicated mRNA isolated from the hippocampus at the
indicated d.p.i. (n = 5 mice per group). Cxc/10 (left to right), P= 0.0048 and 0.0007; Tnfa, P<
0.0001; I/1a (left to right), P =0.0010 and 0.0002. e,f, ZIKV and WNYV target different regions
of the CNS during acute infection, but similarly infect mature neurons in the hippocampus. e, In
situ hybridization for viral RNA at 7 d.p.i. revealed dramatic differences in the neurotropism of
WNYV and ZIKV. ZIKV consistently targeted the hippocampus, with sparse infection of the
cortex and striatum. Conversely, WNV RNA was present throughout the CNS, including the
olfactory bulb, cortex, hippocampus, and cerebellum. Representative images shown (n = 4 mice
per group) here, with additional images shown in Supplementary Fig 1. Scale bars,1,000 um. f,
ZIKV and WNYV target mature neurons in the hippocampus. Representative immunostaining of
the CA3 region of the hippocampus for NeuN (green), viral antigen (red), and DAPI (blue). Data
are representative of one independent experiment. Scale bar, 20 um. For b-d, data represent the
mean * s.d. and were analyzed by two-way (b) or one-way (¢ and d) ANOVA, and corrected for
multiple comparisons. **P<0.005, ***P<0.001, ****P<0.0001.

101



7 d.p.i. 0 d.p.i.

25 d.p.i.

IBA1 DAPI GFAP DAPI  CD3 DAPI NeuN DAPI
[+
. 80 = odel
e O p.l.
g 60 -k "R edededs ¥ «25 dppl
BE w1 ¢ 5 T [P
2L B Wi o
% 0 4™ I° I.I - [ﬁ i
o
-20 T T - T
IBA1 GFAP CD3 NeuN
@ . ; cos*
7 d.p.i. 25d.p.i. 100 ol
< < 80
2l i < 60
w6 § as t
| L S 40
o
_ | © 20
APC-CD103 0
7 25
d.p.i.
g Cx3CR1*
7 d.p.i. 25 d.p.i. 100
< < 80
(&) ; r o
3 <
AN | {ﬁ = 60
{! = 40
= 2
APC-Cy7 MHCII 0
7 25
d.p.i.

o

7 d.p.i. 0d.p.i.

25 d.p.i.

Q.

No. of

WNV

IBA1 DAPI GFAP DAPI CD3 DAPI  NeuN DAPI
80 * 0d.p.i.
® o7 d.p.i.
2 60 « 25 d.p.i.
£E 4w I
8 204 —
% 0 -mn Y I, |
o
-20 . v v v
IBA1  GFAP  CD3 NeuN
f , cos*
7 d.p.i. 25 d.p.i. 100
(l — 80 *okkx
S &
AR c = ., 60
2 40
(m)
| © 20
APC-CD103 0 4=
7 25
d.p.i.
h Cx3CR1*
7 d.pi. 25 d.p.i. 100 =
< — 80
| § { £ o
(f S 40
( | = 20
APC-Cy7 MHCII 0
7 25
d.p.i.

Figure 3.2. ZIKYV induces neuroinflammation and neuronal loss in the hippocampus.

a-d, ZIKV and WNYV induce differential neuropathology in the hippocampus of WT mice. [HC
analysis revealed that the number of microglia (IBA1%), astrocytes (GFAP™), and T cells (CD3")
increases in the hippocampus after infection with either virus, but the number of neurons
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(NeuN") decreases following ZIKV infection. a,b, Representative images shown. Scale bars, 20
um. ¢,d, The number of cells were quantified as indicated. For ¢, n = 3 (0 d.p.i.) or 5 (7, 25
d.p.i.) mice per group. IBA1, P =0.0051 (0 versus 7d.p.i.) and P= 0.0001 (O versus 25d.p.i.);
GFAP, P=0.0086 (0 versus 7d.p.i.) and P = 0.0008 (0 versus 25 d.p.i.); CD3, P=0.0001 (0
versus 25 d.p.i.); NeuN, P =0.0342 (0 versus 7d.p.i.) and P= 0.0046 (0 versus 25 d.p.i.).

For d, n =3 (0,25) or 4 (7d.p.i.) mice per group. IBA1, P=0.0125; CD3, P =0.0367. e-h, T
cells persist in the hippocampus after viral clearance, and microglia demonstrate persistent
activation. Flow cytometry analysis of cells isolated from the hippocampus of
CC3CRI1S*PCCR2R*Preporter animals at the indicated d.p.i. (gating strategy shown

in Supplementary Fig 2). Data are representative of two independent experiments. e,f, ZIKV (e)
and WNV (f) infection leads to increased expression of CD103 in CD45"CD11b CDS8" T cells
(n = 3 mice per group; P<0.0001). g,h, CD45™¢CD11b*Cx3CR1"CCR2™ microglia isolated from
the hippocampus of ZIKV-infected (g) and WNV-infected mice (h) express high levels of
MHCII at 25 d.p.i. (n = 3 mice per group; P=0.0035 (g) and P = 0.0023 (h)). For c-h, data
represent the mean+s.d. and were analyzed by two-way ANOVA, corrected for multiple
comparisons (¢ and d) or by unpaired two-sided #-test (e-h). *P<0.05, **P< 0.005, ***P<0.001,
A%k P<(0.0001.
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Figure 3.3. T cells express IFN-y in the post-infected hippocampus.
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a,c, JPCR analysis of /fng expression in the hippocampus at the indicated d.p.i. For a, n =4 (0,
7 d.p.i.) or 5 (25, 52 d.p.i.) mice per group. For ¢, n =4 (0, 25d.p.i.), 3 (7 d.p.i.), or 5 (52 d.p.i.)
mice per group. For a (left to right), P =0.0001 and P= 0.0376. For ¢ (left to right), P =
0.0021, P=0.0001, and P = 0.0145. b-g, IFN-y is primarily expressed by CD3"CD8" T cells at
25 d.p.i. b,d, Immunostaining (left) and quantitation (right) of hippocampi at 25d.p.i. from IFN-
v-YFP reporter mice for IFN-y (YFP) and cell-type-specific markers for neurons (NeuN),
astrocytes (GFAP), microglia (IBA1), and T cells (CD3) to identify the source of I[FN-y in the
hippocampi of infected mice post recovery. Images in the upper panel are magnifications of the
boxed area in the corresponding images in the lower panel. Scale bars, 20 pm. For b, n = 5 mice
per group; P = 0.0143 (NeuN versus GFAP) and P< 0.0001 (for other comparisons). For d, n = 4
mice per group; P =0.0439 (NeuN versus GFAP) and P< 0.0001 (for other comparisons). e-g,
CDA45 TFN-y" cells isolated from the hippocampus of IFN-y-Thy1.1 reporter mice at 25d.p.i. e,
Gating strategy. Cells were gated via CD45 and CD11b to identify putative microglial (P1:
CD45™4CD11b"), macrophage (P2: CD45"CD11b"), and lymphocyte (P3: CD45"CD11b")
populations among IFN-y-expressing cells. Population P3 was further analyzed for CD4, CDS,
and NK1.1 expression. IFN-y"CD4" and IFN-y"CD8" T cells were further analyzed for CD103
expression, and IFN-y"CD8" T cells were analyzed for virus specificity via NS4B tetramer
staining. f,g, Quantification of indicated populations (n = 4 mice per group). For f, P = 0.0402
(P1 versus P2), P<0.0001 (for other comparisons), P=0.0011 (P3: CD4 versus CD8), and P =
0.0006 (CD103*: CD4 versus CD8). For g, P< 0.0001 (for other comparisons) and P = 0.0002
(CD103": CD4 versus CDB8). Full gating strategy and absolute numbers are provided
in Supplementary Fig 3. h,i, IFN-y*CD8" T cells are closely associated with microglia in the
post-infectious CNS. Representative immunostaining of the CA3 region of the hippocampus for
IFN v, CD8, IBA1, and DAPI. Data are representative of one independent experiment. For a-d, f,
and g, data represent the mean=s.d. and were analyzed by one-way ANOVA and corrected for
multiple comparisons. *P<0.05, **P< 0.005, ***P<0.001, ****P<0.0001.
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Figure 3.4 Loss of IFN-y signaling protects animals against spatial-learning deficits.

a-g, WT mice display spatial-learning deficits 1 month after viral clearance. Ifngr/~~ animals
are protected against these deficits. Data were pooled from four independent experiments, with
the sample size for each group indicated in b and ¢. a, Schematic of the model of viral infection
and recovery. b,¢, Average errors on the Barnes maze (sample sizes are indicated). For b, P =
0.0012 (WT mock versus ZIKV) and P = 0.0381 (Ifngrl”~ mock versus ZIKV). For ¢, P<0,0001
(WT mock versus ZIKV) and P= 0.0186 (/fngrl~~ mock versus ZIKV). d-g, Open-field data to
assess locomotor activity (lines crossed; d,e) and anxiety (center crosses; f,g) in 5 min when
exploring an open-field arena (for sample sizes, see the corresponding colors in b and ¢).

For d (left to right), P =0.0032 and P= 0.0059. For b-g, data represent the mean+s.e.m. and were
analyzed by two-way ANOVA, and corrected for multiple comparisons. *P<0.05, **P< 0.005,

k< 0.0001.
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Figure 3.5 IFN-y promotes neuronal apoptosis in ZIKV-infected animals post recovery.

a-h, ZIKV, but not WNV, infection leads to decreased numbers of hippocampal neurons at 25
d.p.i. More neurons were found in infected Ifngrl”~ and Cd8~~ mice post recovery. a-c,e-g,
Representative images (a,e) and quantitation (b,c,f,g) of neurons in the hippocampus. Data were
pooled from two to three independent experiments. For b, n =4 (WT mock, WT

ZIKV, Ifngrl™~ ZIKV) or 5 (Ifngr7”~ mock) mice per group. For ¢, n =5 (WT mock) or 4 (WT
ZIKV, Ifngrl™ mock, Ifngrl™~ ZIKV) mice per group. For f, n = 5 (WT mock, Ifngr7 "~ mock),
7 (WT WNV), or 3 (Ifngrl™~ ZIKV) mice per group. For g, n = 5 (WT mock, WT ZIKV), 4

107



(Ifngrl”~ mock), or 3 (Ifngrl”~ ZIKV) mice per group. For b(left to right), P= 0.001, P=0.0111,
and P = 0.0214. For ¢, P=0.0032. Scale bars, 200um. d,h, Quantitation of TUNEL" cells in
multiple regions of the hippocampus at 25 d.p.i. following ZIKV and WNV infection of WT

and Ifngrl”~ mice. Note that levels of apoptosis were much lower in WNV-infected animals post
recovery. Data were pooled from two independent experiments (z = 4 mice per group).

For d (left to right), P =0.0009, P = 0.0001, and P = 0.0001. For h (left to right), P =

0.0138, P=0.0002, and P = 0.0068. i,j, ZIKV infection leads to significant increases in
TUNEL"NeuN" cells, which is not observed in Ifngrl”~ or Cd8”'~ mice post recovery. Data were
pooled from two independent experiments. For i, » = 5 mice per group; P = 0.0049 and P =
0.0134 (left to right). For j, n = 4 mice per group; P =0.0014 and P = 0.0081 (left to right). k,
Quantitation of TUNEL"NeuN" cells at 25 d.p.i. with WNV. Data were pooled from two
independent experiments (n =5 (WT mock, Ifngrl”’~ mock), 7 (WT WNV), or 3 (Ifngrl”’”~ WNV)
mice per group). 1, Quantitation of TUNEL*NeuN" in ZIKV-infected WT versus Ifngrl”~ mice at
52d.p.i. Data were pooled from two independent experiments (n = 4 mice per group; P< 0.0001).
Scale bars, 20 um. For b-d, f-1, data represent the mean+s.d. and were analyzed by two-way
ANOVA, and corrected for multiple comparisons (b-h). *P<0.05, **P<0.005, ***P<0.001.
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Figure 3.6 IFNGR is required for repair of presynaptic and postsynaptic termini in
flavivirus-infected animals post recovery.

a-¢, WNV infection induces astrocyte IL-1 production, which leads to delayed recovery of
synapses in the hippocampus at 25 d.p.i. in WT mice, but Ifngr/”~ and Cd8”~ animals display
early recovery of presynaptic termini. a, Representative immunostaining (left) and quantitation
(right) of the hippocampus. Data were pooled from three independent experiments (n =9 (WT
mock), 6 (WT WNV, Ifagrl” mock), or 4 (Ifngrl”’~ WNV) mice per group; P<0.0001 (left)

and P= 0.0040 (right)). Scale bar, 50 um. b,¢, Representative immunostaining (left) and
quantitation (right) of the hippocampus at 25d.p.i. Data were pooled from three independent
experiments. For b, n = 9 (WT mock), 6 (WT WNV, Ifngrl”"~ mock), or 4 (Ifngrl”’~ WNV) mice
per group; P =0.0311 (left) and P = 0.0169 (right). For ¢, n =5 (WT mock), 3 (WT WNV), or
4 (Ifngrl”~ Mock, Ifngrl”~ WNV) mice per group; P = 0.0048 (left) and P = 0.0157 (right). Scale
bars, 50 pm. d,e, ZIKV infection leads to chronic loss of Homer1" postsynaptic terminals at 25
and 52 d.p.i. in WT mice, but Ifngrl”~ animals display recovery. d, Representative
immunostaining (left) and quantitation (right) of the hippocampus at 25d.p.i. Data were pooled
from two independent experiments (n = 4 mice per group; P=0.0011 (left) and P =0.0311
(right)). Scale bar, 10um. e, Representative immunostaining (left) and quantitation (right) of the
hippocampus at 52 d.p.i. Data were pooled from two independent experiments (n =6 (WT
mock), 4 (WT WNV, Ifagrl”’~ WNV), or 7 (Ifngrl”’~ Mock) mice per group). Scale bar, 10 um.
For all panels, data represent the mean+s.d. and were analyzed by two-way ANOVA, and
corrected for multiple comparisons. *P<0.05, **P<0.005, ****P<0.0001.
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Figure 3.7. IFN-y potentiates microglial engulfment of postsynaptic termini and neurons in
ZIKV-infected animals post recovery.

a,b, WNV or ZIKV infection induces increased expression of IBA1 in the hippocampus at
25d.p.i., which is significantly reduced in Ifngrl”"~ mice. Representative immunostaining (left)
and quantitation (right) of the hippocampus at 25d.p.i. Data were pooled from two independent
experiments. For a, n = 4 mice per group; P=0.0001 (left) and P = 0.0102 (right). For b, n =4
(WT mock, WT WNV, Ifagrl"WNV) or 6 (Ifngrl”’~ mock) mice per group; P< 0.0001 (left)
and P = 0.0010 (right). Scale bars, 50 pm. c,e, IBA1" microglia engulf postsynaptic termini at
25d.p.i., which is significantly reduced in Ifngrl " “mice. Representative immunostaining, with
single-channel images on the right (¢) and quantitation (e) of the hippocampus of infected mice
post recovery. Data were pooled from two independent experiments (n=3 (WT

Mock, Ifngrl”™ Mock), 5 (WT ZIKV), or 4 (Ifngrl”~ ZIKV) mice per group; P=0.0011 (left)
and P = 0.0209 (right)). Scale bars, 10 um. d,f, IBA1" microglia engulf NeuN" perikarya at
25d.p.i., which is reduced in Ifngrl”~ mice. Representative immunostaining, with single-channel
images on the right (d) and quantitation (f) of the hippocampus of infected mice post recovery.
Data were pooled from two independent experiments (7 = 4 (WT Mock, Ifngrl”’~ ZIKV), 5 (n =
WT ZIKV), or 3 (Ifngrl”’ Mock) mice per group; P = 0.0190). Scale bars, 10um. For a, b, e,
and f, data represent the mean+s.d. and were analyzed by two-way ANOVA, corrected for
multiple comparisons. *P<0.05, ***P<(.001, ****P<(0.0001.
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Figure 3.8 Loss of IFN-y signaling in microglia during recovery protects animals against
spatial-learning deficits.

a-g, Specific deletion of IFNGR in microglia after viral clearance is sufficient to protect animals
against WNV-or ZIKV-induced spatial-learning deficits. a, Experimental

design. Cx3cr1CER[fngrVM (Cre") animals were generated, and Cx3cr1 R [fngr¥M (Cre")
littermates were used as controls. Mice were challenged intracranially with mock, WNV, or
ZIKV at 8 weeks of age. All mice were treated with tamoxifen at 19 and 21 d.p.i. to induce Cre-
recombinase expression and achieve deletion of Ifngr in CX3CR1" microglia. Behavioral testing
began on 45 d.p.i. with OFTs, followed by 5 consecutive days of Barnes maze testing. b,c,
Average errors on the Barnes maze. Data were pooled from four independent experiments, and
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sample sizes are as listed. For b, P= 0.0011 (Cre” mock and ZIKV) and P = 0.0073 (Cre" mock
and ZIKV). For ¢, P =0.003 (Cre” mock and ZIKV) and P= 0.0207 (Cre” mock and ZIKV). d-g,
OFT data to assess locomotor activity (lines crossed; d,e) and anxiety (center crosses; e,g) in 5
min when exploring an open-field arena. Data were pooled from four independent experiments
(for sample sizes, see the corresponding colors in b and ¢); P = 0.0146 (d). h,i, Specific deletion
of Ifngr in microglia after viral clearance is sufficient to protect animals against WNV-or ZIKV-
mediated synapse and neuronal loss, respectively. Cre” and Cre™ littermates were infected with
mock, WNV, or ZIKV and treated with tamoxifen as described above, but tissue was collected at
25 d.p.i. for IHC analysis of synaptophysin or NeuN and TUNEL positivity. Data were pooled
from two independent experiments. For h, n =7 (Cre” Mock), 4 (Cre” WNV, Cre" WNV), or 5
(mock Cre™) mice per group. For i, n =4 (Cre” mock, Cre~ ZIKV, Cre” mock) or 5 (Cre* ZIKV)
mice per group. Scale bars, 20 pm. Data represent the mean+s.e.m. (b and ¢) or mean+s.d. (d-i)
and were analyzed by two-way ANOVA, and corrected for multiple comparisons (a-i). *P<0.05,
**P<0.005, ¥***P<(0.001, ****P<(0.0001.
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Figure 3.9. ZIKYV targets the hippocampus.

(a,b) ZIKV preferentially targets the hippocampus (white box). Additional representative images
of in situ hybridization for viral RNA (RNA-ISH) at 7 dpi as in Fig le, (n=4 mice per group).
(c,d) Neither WNV nor ZIKV targets astrocytes (GFAP+) or microglia (IBA1+) in the CA3
region of the hippocampus. (e,f) Neither WNV nor ZIKV targets neural progenitor cells (DCX+)
but does infect NeuN+ cells in the dentate gyrus of the hippocampus. Scale bar 20 um.
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Figure 3.10. Kinetics of immune cell infiltration to the hippocampus.

Cx3CRIC*PCCR2™? reporter animals were infected with WNV or ZIKV at 8 weeks old. Cells
were isolated from the hippocampus at indicated dpi. (a) Gating strategy to identify putative
microglia (P1: CD45™4CD11b"), macrophage (P2: CD45"CD11b"), and lymphocyte (P3:
CD45"CD11b") populations. (b,c¢) Quantification of indicated populations at 0, 7, and 25 dpi
revealed infiltration of putative macrophage and lymphocyte populations by 7 dpi, the latter of
which persisted in the hippocampus at 25 dpi. Data are representative of two independent
experiments (n=3 mice per group, mean + SD). (d) Additional gates were applied to P1 and P3
populations to assess MHC-II expression in CD45™¢CD11b*Cx3CR1"CCR2" microglia
populations and CD103 expression in CD45"CD11b"CD8" T cells (quantification in main Figure
2). (e,f) CD45MCDI11b-CD8" T cells (identified by gating strategy in a,d) enter the hippocampus
by 7 dpi and persist to 25 dpi (n=3 mice per group, mean + SD). Data was analyzed by two-way
(b,c) or one-way (e,f) ANOVA, and corrected for multiple comparisons. *,P<0.05, **, P<0.005,
*x% P<0.001, *¥*** P<0.0001.
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Figure 3.11 IFN-y" T cells persist in the hippocampus.

Most of the IFNg" cells in the hippocampus during recovery are CD8" T cells, and these persist
in the hippocampus for at least a month after viral clearance. IFNy-Thy1.1 reporter mice were
infected with ZIKV or WNV and cells were isolated from the hippocampus at 25 or 52 dpi for
flow cytometric analysis. (a) Representative gating strategy to identify CD45 TFNg" cells, which
were further analyzed according to the gating strategy shown in main Figure 3. (b,c) Data from
main Figure 3f,g represented as number of cells (n=4 mice per group, mean + SD). (d,e)
Analysis of CD45TFNy" cells at 52 dpi showed that CD45"CD11b- CD8" T cells persist in the
hippocampus at least one month after viral clearance. Data are representative of two independent
experiments (n=3-4 mice per group, mean + SD). Data was analyzed by one-way ANOVA, and
corrected for multiple comparisons. *,P<0.05, **, P<0.005, *** P<0.001, **** P<0.0001.
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Figure 3.12 Ifngrl”" mice display similar clinical course and viral burden as WT mice.

(a-f) Loss of IFNy signaling does not affect survival, weight loss, or clinical score. (a,d) Survival
analysis (n indicated in the figure). (b,e) No difference in weight loss following infection,
expressed as % of day 0 body weight (b: n=4 WT (mock), 10 WT (WNV), 5 Ifngri”’-(WNV); e:
n=20 WT (mock), 15 WT (ZIKV), 16 Ifngri”~ (ZIKV); mean + SD). (c,f) No difference in
clinical score following infection (n as in b,e; mean + SD). (g-i) Loss of IFNy signaling does not
influence replication or clearance of infectious virus, with the exception of slight delay in the
cerebellum. Viral burden was quantified via standard plaque assays. Data are pooled from two
independent experiments (n=5-15 mice per group; mean + SD). Data was analyzed by log rank
(Mantel-Cox) test (a,d) or two-way ANOVA (b,c,e-1) and corrected for multiple comparisons.
** P<0.005.
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Figure 3.13 Ifngrl”" mice have slight decrease in CD103*CD8" T cells, which express high
levels of CCR2.

(a,b) Loss of IFNy signaling led to a small but significant decrease in CD103 expression of
CD45"CD11b"CD8" T cells isolated from the hippocampus at 25 dpi. Flow cytometric analysis
of cells isolated from the hippocampus of Cx3CR1FPCCR2RFP or Ifngri-Cx3CR1FPCCR2RFP
animals as in Fig. 2e-f (gating strategy in Supplementary Fig 2). Data are pooled from two
independent experiments (n=3-8 mice per group; mean + SD). (¢,d) Loss of IFNy signaling did
not influence CCR2 expression, which was high increased in CD45"CD11b"CD8" T cells
isolated from the hippocampus at 25 dpi. Flow cytometric analysis of cells isolated from the
hippocampus of Cx3CR1SFPCCR2R? or IfingrI”-Cx3CR1S"PCCR2R? animals as in Fig. 2e-f
(gating strategy in Supplementary Fig 2). Data are pooled from two independent experiments
(n=3-8 mice per group; mean + SD). Data was analyzed by two-way ANOVA and corrected for
multiple comparisons (a-d). **, P<0.005, *** P<0.001, **** P<(0.0001.
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Figure 3.14 Decreases in post-synaptic terminals and increase in apoptotic neurons are
observed during ZIKYV acute infection and long-term recovery.

(a,c) ZIKV infection does not target glutamatergic termini (Vglutl) or GABAergic (GAD67)
neurons at 25 dpi. Data are pooled from two independent experiments (n=4-8 mice per group,
mean £ SD). (¢) No difference in new neurons within the DG during recovery. Representative
images of recovered hippocampus at 52 dpi, assessed after BrdU labeling during acute infection;
BrdU (red), NeuN (green), DAPI (blue). Data from one experiment (n=4 mice, mean =+ SD).
Scale bar 50 um. (d) ZIKV infection leads to decreased number of neurons at 52 dpi. More
neurons were found in Ifngrl” recovered mice. Representative images of the recovered
hippocampus, NeuN (green). Data are pooled from two independent experiments (n=4-5 mice
per group, mean = SD). Scale bar 20 um. (e) WNV infection leads to the acute loss of
synaptophysin+ pre-synaptic terminals. Data are pooled from 2 independent experiments (n=4
mice per group, mean + SD). Scale bar 20 pm. (f-g) ZIKV infection leads to acute loss of
homerl+ post-synaptic terminals, but preservation of synaptophysin+ pre-synaptic terminals (f)

Representative immunostaining in the hippocampus at 7 dpi; Synaptophysin (red), DAPI (blue).
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Data are pooled from 2 independent experiments (n=4 mice per group, mean + SD). Scale bar 10
um. (g) Representative immunostaining in the hippocampus at 7 dpi; Homer1 (green), DAPI
(blue). Data are pooled from 2 independent experiments (n=4 mice per group, mean + SD). Scale
bar 10 pm. Data was analyzed by two-way ANOVA and corrected for multiple comparisons (a-
g). *,P<0.05, **, P<0.005, ***, P<0.001.
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Figure 3.15 Significant differences in numbers of microglia in the hippocampus of WT and
IfngrI”- WNV and ZIKV-recovered mice.

(a) Astrocyte expression of IL-1B was similarly elevated in WT and Ifngr!” mice.
Representative immunostaining in the hippocampus; GFAP (green), IL-1 (red), DAPI (blue).
Data are pooled from 3 independent experiments (n=4-8 mice per group, mean + SD). Scale bar
50 um. (b-e) ZIKV- and WNV-recovered animals demonstrate similar numbers of microglia in
the hippocampus at 25 dpi. (b,¢) No differences in the number of
CD45™4CD11b"Cx3CR1"CCR2 microglia were observed in cells isolated from the ZIKA- or
WNV-recovered hippocampus of reporter mice at 25 dpi. Representative plots of
CD45™4CD11b" cells. Data are representative of two independent experiments (n=3 mice per
group, mean + SD). (d,e) No differences in the number of Tmem119+ microglia were observed
in the hippocampus of WT and Ifngrl”" infected animals at 25 dpi. Representative
immunostaining of Tmem119 (green) and DAPI (blue) in the hippocampus. Data are pooled
from two independent experiments (n=4-8 mice per group, mean + SD). Data was analyzed by
unpaired t test (a-d). (f,g) WNV or ZIKV infection induces increased expression of MHC-II in
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hippocampal microglia at 25 dpi. Representative plots from flow cytometric analysis of MHC-II
expression in CD45™4CD11b"Cx3CR1"CCR2" microglia isolated from the recovered
hippocampus of infected WT and Ifngri”- animals. Data are pooled from two independent
experiments (n=8 mice per group, mean = SD). Data was analyzed by two-way ANOVA and
corrected for multiple comparisons (a,f,g). *,P<0.05, *** P<0.001, **** P<(0.0001.
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Figure 3.16 Conditional deletion of IFNGR in Cx3CR1" microglia

Specific deletion of IFNGR in microglia was achieved as in Fig. 8a-g. (a,b) Flow cytometric
analysis of CD45™4CD11b" microglia isolated from the hippocampus of Cx3CR I ER[fngi /!
(Cre +) mice and Cx3CR1¢*Ifngr"/" (Cre-) littermate controls after behavioral testing
demonstrated significant deletion of IFNGR in Cre+ mice. Data are pooled from two
independent experiments (n=4-7 mice per group, mean + SD). (¢) Analysis of peripheral myeloid
cells isolated from the blood (PBMCs) and spleen revealed no difference in IFNGR expression
between Cre+ and Cre- mice. Data are representative of two independent experiments (n=4 mice
per group, mean + SD). (d) Tamoxifen treatment did not alter IFNGR expression in
CD45"CD11b"CD8" or CD45MCD11b"CD4" T cells isolated from the hippocampus of Cre+ and
Cre- mice. Data are representative of two independent experiments (n=4 mice per group, mean +
SD). (e,f) Conditional deletion of IFNGR in microglia during recovery led to significant
attenuation of MHC-II expression in microglia isolated from the hippocampus of Cre+ but not
Cre- mice after behavioral testing. Data are pooled from two independent experiments (n=4-7
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mice per group, mean + SD). Data was analyzed by two-way ANOVA and corrected for multiple
comparisons (a,b,e,f) or by unpaired t test (¢,d). *,P<0.05, **, P<0.005, **** P<0.0001.
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Figure 3.17 T cell-derived IFNy targets microglia to mediate neurocognitive dysfunction
during recovery from WNV and ZIKYV infection.

(a) WNYV infects neurons throughout the CNS. Anti-viral T cells that persist in the CNS after
viral recovery produce IFNy. IFNy targeting of microglia leads to the elimination of presynaptic
termini, most prominently in the CA3 region of the hippocampus, and the development of spatial
learning and memory deficits. (b) ZIKV preferentially targets neurons in the hippocampus. Like
WNV, IFNy producing T cells persist in the CNS after ZIKV recovery. Targeting microglia,
IFNy induced apoptosis of neurons and the elimination of post-synaptic termini throughout the
hippocampus. ZIKV inflicted mice subsequently develop spatial learning and memory deficits.
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Chapter 4: Conclusions and future directions

4.1 Astrocytes, neurogenesis and synapse recovery

This work has explored the fundamental processes which prevent cognitive recovery
following neuroinvasive disease with West Nile virus. We found that in the case of West Nile
Virus, reactive astrocytes prevent recovery of synapses and lead to decreased neurogenesis
through IL-1b signaling. Blocking this pathway through genetic deletion of the receptor for IL-1
(Il1r1-/-) or pharmacologic treatment with the IL1R1 antagonist anakinra was sufficient to

protect animals from WNV-induced spatial learning deficits.

In earlier work we demonstrated that after WNV infection, activated microglia cause
synapse elimination in the hippocampus through complement mediated phagocytosis', providing
a pathological basis for the spatial learning deficits we observed. Synapses are lost during acute
infection, but what prevents synaptic repair? In the ventral spinal cord, depletion of region-
restricted astrocytes led to differential loss of excitatory and increase of inhibitory synapses.
Astrocytes from developmentally distinct regions did not migrate into the depleted area, and thus
could not replace the cells that were lost?. This raises two important points which may be
relevant for understanding the mechanisms underlying synaptic recovery following viral

infection.

First, in addition to their developmental role of promoting synaptogenesis astrocytes may
also be important for maintaining synaptic connections. /n vivo imaging studies have
demonstrated that synaptic connections are formed and lost in a dynamic way even under normal
conditions®. Thus, during recovery from infection reactive astrocytes may lose the ability to

perform homeostatic maintenance of synapse formation and loss. Indeed, recent work has
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demonstrated that reactive astrocytes were unable to promote synapse formation in vitro,

although resting astrocytes readily performed this function®.

Second, astrocytic patterning during development may be an important determinant of the
functional capabilities and the region-restricted areas in which they divide. Indeed, depletion of
astrocytes in a restricted region of the spinal cord led to loss of those astrocytes without
infiltration of astrocytes from an adjacent region?. Thus, as reactive astrocytes lose their
homeostatic functions following WNV infection, it is unlikely that neighboring astrocytes will be

able to migrate into the region to fill the functional void.

However, there are several important caveats to this second line of reasoning. First,
although patterning has been demonstrated for the spinal cord?, no studies have explored whether
hippocampal astrocytes derive from a developmentally restricted region. Second, in vivo imaging
studies have shown that during development, differentiated astrocytes locally proliferate and
integrate into functional networks’, and the daughter cells do not appear to migrate tangentially?.
In the neurogenic zone of the hippocampus, newly generated astrocytes may also contribute to
reactive astrogliosis following infection. Indeed, we observed an increase in proliferating
astrocytes and a decrease in proliferating neuroblasts. Why these newly generated astrocytes are
unable to perform homeostatic functions remains unknown, although it is likely that the
inflammatory environment promotes a reactive phenotype. /n vivo imaging of the astrocyte
response to infection could address 1) the dynamics of synapse formation and retraction during

recovery and 2) the contribution of local proliferation and/or migration to reactive astrogliosis.

We also observed decreases in the number of proliferating neuroblasts in the subgranular

zone of the dentate gyrus and the subventricular zone of the lateral ventricles following WNV
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infection®. This loss of neural progenitor cells was not due to direct viral targeting, but rather due
to cytokine mediated alteration in lineage fate. During development, neurogenesis precedes
astrogenesis. The ‘gliogenic switch’, when neural stem cells switch from making new neurons to
making new glia, is mediated in part by JAK-STAT signaling’. It is possible that developmental
pathways leading to gliogenesis are activated when neural stem cells residing in the dentate
gyrus, which typically make new neurons that integrate into the hippocampal circuitry, are
exposed to a cytokine milieu following infection. In addition to the effects of reactive
astrocytosis on synaptogenesis discussed above, the loss of newborn neurons may also contribute

to spatial learning deficits.

Studies in rodents have identified several ways by which adult neurogenesis in the
hippocampus contributes to spatial learning and memory. Adult-born new neurons are integrated
into the hippocampus during spatial learning®, and ablation of neural stem cells or young neurons
prevents learning”!?. Thus, following infection decreases in the proliferating neural precursor
pool, may lead to a decrease in the number of new neurons generated and integrated into the
hippocampal circuitry. Injecting BrdU, which labels dividing cells, at various days post infection
during recovery, in combination with staining for early activation genes could help to identify
whether there is indeed a decrease in the number of newborn neurons incorporating into the

hippocampal circuit during a hippocampal-based memory paradigm.

Although initially dismissed, the hypothesis that neurogenesis exists in the adult human
brain has been widely accepted for many years due to mounting evidence that precursor cells can
be found in restricted neurogenic regions. However, two papers published recently have revived
the debate. Sorrell et. al analyzed human tissue from birth to 77 years and found a sharp decline

in the number of proliferating progenitor cells in the dentate gyrus beginning around 1 year, and
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very few cells in any of the later time points. They also found a similar decrease in neural
progenitors with age in non-human primates!!. On the other hand, Boldrini et al analyzed human
tissue ranging from 14-79 years of age, using stereologic techniques to quantify and extrapolate
the number of newborn neurons in the hippocampus. They identified neural progenitor cells and
found a stable population during aging!2. These studies arrived at different conclusions but raise
several important points. First, rodent studies are important and useful for testing mechanistic
hypotheses, but have recognized limits in translating findings to humans due to fundamental
differences in physiology. Second, human studies utilizing post-mortem tissue are an important
step to validate hypotheses generated in rodent studies, but have additional challenges due to an
increasing number of variables, including prior exposures and post-mortem interval, which are
difficult to fully control. Finally, the ability to determine whether neurogenesis continues during

adulthood is limited by the identification and availability of lineage defining markers.
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