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Abstract

The IFN-y/STAT1 immune signaling pathway impacts many homeostatic and pathological aspects
of neurons, beyond its canonical role in controlling intracellular pathogens. Well known for its
potent pro-inflammatory and anti-viral functions in the periphery, the IFN-y/STAT1 pathway is
rapidly activated then deactivated to prevent excessive inflammation; however, neurons utilize
unique IFN-y/STAT1 activation patterns, which may contribute to the non-canonical neuron-
specific downstream effects. Though it is now well-established that the immune system interacts
and supports the CNS in health and disease, many aspects regarding IFN-y production in the
CNS and how neurons respond to IFN-+y are unclear. Additionally, it is not well understood

how the diversity of the IFN-y/STAT1 pathway is regulated in neurons to control homeostatic
functions, support immune surveillance, and prevent pathologies. In this review, we discuss the
neuron-specific mechanisms and kinetics of IFN-y/STAT1 activation, the potential sources and
entry sites of IFN-y in the CNS, and the diverse set of homeostatic and pathological effects
IFN-y/STAT1 signaling in neurons has on CNS health and disease. We will also highlight the
different contexts and conditions under which IFN-y-induced STAT1 activation has been studied
in neurons, and how various factors might contribute to the vast array of downstream effects
observed.
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11 INTRODUCTION

Cytokines have long been appreciated for their roles in immunity, but also exert many
critical non-immune effects in the central nervous system (CNS), including influencing
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behaviors and maintaining CNS homeostasis.1 ™15 Because of their traditional role as immune
mediators, much work has focused on cytokine signaling on immune cells in the CNS,

like microglia, but cytokines can act directly on neurons and are required for important
neuron-intrinsic functions. Because of the unique separation and protection of the CNS from
the periphery, little is known about how cytokines are able to enter the CNS parenchyma

and how they signal to neurons. Recent studies have identified unique pathways in which the
immune system can interact with and support the CNS under physiological conditions.%:16-18
This discovery of immunological niches around the CNS and the glymphatic system has
provided new insight into cytokine signaling on neurons, particularly the IFN-y/STAT1
signaling pathway.

IFN-v, the sole type Il interferon, is a pro-inflammatory cytokine predominately produced
by cells in the adaptive arm of the immune system,9 and is capable of stimulating

neurons which express IFN-y receptors (IFNGR).#20-22 STAT1 is a transcription factor
that facilitates IFN-y-induced immune responses® and has been gaining recognition for its
non-canonical roles in both CNS homeostasis and pathology. The IFNGR is a heterodimer
composed of two IFNGR1 and two IFNGR2 subunits. IFN-y binds IFNGR1, causing a
conformational change in IFNGR2 and autophosphorylation of Janus Kinase 2 (JAK2).
JAK2 phosphorylates Janus Kinase 1 (JAK1), which phosphorylates IFNGR1. STAT1
binds IFNGR1 and is phosphorylated, likely by JAK2. Upon activation, STAT1 dimerizes
and traffics to the nucleus, where phosphorylated STAT1 (pSTAT1) homodimers bind to
chromatin at IFN--y activation sites (GAS) and facilitate transcription of canonical pro-
inflammatory, anti-viral, and anti-tumor IFN-y stimulated genes (1SGs).1%23 In immune
and non-immune cells in the periphery, this pathway is typically activated and deactivated
quickly, in order to swiftly fight off the pathogen, without causing unnecessary and harmful
inflammation. In neurons, however, current data suggest IFN-y/STAT1 signaling does not
strictly adhere to these classical signaling parameters, with muted but extended STAT1
signaling, as well as IFN-y/STAT1-induced non-cytolytic viral clearance.24-26 This may be
because neurons have unique constraints to work under, such as their irreplaceable nature
and unique morphology.

IFN-y production is greatest in the context of infection; however, it is also found at low
physiological levels in the CNS in the absence of infections.2”-28 Because the CNS is
protected by the blood-brain barrier (BBB), it is unclear how IFN-y enters the CNS and
is able to directly stimulate neurons within the parenchyma. The glymphatic system and
specialized immune compartments at the borders of the CNS offer promising potential as
sources and sites of IFN-y production and entry into the CNS, but to date there has been
little work investigating the movement of cytokines in and out of the CNS.

Along with its role in controlling neurotropic infections, IFN-y/STAT1 signaling also

has homeostatic roles, including regulating proliferation and differentiation of neuronal
stem cells (NSCs) and maintaining proper neuron excitability. Conversely, extraneous or
aberrant IFN-y/STAT1 signaling in neurons has been identified as a major contributing
factor in neuronal pathology, including abnormal neural activity and gene expression
impacting neurodevelopmental and neurodegenerative disorders. The underlying IFN-y/
STAT1 signaling mechanisms which lead to such drastically different outcomes in neurons
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are unknown, but they may be affected by the heterogeneous nature of neurons, as well as
their complex morphology, and timing and strength of signaling.

While there has been increasing interest and work done in this area, there are not well-
established and generally agreed upon working models that are consistently used across
studies and groups. This has resulted in many studies using different neuronal cell types,
varying by source and age, as well as different IFN-ry concentrations and timing, which
make it difficult to interpret individual findings in the larger context. IFN-y/STAT1 signaling
has diverse outcomes in neurons, and it is important to consider many variables to reconcile
seemingly conflicting findings. In this review, we will highlight different experimental
variables, especially IFN-y concentrations used /n7 vitro, in works investigating IFN-y/
STAT1 signaling in neurons and will discuss how they contribute to a diverse array of
outcomes in different conditions and contexts.

Overall, it has become clear that differential IFN-y/STAT1 activation and signaling in
neurons results in varying downstream effects, which likely depend on the context under
which activation occurs. The emergence of non-canonical STAT1 activation and signaling

in neurons warrants a comprehensive understanding of the underlying mechanisms leading
to the different outcomes. It is crucial to identify the similarities and differences between
IFN-y/STAT1 activation in neurons in infection, homeostasis, and pathology to understand
how the pathway functions and contributes to each context, and to identify and target steps
in the pathway which may have therapeutic potential. This review will discuss IFN-y/STAT1
signaling in neurons under various conditions, and how it contributes to CNS homeostasis
and pathology. Our overarching goal is to uncover unifying patterns and models, and to
better elucidate underlying mechanisms of IFN-y/STAT1 signaling in neurons at steady state
and in disease states.

NEURONAL STAT1 SIGNALING

The IFN-y/STAT1 signaling pathway has been well characterized in many cell types.

Once engaged with IFNGR, IFN-y induces a signal transduction cascade that ultimately
leads to STAT1 phosphorylation and translocation to the nucleus.2® In the nucleus, STAT1
classically upregulates genes to promote an anti-viral response or tumor surveillance.1®
Despite the unique structure and cellularity between the CNS and the periphery, IFN-vy is
required for control of viral infection in neurons29-34; however, in neurons the IFN-y/STAT1
response regulates many aspects beyond controlling intracellular pathogens. Though the
downstream signal transduction and kinetics have been well characterized in immune and
peripheral cell types, little is known about the IFN-y/STAT1 pathway in neurons. Relatively
speaking, neural cells and their networks are more complex than many cell types in which
STAT1 has been heavily studied, such as fibroblasts and immune cells. Structurally, neurons
have intricate and extensive networks of processes, and range widely in size. Additionally,
neurons are a highly heterogeneous population, with different neuronal subsets which both
look and function very differently from each other. For example, the soma of a retinal
bipolar cell is approximately 10uM in diameter, but its axon can extend at least 4-5 times
that length.3° Retinal bipolar cells use graded potentials to pass signals from photoreceptors
to retinal ganglion cells.36 On the contrary, Purkinje cells display enormous complexity
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and an intricate pattern work of dendrites, with the dendritic field reaching over 150uM

in width.37 They receive inputs from hundreds of thousands of cells and inhibit excitatory
neurons in the spinal cord to fine tune motor memory.38 In comparison, the diameter of a
single T cell is approximately 5-7 pM and a dendritic cell is 10-15 pM.3% While we know
many different neuronal subtypes can respond to IFN-vy, it is unclear whether each subtype
responds in the same manner. STAT1 expression in the brain is highest in neurons in the
olfactory bulb, hippocampus, basal ganglia, and granule and Purkinje neuron layers in the
cerebellum.*0 Some studies have reported site-specific IFN-y-mediated viral clearance in
the CNS, with the most substantial differences between spinal cord, brainstem, cerebellum,
and the rest of the cortex.39 Mature neurons are relatively immobile within the brain
parenchyma, and there are limited sources in which neurons may directly access IFN-y
(discussed below). Because of the unique morphology and size of neurons, a single neuron
may span across different brain regions with varying degrees of access to IFN-y in the
CNS. This could confer specificity to the neural circuits responding to IFN-y. Presumably,
differential expression of the IFNGR, either on different neuronal populations or even at
different subcellular sites, could further dictate how neurons access IFN-vy. Studies have
shown that IFNGR are expressed on soma, dendrites, and synapses.21:2241 Others have
demonstrated that axons in the peripheral nervous system (PNS) treated with IFN-y induced
STAT1 translocation to the nucleus, suggesting that IFNGR are also present on axons.*2

It is unclear if activating the IFN-y/STAT1 pathway at different subcellular locations

(i.e., on soma, axons, or dendrites) has different kinetics or downstream consequences.
Considering the drastic distances different neuronal compartments are from the nucleus,
activated STAT1 would need to travel much further if phosphorylated by JAKs bound to
IFNGR on the axodendritic processes compared with IFNGR on the soma. We speculate
that the subcellular location of IFN-y/STAT1 activation in neurons may affect downstream
signaling and function, though little work has been done to investigate this.

Recent reviews have pointed out that IFN-y/STAT1 signaling is far more complex

than the canonical pathway gives it credit for.43-4% For instance, IFN-y can bind

the intracellular region of IFNGR146 and has intracellular functions,*7-4° but this “non-
canonical” function has largely been underappreciated. Additionally, the common view
that STAT1 is phosphorylated at the cell membrane and then disassociates from the
IFNGR and translocates to the nucleus on its own is likely a vast simplification. IFN-vy,
IFNGR1, JAK1 and JAK250-52 have all been observed in the nucleus and associated

with GAS sites after IFN-y treatment, suggesting all of these components may traffic

to the nucleus together as a single complex.43 Additionally, STAT1 has been reported to
have cytoplasmic non-transcriptional functions as well, in which it can act as a regulator
of other signaling pathways by directly binding other cytoplasmic proteins.#2:53-56 Non-
transcriptional functions for STAT1 that could potentially occur at the synapse are an
attractive model to contemplate, given the large and complex structure of neurons, along
with their extremely quick responses to IFN-y/STAT1, especially in the context of regulating
neural activity (discussed further below). Interestingly, treating axons with IFN-, a type-I
IFN that also activates STAT1, resulted in local STAT1-mediated anti-viral effects within
the axon, but did not result in nuclear translocation of pSTAT1 and was not inhibited

by blocking transcription,*2 suggesting STAT1 may have local transcription-independent
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roles restricted to neuronal processes. Though these non-canonical IFN-y/STAT1 signaling
pathways have not been well studied in neurons, we suspect that these and other neuron-
specific non-canonical IFN-y/STAT1 signaling pathways that have not been uncovered yet
may contribute to the neuron-specific outcomes of IFN-y/STAT1 (Figure 1). Here, we will
review what is currently known about the activation and downstream steps of IFN-y/STAT1
signaling in neurons.

Perhaps unsurprisingly, the basic timing and kinetics of neuronal IFN-y/STAT1 signaling
are fundamentally different to that of other cell types. Rose et a/. demonstrated that primary
hippocampal neurons had a lower baseline level of STAT1 compared with mouse embryonic
fibroblasts (MEFs). Continuous treatment with IFN-y (100 U/mL) induced muted and
delayed STAT1 activation in neurons compared with MEFs, with MEF pSTAT1 levels
peaking within 30 min of treatment, and neuronal pSTAT1 not peaking until at least 24 h

of treatment. After pulse treatment (30 min, then washout) of IFN-y (100 U/mL), STAT1
activation in neurons continued to increase up to 48 h after IFN-y removal, whereas in
MEFs, pSTAT1 began to decrease by 3 hours post removal and reached near baseline

levels by 48 h.25 This pattern of extended STAT1 activation was also observed in neural
stem/progenitor cells (NSPCs) treated with IFN-y (100 U/mL).5” Building on this work,
Podolsky et al. demonstrated that pulse treatment with IFN-y (100 U/mL) also caused
extended activation of JAK1 and JAK2, the upstream kinases that phosphorylate STAT1,

in neurons compared with MEFs. After pulsing with IFN-y and then treating with JAK
inhibitors, STAT1 dephosphorylation was delayed in neurons compared with MEFs. In
MEFs, pSTAT1 levels returned to baseline by 24 h after JAK inhibition, whereas in

neurons, pSTAT1 levels remained well above baseline for at least 48 h.24 Overall, neurons
have delayed and extended STAT1 activation compared with non-neural cells. Factors

that drive this unique STAT1 activation pattern in neurons are unclear but may include
neuronal morphology and differential expression and/or function of regulators of STAT1

in neurons, though there has not been much work investigating these possibilities. IFN-y/
STAT1 signaling is regulated by many pathways, including a family of proteins called
suppressor of cytokine signaling (SOCS) which negatively regulate JAK activity and protein
tyrosine phosphatases (PTP) which dephosphorylate JAK and STAT1.58 SOCS1 and SOCS3,
which are STAT1-regulated ISGs, are expressed at low levels at baseline, with expression
increasing quickly after IFN-vy signaling.58 Interestingly, Rose ef a/. demonstrated that IFN-
y-induced expression of SOCS1 and SOCS3 was much lower in neurons compared with
MEFs, with SOCS3 expression never rising above baseline.?> These data suggest neurons
also have muted expression of JAK/STAT1 regulators, which may contribute to the extended
STAT1 activation pattern observed. Regardless of the underlying mechanisms that perpetuate
neuron-specific STAT1 activation, it is likely that this unique activation pattern contributes to
the non-canonical downstream effects of IFN-y/STAT1 signaling in neurons.

In most cell types, STAT1 activation is quickly attenuated, as this pathway could become
pathological if not tightly regulated. For example, individuals with gain-of-function
mutations in STAT1 often suffer from chronic mucocutaneous candidiasis, as well as
autoimmune disorders including hyperthyroidism, type 1 diabetes, and systemic lupus
erythematosus.>%:80 Interestingly, patients also reported various neurological symptoms,
including epilepsy, attention lapses, and multiple sclerosis. Patients were also diagnosed

Immunol Rev. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Clark et al.

Page 6

with cognitive disability at a slightly higher rate than the general population.% This

makes it even more intriguing that Rose et a/. and Podolsky et al. observed extended

STAT1 phosphorylation and delayed dephosphorylation in neurons after treatment with
high (non-physiological) concentrations of IFN-y (100 U/mL). It is unclear if this is a
physiological activation pattern or if it mimics a gain-of-function like phenotype, and

it is unclear whether the downstream effects of this extended STAT1 activation pattern

are pathological. Perhaps the low baseline level of STAT1 observed in neurons prevents
overly pathological consequences. Indeed, Rose et al. observed muted downstream STAT1-
induced ISG expression in neurons compared with MEFs.2> But with a muted STAT1
response to protect neurons from inflammation induced death, how are they able to clear
infections? Burdeinick-Kerr ef al. demonstrated that rat neuronal cell lines (derived from
either substantia nigra or olfactory bulb neurons), as well as primary neurons (derived from
dorsal root ganglia) infected with Sindbis virus (SINV) were able to clear the infection

in a non-cytolytic manner after IFN-y (500 U/mL) treatment, as measured by decreased
viral replication and increased cell viability.2? This work also demonstrated a similar
IFN-y-induced STAT1 activation pattern as observed in Rose er al..?> Treating cells with

a JAK inhibitor reduced viral clearance, suggesting that STAT1 signaling is required for
non-cytolytic viral clearance in neurons.2? In contrast, O'Donnell et a/. (2012) demonstrated
that STAT1 was dispensable for viral clearance in neurons.®1 Here, they used a transgenic
mouse model of neuron-restricted Measles Virus (MV) infection, by expressing the MV
receptor on neurons using a neuron-specific promoter (NSE). They crossed this mouse

to a StatZ”~ mouse and showed that StatZ~~ primary neurons in culture were able to
restrict viral antigen expression with IFN-y (100 U/mL) pretreatment, and to a lesser extent
with IFN-y treatment after infection. Additionally, they saw that 75% of StatZ~/~ mice

had similar survival as wildtype mice, while 25% died quickly (4-6 days post infection
(dpi), before peak T cell infiltration into CNS) and also exhibited neurological damage and
lethal seizures. When they analyzed viral mMRNA present in the brain, StatZ~~ mice had
significantly higher viral loads than wildtype at 4 dpi but were able to reduce viral loads

to wildtype levels by 11 dpi.6! It is worth noting that type I interferons (IFN-a and IFN-)
can also activate STAT1. Similar to IFN-vy, type | interferons are important in controlling
viral infection, and have also been implicated in the non-cytolitic viral response in the
CNS.52 However, they activate STAT1 primarily as a heterodimer with STAT2 which acts
on a similar, yet distinct set of genes compared with the genes regulated by IFN-y.63 It

is important to keep this in mind when interpreting results which utilize Stat7~~ mice, as
there is potential for type | interferon signaling to be disrupted, which may contribute to the
phenotype described here (and elsewhere in this review). This group later demonstrated
that IFN-y also induced a survival phenotype in neurons independent of STAT1, by
activating the extracellular signal-regulated protein kinase (ERK1/2) pathway. In this work,
they demonstrated that IFN-y (100 U/mL) activated ERK1/2 immediately (as early as 5
min after IFN-y exposure) in primary hippocampal neurons, in contrast to the previously
discussed delayed IFN-y-induced STAT1 activation Kinetics. IFN-y treatment increased
neuron viability in an ERK1/2 dependent manner, as inhibiting ERK1/2 decreased viability
in response to IFN-y. In Stat1™'~ neurons, inhibiting ERK1/2 during IFN-vy treatment caused
no change in neuron viability, suggesting ERK1/2 confers survival by counteracting STAT1-
induced cell death. IFN-vy (100 and 500 U/mL) prevented staurosporine induced apoptosis
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by reducing caspase-3 cleavage; this protection was abrogated in neurons pretreated with
ERK1/2 inhibitors.26 This study did not specify how IFN-y activates ERK1/2; however,
others have demonstrated that IFN-y-induced ERK1/2 activation is mediated by proline-rich
tyrosine kinase 2 (PYK2)% and MAP/ERK kinase (MEK1/2), and that IFN-y/ERK1/2
signaling increased neurite outgrowth in Paju cells (a neuroblastoma cell line).85 The
discrepancies in whether or not STAT1 is required for neurotropic viral clearance could

be due to differences in responses to different viruses, as well as the timing of IFN-y
treatment and analysis of /n vitro experiments. Taken together, these works suggest that the
early activation of the ERK1/2 pathway by IFN-y may confer a protective phenotype which
is needed for neurons to survive the subsequent pro-inflammatory and anti-viral effects of
IFN-y-induced STAT1 activation, though STAT1 may not be necessary for clearance of all
viruses. Overall, activation of the IFN-y/STAT1 activation in neurons is muted, delayed, and
extended, but it is unclear how or why this occurs. Neurons are able to take advantage of

the canonical immune functions of the IFN-y/STAT1 signaling pathway, while avoiding the
typical cytolytic consequences.

The impact of the IFN-y/STAT1 pathway on neural activity

The impact IFN-y/STAT1 signaling has on regulating neural excitability is complex

(Table 1). IFN-+y activates an acute response that is presumably independent of STAT1-
induced transcription, given the effects take place over minutes, and a STAT1 transcription-
dependent response that impacts neuronal physiology long-term (Figure 1). The STAT1-
dependent transcriptional response likely alters the acute response to IFN-vy, adding to

the complexity. Other variables to consider include how different specific populations

of neurons (for example, excitatory versus inhibitory neurons) respond to IFN-y, how
activating IFNGRs in different subcellular locations affects signaling (soma versus
axodendritic), the strength of the response (physiological versus pathological), and how glia
cells (microglia and astrocytes) contribute to the overall neural response. Below we discuss
these factors as we review the impact IFN-y/STAT1 activation has on overall neural activity.

In one of the first studies to investigate the effects of IFN-y on neural activity, Muller

et al., exposed rat hippocampal slice cultures to an extremely high level of mouse IFN-

v (up to 100 kU/mL) and measured both spontaneous and evoked responses in CA3
pyramidal neurons.86 After 10 min, most neurons produced spontaneous action potentials.
This response was attributed to IFN-y decreasing the amplitude of synaptic inhibition, thus
inducing disinhibition. It was suggested that IFN-y induces disinhibition by decreasing
GABA release, although this was not directly measured. Similarly, lower concentrations of
IFN-y (200 U/mL, albeit still high) increased population spikes in CA1 within minutes,
but only in the absence of the GABA receptor antagonist, bicuculine, again suggesting that
IFN-y mediates disinhibition in the hippocampus.®” IFN-y mediated disinhibition was not
specific to the hippocampus. Treating cultures of dorsal root ganglion neurons with IFN-y
(1000 U/mL) decreased the clustering of AMPA receptor subunit GIuR1 on inhibitory
neurons and increased the overall frequency and amplitude of spontaneous excitatory
postsynaptic currents (EPSC).58 Using multiple intrathecal injections to model a chronic
IFN-y response /n vivo, IFN-y reduced GABAergic tone in the spinal cord and caused
hypersensitivity to mechanical stimuli and allodynia.8970 Although these studies suggest
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IFN-y mediates disinhibition at multiple sites in the CNS, further work in the hippocampus
demonstrated a more complex scenario. Exposing rat hippocampal slices to IFN-y (500
U/mL) for 24 h decreased the threshold for inducing spreading depolarization suggesting
IFN-y may negatively impact neuronal inhibition.” However, altering the treatment
paradigm from 24 h to a phasic 12 h on, 12 h off for 7 days, completely reversed the
outcome and IFN-y then increased the threshold to induce spreading depolarization.”? These
results demonstrated that a neural response to IFN-y greatly depends on the timing, dose,
and location. Unlike the Muller study above, which used hippocampal slices,¢ Vikman et
al., did not observe changes in spontaneous EPSCs when cultured primary hippocampal
neurons were exposed to IFN-y (1000 U/mL) for 10 min.”3 It was not until the exposure was
prolonged to 48 h where IFN-y increased the frequency of spontaneous EPSCs. Although
the discrepancy in timing is unclear, there is the potential for IFN-y to activate glia in
hippocampal slices unlike in pure neuronal cultures. Extending IFN-y exposure to 4 weeks
reduced AMPA clustering in cultured neurons and ultimately decreased activity, offering
another example of how different variables can dramatically alter the neuronal response

to IFN-y. Using a lower concentration (100 U/mL) than the studies listed above, a 3 h
exposure of IFN-vy increased the frequency of spontaneous postsynaptic currents (SIPSCs)
and tonic inhibition in rat hippocampal CA1 pyramidal neurons.’”* Tonic inhibition, unlike
synaptic inhibition, is driven by extrasynaptic GABA receptors activated by the spill-over
of GABA outside of the synaptic cleft. It is regulated by balancing GABA release and
re-uptake as well as GABA receptor composition and trafficking.”® Tonic inhibition is
extremely important for inhibiting neural circuits and can contribute as much as 75% of
the total inhibitory conductance.”® The same concentration of IFN-y likewise decreased
gamma oscillations in hippocampal slices.”” In the cortex, IFN-y activated layer | neurons
and exposure of physiological levels (<1 U/mL) for 8 min boosted tonic inhibition in Layer
[1/111 pyramidal cells.* IFNGRs are also found on Layer V pyramidal neurons and exposing
cortical slices to 20-min of IFN-y (1000 U/mL) increased spontaneous and evoked IPSC.41
Unlike signaling through the canonical JAK/STAT1 pathway, IFN-vy increased inhibitory
currents by increasing GABA, receptor trafficking to the surface via phosphorylation by
PKC.”8

IFNGRs are expressed on neurons and can be found both on the soma and axon-dendritic
compartments, including at the synapse.?1:22 Transiently treating primary hippocampal
neurons in culture during synaptogenesis led to long-term changes with increased inhibitory
currents 2 weeks after treatments.’® Whether these long-term changes in neural excitability
are due to STAT1-dependent transcriptional processes are unclear; however, numerous
studies suggest STAT1 can influence synapses. Lymphocytic choriomeningitis virus
(LCMV) injected into the CNS of neonatal mice caused motor deficits through IFN-y
produced by CD8* T cells.89 LCMV infects neurons and through STAT1 reduced the
frequency and amplitude of IPSCs. Activation of STAT1 in neurons induced the expression
and release of CCL2 to recruit microglia to eliminate synapses.8! Similar interactions were
observed in autopsies of patients with Rasmussen's encephalitis where CNS infiltrating
CDS8™ T cells cluster in proximity to pSTAT1 and CCL2 and correlate with synaptic loss and
recurrent seizures.81 STAT1 also regulates synaptic function during normal development.
The JAK/STAT1 pathway is activated in inactive synapses to facilitate elimination and
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refinement of neural connections.82:83 Qverall, the IFN-y/STAT1 pathway plays a critical
role in regulating neural activity in normal physiology and during pathology.

31 SOURCES OF IFN-y IN THE CNS

IFN-y has many roles in the CNS, but its source is not clear. IFN-y is primarily produced
by CD4* Thi cells, CD8* T cells, NK cells, and 1LC1s.2384 Under homeostatic conditions,
these cell types have limited access to the healthy CNS parenchyma,8® yet IFN-y levels

are maintained at low levels to support normal brain function.86:87 Studies have argued that
CNS-resident cells can produce IFN-y; however, these studies usually reflect experiments
under severe pathological conditions, use relative expression values that are likely skewed
due to extremely low or no expression level of IFN-y at baseline in the cell of interest, or
in vitro conditions.88:89 During pathology, such as infection or multiple sclerosis (MS) (and
its mouse model, experimental autoimmune encephalomyelitis (EAE)), a more direct source
of IFN-y may be relevant as activated T cells, and other immune cells infiltrate into the
CNS.990 Under homeostatic conditions, peripheral immune cells reside or traffic through
the CNS borders (i.e., the meninges, choroid plexus, and perivascular spaces) and could
serve as a potential source of IFN-y in the CNS.%1 At these sites, IFN-y may be released
into the cerebrospinal fluid (CSF), which connects to interstitial fluid (ISF) circulating
throughout the brain parenchyma,1”-92 allowing more direct access to neurons. Further,
IFN-v, like other blood—born components, may gain access to the parenchyma through the
circumventricular organs (CVOs), which lack a canonical blood-brain barrier (BBB).93-%
Here, we will briefly introduce the different IFN-y-producing cells in the CNS and discuss
the various routes by which IFN-y may enter the CNS under physiological conditions.

3.11 CNS borders as sites of IFN-y entry

The CNS utilizes a specialized immune surveillance system that positions immune reactions
to the CNS borders.%:9 In peripheral tissues, antigens within the extracellular fluid and
migratory immune cells (like dendritic cells) enter initial lymphatic vessels then drain

to local lymph nodes where they initiate an adaptive immune response. Once primed,

T cells egress from lymph nodes back into circulation and home to target tissues for
reactivation and effector function.®” Immune surveillance is extremely important to support
tissue and prevent infection but can come at a cost.%:9 To maintain healthy neurons,

the CNS parenchyma not only protects itself from peripheral pathogens, toxins, and other
stressors using the BBB, but also maintains immune surveillance at the borders via the
meninges. In the CNS, antigens flow into the CSF where they are either picked up by
antigen-presenting cells in the meninges or drain to cervical lymph nodes through meningeal
lymphatic vessels.16:18 After priming, CNS homing T cells traffic into the meningeal tissues,
preferentially through the dural sinuses, where macrophages and other antigen-presenting
cells are poised to present antigens to T cells.2® Under homeostatic conditions, CD4* T

cells take on a resident memory phenotype and are predominantly polarized to Th1.18

Up to 60% of T cells in the meninges are capable of producing IFN-vy, including both

CD4* and CD8* T cells, and represent a cellular population that can produce IFN-y in
response to CNS-specific antigens*100 (Figure 2A). Although CD4* and CD8* af T cells
canonically function through T cell receptor stimulation, they can signal through bystander
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activation,102.192 jndependent of MHC-TCR interactions, to support CNS repair.193 The
meninges also contain a population of y& T cells, that although have predominately

been shown to produce 1L17 in mouse meninges,1° could be an antigen-independent
source of IFN-vy that is released from thymic-derived -y6 T cells in response to IL-2 or
IL-15.104 Additionally, resident memory T cells can persist in the CNS, preferentially
near anatomical barriers such as the meninges and choroid plexus (CP), after resolution
of neurotropic viruses, 105106 and may provide another source of IFN-y. Other potential
sources include NK cells and ILC1s that are present in meninges and have the capacity to
produce IFN-y independent of antigens.197:108 |_jke the meninges, the CP functions as an
interface between the CNS and the peripheral immune system and similarly houses IFN-y
producing T cells, NK cells, and ILC1s12109 (Figure 2B). The CP is highly vascularized
with fenestrated capillaries to form the blood—CSF barrier (BCSFB). The BCSFB seems to
be more permeable to lymphocytes and cytokines than the BBB under steady state.110

Although the CSF is relatively acellular, in a healthy brain it contains up to 500,000
lymphocytes, the majority of which are central memory T cells.110 T cells can access CSF-
filled perivascular spaces between blood vessels in the brain and leptomeningeal connective
tissue surrounding the parenchyma.11 T cells can exit the fenestrated blood vessels of the
CP, a site of major CSF production and lymphocyte accumulation, into the choroid stroma,
but it is less clear if and how they can cross the epithelial layer to access the CSF.91 Kivisakk
et al. demonstrated that the vasculature of the subarachnoid space and the CP express cell
adhesion markers that could facilitate T cell entry into the CSF, and T cells were found in
the CP stroma of individuals without neurological disorders,119 suggesting a physiological
role for T cell presence at the CP. Whether IFN-y arises from lymphocytes in the meninges,
the CP or the CSF, it can be measured in the CSF at low concentrations (pg/mL) under
physiological conditions.8” There is a need for better tools to study cell-specific IFN-y
production. For example, the lack of an IFN-y flox mouse model makes it difficult to
manipulate and study specific tissues and cells that produce IFN-y. Ultimately, more work
needs to be done to dissect out cell type-specific production and release of IFN-y under
homeostatic and pathological conditions in the CNS. Identifying the cellular source of
IFN-vy is an important first step to understanding IFN-y/STAT1 signaling in the CNS, but it
is also critical to understand how IFN-y reaches its target to activate STAT1.

The CSF reservoir is thought to integrate with ISF as CSF is driven through the periarteriolar
spaces of penetrating vessels. Early studies injecting horseradish peroxidase into lateral
ventricles of anesthetized dogs and cats first demonstrated that proteins flow from the CSF
of the subarachnoid space via the perivascular spaces surrounding penetrating arterioles
and reach the capillary beds of the basal laminae within minutes of injection.112.113 More
sophisticated /n vivo imaging studies demonstrated that once CSF flows into perivascular
spaces, solutes can exchange with ISF between openings in astrocyte end feet via the
glymphatic system.33 This system has access to most regions of the CNS and is a likely
candidate in bringing IFN-y into the brain parenchyma to facilitate direct contact between
IFN-y and neurons.?2 Whether solutes enter the parenchyma at specific sites or if openings
between astrocytes are dynamic and somehow regulated are unknown. Previous studies
have also demonstrated that cytokines injected into the CSF become distributed throughout
the brain parenchyma. IL-1p and IL-1ra injected into the lateral ventricle of rats was
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found in areas such as the CP, hypothalamus, hippocampus, and along fiber bundles

in the corpus callosum, presumably via “volume transmission”114 through perivascular
spaces.115 Similarly, IFN-y injected into the lateral ventricles of rats resulted in upregulated
MHC expression by microglia in periventricular parenchyma, cerebral cortex, cerebellum,
major fiber tracts, and brainstem superficial parenchyma.116 Additionally, IFN-y injected
intrathecally into the sacral subarachnoid space of rats resulted in increased MHC expression
in monocytes in the meninges and perivascular space, and in microglia in the spinal cord
parenchyma.117.118 These studies suggest that IFN- in the CSF is able to act on cells
within perivascular spaces as well as deep within the parenchyma. It is unclear if all or only
subgroups of neurons express IFNGR or if there is varying expression among different brain
regions. Assuming IFN-vy is also able to diffuse from the CSF to the brain parenchyma, it

is unclear which brain regions would be most responsive. That being said, we demonstrated
that a single injection of IFN-y directly into the CSF via the cisterna magna led to increase
activation of cortical neurons; however, whether this is due to IFN-vy directly activating
neurons or due to an indirect secondary response is unknown.*

There is also potential for IFN-y to reach the CNS through highly vascularized CVOs
(Figure 2C). There are 7 CVOs within the brain, including the subfornical organ (SFO),
median eminence, organum vasculosum of the lamina terminallus (OVLT), area postrema,
neurohypophysis, pineal gland, and subcommissural organ.93:9 Like the CP, CVOs lack

a canonical BBB, with fenestrated capillaries separated from the CSF by a lining of
ependymal cells with tight junctions.119 Unlike the CP, CVOs are regions within the brain
parenchyma, and therefore, may provide circulating cytokines direct access to neurons.
Indeed, these regions have been reported to be important for physiology and the response

to cytokines, such as IL-1 to induce fever.93.120.121 |n the context of fever and IL-1,

many studies suggest IL-1 activates neurons indirectly by inducing the cells of the CVOs

to produce other signals, such as prostaglandins, which can act on neurons,93:120.121
Additionally, others have demonstrated that TNF and IFN-a applied to the OVLT in brain
slice preparations from guinea pigs resulted in increased firing rates in some neurons, further
suggesting neurons within and near CVOs are responsive to cytokines?2 (Figure 2C). Few
studies have focused on IFN-vy signaling within CVOs; however, IFNGR has been visualized
in the median eminence and area postrema.123 CVOs may also provide IFN-y access to the
CSF. Despite the presence of tight junctions, early studies which injected HRP intravenously
and intracerebroventricularly demonstrated that HRP was able to fill the median eminence,
by flowing bidirectionally through select extracellular spaces between ependymal cells,
which presumably lacked tight junctions,19 suggesting that proteins are able to access

the CSF from the blood, and vice versa, via CVOs. Though there are no reports directly
studying the ability of IFN-y to permeate through CVOs into the CSF, the molecular weight
of IFN-vy as a functional homodimer is about 45 kDa, and the molecular weight of HRP is
around 40 kDa. Therefore, it seems reasonable to speculate that C\VOs may provide a route
of entry for IFN-vy into the CSF.

NEURONAL IFN-y/STAT1 SIGNALING IN CNS HEALTH AND DISEASE

IFN-y/STAT1 signaling in neurons has many functions beyond its classical immunological
functions but it is unclear how IFN-y/STAT1 signaling facilitates so many different
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outcomes. Here, we will review the downstream effects of IFN-y/STAT1 signaling in
neurons, with a focus on various factors which may contribute to the specificity and varying
outcomes of IFN-y/STAT1 signaling in neurons (summarized in Table 2).

Neurogenesis

Many studies have demonstrated a role for IFN-y/STAT1 signaling in regulating the
proliferation and differentiation of NSCs, though with sometimes conflicting results. Many
studies use different sources of NSCs, including embryonic stem cell lines and primary
cells derived from different regions of the brain at different developmental timepoints.
Additionally, many studies utilize varying ranges of IFN-y, reported as either concentration
or specific activity, which further complicates the interpretation of conflicting results. Here,
we will focus on factors such as cell source, developmental period, and concentration of
IFN-y utilized to gain a better understanding of the effects of IFN-y/STAT1 signaling on
neurogenesis.

Neurospheres are a commonly used /7 vitro culture system used to study neurogenesis in a
physiologically relevant manner. Briefly, NSCs are isolated and expanded 3-dimensionally
to form neurospheres. Li ef a/. demonstrated that IFN-y treatment (1-100 ng/mL) of
neurospheres inhibited proliferation and reduced the size of primary neurospheres cultured
from the SVZ of postnatal (P2) and adult mice, by acting directly on precursor cells.124
Walter et al. demonstrated that NSCs differentiated from an undifferentiated embryonic stem
cell line (SV-129) and treated with 100 or 1000U/mL IFN-+y for 48 hours caused decreased
proliferation and increased caspase 3/7 activity, while lower concentrations of IFN-y (1 or
10U/mL) had no effect.125 Additionally, IFN-y treatment (100 U/mL over 6 days) of NSCs
derived from adult SVZ decreased neurosphere proliferation and size.126

Conversely, Li et al. demonstrated that primary neurospheres derived from the
mesencephalon and telencephalon of embryonic mice (E12) had increased formation after
IFN-y treatment (1-50 ng/mL),124 suggesting NSCs may respond differentially depending
on the stage in development when IFN-vy is applied. They attributed this effect to sonic
hedgehog (SHH), as inhibiting SHH activity in embryonic neurospheres prevented IFN-vy-
induced proliferation and treating neurospheres with SHH in the absence of IFN-vy also
resulted in increased proliferation. This suggests that IFN-y can regulate SHH to control
proliferation of embryonic neurospheres.124

On the contrary, Kulkarni et al. contradicted this finding by demonstrating that higher
concentrations of IFN-y (1-1000 U/mL, over 7 days) inhibited growth of neurospheres
derived from cortical tissue of embryonic mice (E12.5) in a dose-dependent manner.>’ They
also demonstrated that IFN-y restricted embryonic neurosphere proliferation at the G1/S
checkpoint, by regulating positive growth regulators and cell cycle checkpoint proteins.
All these IFN-y-induced effects were mediated by STAT1 and abrogated in cells without
functional STAT1 (STAT1 mutant which cannot bind GAS). Interestingly, the lack of
functional STAT1 did not affect cells treated with 1000 U/mL of IFN-y, further suggesting
the possibility that IFN-y has dose-dependent functions.>” Another factor that may explain
the contradicting results is the brain region from which the neurosphere cultures were
derived. Li et al. derived postnatal neurosphere cultures from SVZ or olfactory bulbs

Immunol Rev. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Clark et al.

Page 13

and embryonic neurosphere cultures from mesencephalon and telencephalon,24 which
are primarily made up of the brainstem and cerebrum, whereas Kulkarni et a/. utilized
cortical tissue for embryonic neurosphere cultures,®’ suggesting that cells from different
brain regions may respond differently to IFN-y as well.

Along with proliferation, IFN-y/STAT1 signaling also regulates NSC differentiation and
has typically been understood to have a pro-neurogenic affect. Wong et a/. demonstrated
that in NSCs from adult SVZ treatment with IFN-y (100 U/mL over 6 days) increased

the differentiation of neurospheres into l1I-tubulin* mature neurons. They also observed
increased neurite outgrowth, measured as increased length and number of neurites.126
Similarly, Walter et al. demonstrated that treating NSCs derived from embryonic (E14)
neurospheres with IFN-y (1000 U/mL, 7 days) also caused upregulation of pllI-tubulin,

as well as microtubule associated protein (MAP2), another marker of post-mitotic
neurons.125 However, they also observed an increase in expression of the astrocyte marker,
GFAP. Treating NSCs with 100-1000 U/mL IFN-+y for 3 days caused co-expression

of BlI-tubulin and GFAP, and downregulation of proneural genes. plIl-tubulin*GFAP*
cells were functionally distinct from mature neurons and astrocytes, exhibiting abnormal
electrophysiological properties and impaired formation of functional neural networks

in vitro. Additionally, IFN-y treatment of these cells resulted in increased expression

of StatI mRNA, which is expected as Stat! is a downstream target of IFN-y/STAT1
signaling. Surprisingly, IFN-y treatment upregulated /fngr1/2 mRNA expression, which is
not typically regulated by IFN-y/STAT1, and downregulated iNOS expression, which is
typically upregulated in response to IFN-y.125 These data suggest that high concentrations
of IFN-y may skew NSCs to differentiate towards an abnormal phenotype. In another
study, Ahn et al. demonstrated that primary neural progenitor cells (NPCs) prepared from
embryonic mice (E14.5) responded differently to IFN-y depending on whether they were in
proliferation or differentiation media.12” NPCs cultured under differentiation conditions and
treated with 5-50 ng/mL IFN-y for 2 days had inhibited differentiation in a dose-dependent
manner, as measured by decreased TUJ1 and increased Nestin expression. These effects
were not observed in NPCs treated with IFN-y while cultured under proliferation conditions.
NPCs treated under differentiation conditions also had decreased NEUROG2 expression,
which was mediated by JAK signaling, as Ruxolitinib (a JAK inhibitor) abrogated this effect.
IFN-y-induced inhibition of differentiation was also mediated by JAK/STAT1 signaling,

as both treatment with Ruxolitinib and transduction of NPCs with StatZ shRNA prevented
inhibition of differentiation.12’

Most /n vitro studies utilize very high concentrations of IFN-y, which likely resemble
levels seen during infection 7 vivo.128 However, it is known that even in the absence

of infection, there are low physiological levels of IFN-y present in the CNS. Li et al.
demonstrated a role for endogenous IFN-vy in the non-inflammatory brain in regulating
neural precursor proliferation and differentiation in the SVZ. /fng~~ mice had an increased
number of proliferating cells in the SVZ, which when cultured /n vitro from P2 mice,

also exhibited increased formation of neurospheres which were larger than those from
wildtype mice. Neurospheres from /fg~/~ mice also formed an increased number of
secondary neurospheres and were able to be passaged much longer than neurospheres from
wildtype mice, demonstrating an increased capacity for self-renewal, which was reversed
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when treated with IFN-y. Primary neurospheres from /fng~~ mice had increased neuronal
and oligodendrocyte differentiation and decreased astrocyte differentiation compared

with neurospheres from wildtype mice and /fg~/~ neurospheres treated with IFN-y.
Interestingly, no differences were observed in neurospheres cultured from E12 wildtype

or /fng™'~ mice.124 IFN-y (50 ng/mL) activated JAK2 and STAT1 in Nestin* progenitors in
SVz-dissociated cultures from postnatal rats (P7-9).129 In SVZ explants, IFN-vy treatment
increased the area of migrating cells moving from the core of the explant, which was not
seen in explants from Star7~/~ mice. Infusing IFN-vy directly into the third ventricle (via an
osmotic pump, 50 ng/mL, 0.5 pL/h over 7 days) of adult mice decreased proliferating and
cycling cells, as well as Nestin* cells in the SVZ, and increased the proportion of committed
neural cells. However, less fully differentiated neural cells were observed in the olfactory
bulb of the mice infused with IFN-y. STAT1 was required for these effects, as IFN-y infused
Stat1™"~ mice had normal proliferation, differentiation, and neurogenesis. However, the lack
of STATL1 in untreated mice had no effects on proliferation, differentiation, or neurogenesis,
suggesting the effects of endogenous IFN-y may not be STAT1-dependent.12° Similarly,
Ahn et al. retrovirally expressed IFN-y in the brains of embryonic mice (injected into lateral
ventricles at E9.5) and observed most transduced cells still in the ventricular zone, with less
transduced cells migrated into the TUJ1* region at E14.5 compared with control mice!2” (at
peak neurogenesis30). These studies highlight the different outcomes and degree of severity
IFN-y has depending on concentration, brain region, and timing/stage of development when
signaling occurs (summarized in Table 2). In addition to the different effects it has at

the cellular level, IFN-y also causes various outcomes at the systemic level depending on
developmental stage, which we will discuss in the following sections.

Neurodevelopment

Studies investigating the effects of IFN-y/STAT1 signaling on neurogenesis suggest IFN-y/
STAT1 may have different roles in different stages of development. Here, we will review
studies focusing on the physiological and pathological roles of IFN-y/STAT1 signaling in
neurons during neurodevelopment.

Ectopic IFN-y expression in the CNS (driven by the Gfap promotor; transgene injected

into single cell embryos) resulted in ataxia, early death, abnormal brain cytoarchitecture
(especially in cerebellum and hippocampus), regional hypomyelination, and increased the
number of cells in the external granular layer (EGL).231 Lin er al. also drove ectopic IFN-y
expression under the Gfgp promoter using a different transgenic mouse but observed similar
results.132 In this mouse model, IFN-y expression was regulated by a tet-OFF system
driven under the Gfap promoter. When IFN-y expression was induced at E16 via removing
doxycycline from a pregnant dam, the offspring had similar neurological symptoms as the
mice studied by LaFerla et a/. (growth retardation, tremor, ataxia),13! as well as decreased
survival.132 Additionally, these mice had increased cell proliferation in the molecular layer/
EGL.132 Using the same mouse model, Wang et a/. demonstrated abnormal development of
the cerebellum, with increased proliferative activity in the EGL.133 These studies suggest the
non-physiological presence of IFN-y in the CNS during development can be detrimental to
neurodevelopment.
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STAT1 expression during critical periods of neurodevelopment has also been implicated in
the homeostatic regulation of visual cortical plasticity.83 STAT1 protein levels increased in
the visual cortex postnatally after eye opening and remained high during the critical period
for optical dominance and into adulthood. STAT1 expression increased after a short period
of monocular deprivation (MD; 4 days) versus a longer period (7 days). Wildtype mice
subjected to MD increased open-eye responses after 7 days of MD, whereas in StatZ™/-
mice, open-eye responses increased by 4 days of MD, suggesting the absence of STAT1
causes enhanced optical dominance (OD) plasticity. Conversely, wildtype mice treated with
IFN-y (830 U/g intraperitoneal injection; once a day during 7 days of MD) had decreased
OD plasticity, with open-eye responses after 7 days of MD resembling those of mice without
MD. This effect was not observed in StarZ~/~ mice treated with IFN-y, suggesting that
IFN-y/STAT1 signaling negatively regulates OD plasticity. StatZ~/~ mice also had increased
expression of the AMPAR subunit GIuA1 after 4 days of MD compared with wildtype

mice. These data suggest that IFN-y/STAT1 signaling can regulate the expression of neuron-
specific receptors and is important in regulating homeostatic visual cortical plasticity.83

JAK2 and STAT1 activation have been implicated in synapse refinement. Yasuda et a/.
utilized a system which inhibits neurotransmitter release in neurons expressing tetanus
toxin light chain (TTLC) to eliminate inactive axons and decreased axon density.82 They
demonstrated that overexpressing a dominant-negative mutant of JAK2 or STAT1, as well
as overexpressing SOCS3 (a negative regulator of JAK?2), inhibited axon elimination.
Additionally, JAK2 was activated in TTLC* neurons, but only when surrounding active
neurons were present, as JAK2 was not activated when all neuron activity was globally
suppressed (via tetrodotoxin (TTX)). Expressing a constitutively active JAK2 mutant

or dominant-negative SOCS3 mutant was sufficient to enable axon elimination. They
also demonstrated that mice expressing a dominant-negative JAK2 mutant decreased the
number of synapses eliminated. In wildtype neurons, inactive synapses had increased
JAK?2 activation compared to more active synapses. This work suggests that JAK2 is
activated in inactive synapses by signals from neighboring active synapses and acts as

an “elimination signal” by signaling through STAT1.82 It is unclear how STAT1 mediates
synaptic elimination; however, others have demonstrated that STAT1 induced CCL2
expression in neurons recruited microglia, which may execute the elimination of inactive
synapses.81 However, more work is needed to determine how this mechanism works at a
synapse-specific level.

The IFN response has recently been implicated in many neurodevelopmental disorders.

In a mouse model of the developmental disorder Cornelia de Lange Syndrome (CdLS)
with impaired synapse maturation and anxiety-related behavior, RNA-seq and cluster/GO
analysis revealed an enrichment in the IFN pathway, and increased STAT1 expression in
the cortex. Stat? knockdown in cortical neurons partially rescued synapse formation in this
model.134 The IFN response has also been heavily implicated in autism spectrum disorder
(ASD) and schizophrenia.135-137 Cristino et a/. analyzed multiple previously published
autism and schizophrenia genome-wide datasets which looked at whole brain tissue. From
these datasets, they generated a database of unique ASD- and SZ-associated SNPs and
found that the most over-represented loci mapped back to STAT1 binding sites, suggesting
STAT1-regulated genes may be critical for typical neurodevelopment.138 However, the cell
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type specificity of these SNPs was not considered, so it is unclear if these STAT 1-regulated
genes are expressed in neurons or other CNS cell types. A recent study from Warre-Cornish
et al. used human IPSC-derived (hIPSC) NPCs and neurons to demonstrate that neuron-
specific IFN-vy signaling resulted in dysregulated transcriptomes as seen in ASD and SZ.
hIPSC-derived NPCs treated with IFN-y (25 ng/mL; daily for 5 days) had increased neurite
length, branch points, and number of neurites per cell compared with untreated cells. hIPSCs
treated with IFN-vy at the NPC stage and then allowed to differentiate into mature neurons
had lasting transcriptional changes 9 days after IFN-y removal, with upregulation of MHC/
antigen presentation related genes, and downregulation of the GABAergic transcription
factor LHX®6. hIPSC-derived neurons pretreated with IFN-y at the NPC stage and then
treated again at the neuron stage also downregulated synaptic genes, with the downregulated
genes highly enriched for the GO term “synapse.” Furthermore, differentially expressed
genes (DEGs) from the brains of individuals with SZ and ASD were highly enriched

among the genes upregulated and downregulated by both NPCs and neurons treated with
IFN-y.139 Interestingly, some of the ASD-associated genes downregulated in NPCs treated
with IFN-y, such as SHANKZ, were also represented in ChlP-seq datasets examining
STAT1 regulated genes in HeLa cells.140 The authors attributed these IFN-y-induced effects
to the increased expression of promyelocytic leukemia (PML) bodies and MHCI expression.
They demonstrated that IFN-vy treatment increased the number of PML bodies in NPCs,

and that disrupting PML bodies, as well as inhibiting MHCI expression by silencing p2
microglubulin (B2M) expression, prevented IFN-y-induced neurite outgrowth.139 Although
these studies focus on the diverse roles of IFN-y/STAT1 signaling in neurodevelopment at
the synaptic and transcriptional levels, IFN-y/STAT1 signaling in neurons is also implied in
regulating behavior which is affected by many neurodevelopmental disorders.

Behavior

T cells are required for the maintenance of CNS homeostasis256 and T cell-derived IFN-y
specifically is required for supporting normal behavior, cognition, and neuronal inhibitory
tone.# We demonstrated that SCID mice (which lack lymphocytes) exhibited decreased
social preference, which could be rescued by reconstituting the mice with lymphocytes.
Treating wildtype mice with anti-VLA4 antibody also produced a social deficit, suggesting
T cells need to be able to reach tissues, such as the meninges, in order to have this

effect on social behavior. Mice lacking IFN-y, lacking IFNGRL1 in all neurons, or lacking
STAT1 in inhibitory neurons also had social deficits, suggesting that T cell-derived IFN-y
affects social behavior by acting directly on neurons. Additionally, we performed gene

set enrichment analysis (GSEA) to determine if the IFN-y pathway was enriched in

brains of mice and rats under different biological states. Using 41 transcriptomes from
mouse and rat brain cortices, we determined that the IFN-y pathway was enriched in

the brains of animals exposed to social stimuli. Additionally, the IFN-vy transcriptional
signature was over-represented in the brain transcriptomes from group-housed mice and
rats, as well as zebrafish, while it was lost in transcriptomes from isolated rodents. Flies

do not have T cells or express IFN-y but do express orthologs to genes in the JAK/STAT
pathway.141 Interestingly, the JAK/STAT1 pathway was enriched in the head transcriptomes
of flies selected for low aggressiveness traits, which correlates with social experience.142
Furthermore, when the promoters of the highly enriched social genes were analyzed, they
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were enriched for STAT1 binding motifs.? It is interesting to contemplate how and why

a canonical immune signaling pathway would be involved in regulating something so
seemingly unrelated as behavior, but we have previously hypothesized that the role of IFN-y
in pro-social behavior may be the result of an evolutionary “arms race” between virus and
host.3

Elements involved in regulating the IFN-y/STAT1 pathway have also been implicated in
regulating spatial learning.143 In the Morris water maze, which measures spatial learning,
rats identified as “fast swimmers” had increased levels of protein inhibitor of activated
STAT1 (PIASI) mRNA in the hippocampus. PIAS1, an E3 SUMO ligase, facilitates

the sumoylation of STAT1, which decreases its ability to bind DNA and negatively
regulates STAT1-mediated transcription.>® Overexpressing PIAS1 in the hippocampus of
rats enhanced their spatial learning in the Morris water maze. PIAS1 overexpression also
increased STAT1 sumolyation, decreased STAT1 phosphorylation, and decreased STAT1-
DNA binding in the CA1 region. Transfection of the CAL region with PiasI siRNA reversed
all these effects and impaired spatial learning. Co-transfection of Pias1 siRNA and mutant
pSTAT1 (which decreased STAT1 phosphorylation) rescued learning, while enhanced
learning was seen with transfection of mutant pSTAT1 alone. Transfection of mutant STAT1
which cannot undergo sumoylation impaired spatial learning. PIAS1 levels and STAT1
activity were similar in naive mice, suggesting that increased PIAS1 and decreased STAT1
activity are a result of training and learning.143 Similarly, Hsu et a/. demonstrated that
STAT1 protein and DNA binding were decreased in the CA1 region during spatial learning
in the Morris water maze.144 Star1~/~ mice exhibited enhanced spatial learning and memory,
while STAT1 overexpression in CA1 impaired learning and performance. This effect was
facilitated by increased STAT1 binding of the GAS element in the promoter and expression
of laminin 1 (LB1), an extracellular matrix protein associated with memory and cognitive
impairment.144 Overall, this study suggests that STAT1 activation in neurons needs to be
tightly regulated to promote optimal cognition.

Neurodegeneration

As discussed above, the IFN-y/STAT1 pathway often results in cytotoxicity in the context
of infection, yet neurons have adapted different ways to prevent excessive neuronal death.
However, IFN-y/STAT1 signaling can still have neurotoxic effects, especially in the context
of injury. After ischemic brain injury, STAT1 activation was increased and colocalized
with TUNEL positive neurons. Injury in StatZ~/~ mice caused less severe injury and less
TUNEL™* neurons, suggesting STAT1 activation may contribute to cell death. Stat1~/~
mice had increased phosphorylation of AKT, a kinase which has been associated with
neurotoxicity,14° and decreased caspase 3 activation after injury.146 High concentrations of
IFN-y also seem to be associated with neurotoxicity (Table 2). Mizuno ef a/. demonstrated
that IFNGR formed a complex with AMPAR subunit GIuR1 in mouse primary cortical
neurons, and IFN-y (100 ng/mL) resulted in GIuR1 phosphorylation through JAK/STAT1
and PKA activation.22 IFN-y also resulted in neurotoxicity and dendritic beading through
increased calcium flux through the IFNGR/AMPAR complex, increased nitric oxide (NO)
production, and depletion of ATP.22 Others have also demonstrated the ability of IFN-y
(100 ng/mL) to cause dendritic beading in cultured embryonic spinal motor neurons.47
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In contrast, Lee et al. demonstrated that a lower concentration of IFN-y (10 U/mL) was
protective against glutamate induced neurotoxicity in rat hippocampal neuron cultures,
while higher concentrations (100U/mL) did not have a protective effect. This mechanism
also appeared to be driven by a rapid increase in calcium levels, but only after glutamate
treatment.248 These seemingly opposing results emphasize the differential effects of IFN-y
depending on concentration.

STAT1 signaling in neurons has also been implicated in neurodegenerative diseases such

as Alzheimer's Disease (AD). AD is primarily thought to be caused by the aggregation

of proteins in neurons, including amyloid beta (AB) and Tau.14? AB, which is formed

when the enzyme BACEL1 cleaves amyloid precursor protein (APP), can aggregate into
plaques which contribute to the pathogenesis of AD. Cho et a/. demonstrated that STAT1
was constitutively bound to the Bacel promoter in the SH-SY5Y neuronal cell line.150
BACE1 protein levels and promoter activity were decreased with inhibition of JAK2/STAT1
(using AG490), expression of a dominant-negative STAT1, and overexpression of SOCS1
and SOCSa3. Inhibiting JAK2/STAT1 also decreased BACE1 expression and A levels in
primary cultured neurons and /n vivo. In SH-SY5Y cells, BACE1 expression, activity, and
STAT1-Bacel promoter binding were not affected by IFN-y treatment, suggesting STAT1
regulates BACE expression independently of IFN-y.150 Another protein involved in AD is
Tau, which can accumulate and form neurofibrillary tangles. Li ef al. overexpressed human
Tau (hTau) in HEK293 cells and observed increased STAT1 expression, phosphorylation (in
total lysate and nuclear fraction), activity, nuclear translocation, dimerization, and STAT1-
DNA binding.151 Overexpressing hTau in vivo by injecting AAV-hTau into the hippocampus
of mice also resulted in increased STAT1 phosphorylation and expression, which colocalized
with NeuN™ cells. Increased pSTAT1 and STAT1 levels were also observed in the cortex

of AD patients in this study. Overexpressing hTau in the hippocampus of mice resulted

in memory deficits, as measured by Morris water maze and contextual fear conditioning,
which were rescued by StatZ knockdown in the hippocampus. Overexpressing hTau also
resulted in suppression of long-term potentiation (LTP) and NMDAR-mediated currents,
both of which were attenuated in StatZ-knockdown mice. Overexpression of either hTau or
STAT1 decreased the expression of NMDAR subunits, while StatZ-knockdown in hTau mice
increased their expression. STAT1 was able to directly bind the promoters of the NMDAR
subunits, and hTau overexpression increased this binding, which inhibited their transcription.
Inhibition of JAK2 in HEK293 cells overexpressing hTau prevented STAT 1-activation. All
of these effects were attenuated by expressing a dominant-negative mutant STAT1 which
cannot be phosphorylated.15 While STAT1 may not be the original instigator in AD, these
studies suggest that JAK2/STAT1 signaling does contribute to and may perpetuate the
pathogenesis and symptoms of AD, and therefore, may be a potential target in treating AD.

CONCLUSION

Neurons utilize unique IFN-y/STAT1 signaling which regulates many aspects beyond
canonical immunological functions. We summarized the neuron-specific mechanisms of
IFN-y/STAT1 activation, the potential sources and entry sites of IFN-y in the CNS, and
the diverse set of effects IFN-y/STAT1 signaling in neurons has on CNS health and
disease. IFN-y-induced STAT1 activation in neurons is muted and extended, with delayed

Immunol Rev. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Clark et al. Page 19

deactivation of the pathway. The IFN-y/STAT1 pathway is unique in neurons in that it
facilitates non-cytolytic viral clearance and regulates neuronal excitability. The source of
physiological IFN-y in the CNS has been understudied, likely due to the lack of good tools
to study cell- and tissue-specific production of IFN-y. Immunological niches including the
meninges and the CP may serve as sites for IFN-y production in the CNS, while CVOs
and CSF flux via the glymphatic system may provide entry sites for IFN-y to access

the parenchyma and gain direct access to neurons. In addition to its immune role, IFN-y/
STAT1 signaling in neurons contributes to a wide array of physiological and pathological
outcomes, including the regulation of neurogenesis and behavior, and has been implicated
in neurodevelopmental and neurodegenerative disorders. It is still unclear what underlying
mechanisms cause IFN-y/STAT1 signaling to have such diverse consequences, but we
speculate that factors such as neuronal subtype, and subcellular location and strength of
signaling may affect the conditions under which the pathway is activated and its downstream
outcomes. It is important to note that many studies that have investigated the role of IFN-y/
STAT1 signaling in neurons, especially /n vitro, utilize varying concentrations and timing
of IFN-+y application in primary cultures derived from different sources, brain regions, and
developmental timepoints, and sex is not consistently taken into consideration. More work
is required to elucidate the specific mechanisms and factors which facilitate the unique set
of IFN-y/STAT1 regulated pathways in neurons. Understanding the complex underlying
mechanisms of IFN-y/STAT1 signaling in neurons in the context of infection, homeostasis,
and pathology will not only offer us insight on how the immune system can influence
neuronal function but also will be crucial to identify and target steps in the pathway which
may have therapeutic potential for disorders such as ASD, SZ, epilepsy, multiple sclerosis,
AD, and pathological aging.
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FIGURE 1.
Potential IFN-y/STAT1 Signaling Mechanisms in Neurons. The exact mechanisms of

IFN-y/STAT1 signaling in neurons are unknown. In canonical IFN-y/STAT1 signaling,
IFN-7y binds the IFNGR, causing JAK1/2 to recruit and phosphorylate STAT1. STAT1 then
disassociates from the IFNGR complex and translocates to the nucleus as a homodimer,
where it can regulate transcription of ISGs. Neurons do upregulate ISGs in response to
IFN-7y in a STAT1-dependent manner. However, the timing and Kinetics of STAT1 activation
differ from other cells, suggesting neurons may utilize non-canonical signaling mechanisms.
The existence of non-canonical IFN-y/STAT1 has been understudied, especially in neurons.
Non-canonical signaling includes intracellular roles for IFN--y, translocation of the entire
IFN-y/IFNGR1/JAK1/2/STAT1 complex to the nucleus, and non-transcriptional roles for
STAT1 in the cytoplasm. STAT1 activation in neurons is delayed and extended, but it is
unclear how or why this occurs. Though it has not been studied, we speculate that activation
of the IFN-y/STAT1 pathway in neurons at different subcellular locations may result in
different outcomes, especially if activation occurs at a distal site such as on axons or
dendrites versus on the soma. IFN-y/STAT1 signaling also regulates neural activity, which
occurs on the timescale of minutes, and JAK2/STAT1 activation regulates the elimination of
specifically inactive axons and synapses. In these scenarios, we speculate that IFN-y/STAT1
may utilize non-canonical mechanisms, which may allow for rapid and site-specific action.
Non-transcriptional roles for cytoplasmic STAT1 could facilitate local effects at the synapse
via direct interaction of STAT1 with neurotransmitter receptors, like GABAR and AMPAR,
and/or other intermediates like PKC which have been implicated in IFN-y-regulated neural
activity
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FIGURE 2.
Sources of IFN-vy in the CNS. Physiological levels of IFN-vy, as well as immune cells which

can produce IFN-vy, are present in the CSF during steady state. Because it is hypothesized
that the CSF connects with the interstitial fluid (ISF), which circulates throughout the
brain parenchyma, we focus on the CSF as a potential carrier which may grant IFN-y
direct access to neurons. However, it is still unclear how IFN-y gets into the CSF and
ultimately into the parenchyma. A) The meninges contain an immunologically rich niche,
including T cells, NK cells, and ILC1s, all of which can produce IFN-y. Immune cells in
the subarachnoid space and perivascular spaces may act as a source of physiological IFN-y
found in the CSF. B) The choroid plexus sits outside of the blood—brain barrier and instead
acts as a blood—CSF barrier, where proteins and solutes can exit the fenestrated capillaries
and enter the CSF. Immune cells (including IFN-y producing T cells, NK cells, and ILC15s)
have been identified in the choroid plexus stroma, but it is unclear whether they (or their
secreted cytokines) can cross the epithelial layer of the choroid plexus to enter the CSF. C)
Circumventricular organs (CVOs) are often referred to as the “windows of the brain,” as
they also lack a classical blood—brain barrier. Early studies using HRP have demonstrated
that HRP injected intraventricularly or intravenously is able to permeate the parenchyma,
suggesting solutes can access the parenchyma from both the CSF and the blood. Though
this has not been directly tested with IFN-v, it may be a potential route for IFN-y to gain
access to the parenchyma. Additionally, studies have demonstrated that cytokines can exit
the fenestrated capillaries and act directly on the cells of the CVOs. However, it is still
unclear whether cytokines can enter the CSF through CVOs, or whether cytokines have
direct access to neurons within CVOs
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