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Abstract

Our innate immune system uses pattern recognition receptors (PRRs) as a first line of defense

to detect microbial ligands and initiate an immune response. Viral nucleic acids are key ligands
for the activation of many PRRs and the induction of downstream inflammatory and antiviral
effects. Initially it was thought that endogenous (self) nucleic acids rarely activated these PRRs,
however emerging evidence indicates that endogenous nucleic acids are able to activate host PRRs
in homeostasis and disease. In fact, many regulatory mechanisms are in place to finely control

and regulate sensing of self-nucleic acids by PRRs. Sensing of self-nucleic acids is particularly
important in the brain, as perturbations to nucleic acid sensing commonly leads to neuropathology.
This review will highlight the role of nucleic acid sensors in the brain, both in disease and
homeostasis. We also indicate the source of endogenous stimulatory nucleic acids where known
and summarize future directions for the study of this growing field.

1. Introduction

Pattern recognition is an essential function of the innate immune system that is responsible
for the immediate sensing of microbes and the initiation of an anti-microbial inflammatory
response. Pattern recognition is mediated by various germline-encoded pattern recognition
receptors (PRRs) that are expressed in nearly all cell types throughout the body, not just
professional immune cells. PRRs recognize distinct pathogen-associated molecular patterns
(PAMPs), classically thought to be foreign in origin. This allows cells to differentiate
between self and non-self ligands. Many PRRs evolved to detect the presence of foreign
nucleic acids, as they are generally indicative of the viral genome invading the cell. Sensing
of foreign single-stranded RNA (ssRNA), double-stranded RNA (dsRNA), or cytoplasmic
DNA, all originating from viruses, induce an inflammatory response and antiviral immunity.

However, since ssRNA, dsRNA, and DNA are all also prevalent in the host cell, an
intriguing question emerges: how do PRRs differentiate self vs. non-self nucleic acids? Now
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emerging evidence indicates that many nucleic acid-sensing PRRs can also be activated by
endogenous (self) nucleic acids in both health and disease, and regulating PRR-self nucleic
acid sensing is vital to prevent aberrant PRR activation and cell injury (Ablasser & Hur,
2020; Chen & Hur, 2021; Cottrell, Andrews, & Bass, 2023; Kawasaki & Kawai, 2019;
Lind, Rael, Pestal, Liu, & Barton, 2021). These regulatory mechanisms include (but are
not limited to) the sequestration of self nucleic acids in separate compartments from their
cognate PRRs, and modifying self nucleic acids to reduce immunogenicity. When regulatory
mechanisms fail, aberrant activation of PRRs can lead to various autoinflammatory and
autoimmune disorders. Such ‘sterile’ activation of both DNA and RNA sensing PRRs have
been observed in a wide variety of human diseases, and can either be the initial cause of the
disorder (primary), or a result of disease pathology (secondary).

More recent findings suggest that PRRs can also sense self-nucleic acids during
homeostasis, and such mechanisms could be critical for development, cell proliferation,

and antiviral defense (Escoubas et al., 2024; Dorrity et al., 2023; Gao et al., 2021; Kim et al.,
2014; Lammert et al., 2020). Therefore, regulatory mechanisms to prevent self-nucleic acid
sensing may have evolved to be partly leaky, permitting host PRRs to sense low levels of
self-nucleic acids in a regulated manner. Altogether, self-nucleic acid sensing by PRRs must
be balanced: lack of self-nucleic acid sensing could disrupt homeostasis, while excessive
self-nucleic acid sensing could cause toxic inflammation.

The central nervous system (CNS) seems particularly sensitive to changes which affect
nucleic acid sensing. Gene mutations which lead to the overactivation of nucleic acid-
sensing PRRs often cause diseases that primarily affect the nervous system (Bamborschke

et al., 2021; Crow & Stetson, 2021; Crow et al., 2006, 2015; Rice et al., 2007, 2009, 2014).
Additionally, many neurological disorders or the natural course of aging are accompanied by
activation of nucleic acid sensing PRRs (Franceschi, Garagnani, Parini, Giuliani, & Santoro,
2018; Gulen et al., 2023; Roy et al., 2022). Additionally, our recent study found that neurons
carry exceptionally high levels of immunostimulatory dsRNA structures that signal through
PRRs to protect neurons from viral infection, but could also predispose neurons to toxic
inflammation when RNA homeostasis is perturbed (Dorrity et al., 2023). Thus, nucleic

acid sensing in the brain walks a tightrope, balancing between the risk of underactivation
(infection) and overactivation (inflammation and autoimmunity).

Here, we will review the role of endogenous nucleic acid sensing in the CNS in both health
and disease. We will overview the major nucleic acid sensing PRRs present in cells as well
as their endogenous ligands, where known. We will then describe the function of these
sensors in development, as well as the roles and regulation of these sensors at homeostasis.
Finally, we will describe the various neuropathologies which may arise due to disruption of
the finely tuned sensing of endogenous nucleic acids. We will conclude with a discussion of
opportunities for continued research and therapeutic applications of these findings. Sensing
of self-nucleic acids is a growing field and presents myriad opportunities for further study, as
well as new avenues for treatment of a broad spectrum of neurologic disease.
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RIG-1 and MDAS5

Many viruses produce long dsRNA structures as an intermediate in their replication cycle
or as part of their genome. Many PRRs exist to detect viral dsSRNAs and induce an immune
response, such as the cytosolic RIG-I-like receptors (RLRs). While it was initially thought
that long dsRNA structures were unique to viral replication, emerging evidence shows that
the human transcriptome also contains relatively long dsRNAs, that can activate PRRs (Chen
& Hur, 2021; Cottrell et al., 2023). Of the RLRs, both RIG-1 and MDAS bind dsSRNA

and signal through the adaptor protein MAVS to produce the antiviral and proinflammatory
cytokine type | interferon (IFN) (Fig. 1). However, the two RLRs have distinct activating
ligands. MDA is activated by very long and perfectly complementary dsRNA, while RIG-I
is activated by comparatively shorter 5" ppp-dsRNA (Brisse & Ly, 2019). However, both
proteins have been found to contribute to autoimmune disease.

Pertinent to neuroinflammation, MDAJS (encoded by /F/HI) is known to be involved in
Aicardi-Goutiéres syndrome (AGS). AGS is a type | interferonopathy in which patients
exhibit spontaneous type I IFN signaling without viral infection, often resulting in childhood
death (Crow & Stetson, 2021). Interestingly, AGS patients have much higher levels of type |
IFN in the brain compared to the blood, suggesting that the brain is the primary site for type
I IFN induction (Crow & Stetson, 2021; Lebon et al., 1988; Lodi et al., 2021). Many of the
genes mutated in AGS, including MDAJ5 (Rice et al., 2014), are involved in either nucleic
acid sensing or nucleic acid processing, such as TREX1, PNPT1, SAMHD1, ADAR1,

and RNase H2 (Bamborschke et al., 2021; Crow et al., 2006, 2015; Rice et al., 2007,

2009). Some of these mutations, such as ADAR1 and PNPT1 mutants, sensitize MDAS to
sensing of endogenous dsRNAs, potentiating a type | IFN response (Ahmad et al., 2018; de
Reuver & Maelfait, 2023; Dhir et al., 2018). Mutations in TREX1, SAMHD1, and RNase
H2 cause AGS through DNA sensors, which will be discussed below. Gain-of-function
MDADS mutations alone are sufficient to cause AGS (Ahmad et al., 2018; Onizawa et al.,
2021; Rice et al., 2014). Depending on the mutations, mutant MDAS can either become
constitutively active independently of RNA, or become sensitized to activation by host
dsRNAs despite RNA modifications that prevent MDADS activation (Ahmad et al., 2018; Oda
et al., 2014). In addition, loss-of-function mutations in the RNA-editing enzyme ADAR1
can lead to aberrant MDADS activity and cause AGS (Fig. 2B). ADARL introduces A-to-I
edits in dsRNA substrates, and ADARL1 editing of RNA duplexes has been proposed to
disrupt dsRNA structures, allowing edited RNAs to evade recognition by MDAS. The role
and mechanism of ADARL1 in various human diseases have been well reviewed previously
(de Reuver & Maelfait, 2023; Lamers, Van Den Hoogen, & Haagmans, 2019; Livingston &
Crow, 2016; Samuel, 2019). Additionally, mutations in MDADS are associated with systemic
lupus erythematosus (SLE), which is frequently accompanied by neuropsychiatric symptoms
(Brey et al., 2002; Robinson et al., 2011). This demonstrates that MDA5 dysfunction can be
associated with broad neurological disorders, and more work is necessary to identify further
cases of MDAS5-mediated neuroinflammation.

MDAGS is also able to produce tonic IFN under homeostatic conditions (Dorrity et al.,
2023). MDAS5-dependent tonic type | IFN is constitutively induced by the high dSRNA
burden in neurons under homeostatic conditions (Dorrity et al., 2023). The role of tonic
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inflammation in the brain is an understudied topic, but previous studies have demonstrated
that low levels of tonic type | IFN is necessary for neural homeostasis, cortical development,
maintenance of plasticity, and protection from viruses (Escoubas et al., 2024; Dorrity et al.,
2023; Ejlerskov et al., 2015; Gao et al., 2021; Hosseini et al., 2020). This role for MDA5

in the production of tonic type I IFN, as well as its role in AGS, demonstrates that MDAS
activity must be closely regulated to balance the needs of homeostatic IFN while avoiding
toxic inflammation.

RIG-1 can also be activated in non-infectious disorders. For example, mutations in the
RIG-1 encoding gene DD.X58 are associated with the type | interferonopathy Singleton-
Merten syndrome (SMS) (Jang et al., 2015), although SMS is not a neurological disorder.
Within the brain, sterile RIG-1 activation has been associated with both neurodegenerative
diseases and injury. RIG-I expression is elevated in the temporal cortex of patients in the
early stages of Alzheimer’s disease (De Rivero Vaccari et al., 2014). In primary human
astrocytes, a positive feedback loop exists between amyloid p and RIG-I, in which RIG-I
activation increases amyloid B expression, and increased amyloid B expression increases
RIG-1 expression (De Rivero Vaccari et al., 2014). In a rat model of stroke, both RIG-1 and
type | IFN are elevated in the hippocampus following injury, especially in astrocytes (Brand,
De Rivero Vaccari, Mejias, Alonso, & De Rivero Vaccari, 2015). However, it is important to
note that in both of these cases, future studies need to determine the role of RIG-I activation
in neural disease progression.

For both MDAS and RIG-I, the exact identity of the self-ligands that induce
neuroinflammation is not yet known (Fig. 3). Recent data, although not in the neural context,
demonstrated that double-stranded mitochondrial RNA (mtRNA) can activate MDADS in
human cells (Dhir et al., 2018; Tigano, Vargas, Tremblay-Belzile, Fu, & Sfeir, 2021).
Additionally, dsRNA formed from primate-specific SINE Alu elements has been shown
to be a common activating ligand for MDAS (Ahmad et al., 2018). Many Alu elements
are located in 3" untranslated regions (3"UTRs), and this coincides with our recent data
showing that elongated 3" UTRs activate MDAS in human neurons (Dorrity et al., 2023).
Additionally, it has been proposed that only a small subset of endogenous dsSRNAs can
activate RLRs, but the identity of immunostimulatory self-RNAs remain elusive (Levanon
et al. 2024). More research should be directed to determine the RNA species that activate
RLRs, including RNA ligands that may be specific to the neural compartment.

Many PRRs induce inflammation in an indirect manner by inducing proinflammatory
cytokines such as type I IFN. In contrast, Protein Kinase R (PKR) is a cytosolic and
ubiquitously expressed PRR in all cell types, and is capable of direct anti-viral action. Upon
binding dsRNA, PKR homodimerizes, autophosphorylates, and becomes active, ultimately
phosphorylating elF2a and leading to global translational shutdown and an integrated stress
response (ISR) (Fig. 1) (Gal-Ben-Avri, Barrera, Ehrlich, & Rosenblum, 2019). While this

is critical for inhibiting viral replication, it also has a multitude of effects on cells both

in health and disease. The role of PKR in neuroinflammation was initially described in
Huntington’s disease, where it was shown that PKR was activated in patient brain tissue,
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specifically in hippocampal neurons, and that repeat expansions in huntingtin transcripts
were able to activate PKR (Bando et al., 2005; Peel et al., 2001). More recently, mtRNAs
have been proposed to activate PKR in a Huntington’s disease model (Lee et al., 2020).

In patients with Alzheimer’s disease, it was found that neurons had high levels of activated
PKR (phosphorylated PKR) and phosphorylated elF2a (Chang, Wong, Ng, & Hugon, 2002).
It was shown that amyloid B plaques was able to activate PKR, and experimental vaccines
against amyloid  were able to reduce PKR activation in neurons (Chang et al., 2002;

Paquet et al., 2015). In mouse models of Alzheimer’s disease, depletion of PKR drastically
improved memory and cell health, linking PKR activation with disease pathology (Mouton-
Liger et al., 2015; Tible et al., 2019).

In addition, PKR activation has been observed in other neurodegenerative diseases, such
as amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD). One of the
driving causes of familial ALS-FTD is the expansion of the G4C5 repeat sequences in

the C9orf72 gene (Balendra & Isaacs, 2018). Recently, enhanced PKR activation was
confirmed in the frontal cortex of ALS patient tissue, and RNA repeat expansions in
C9orf72 have been proposed to form dsRNAs and activate PKR in primary neurons
(Parameswaran et al., 2023; Rodriguez et al., 2021; Zu et al., 2020). Additionally, in a

rat model of ALS, downregulation of TAR DNA-binding protein 43 (TDP-43), an RNA
binding protein implicated in ALS, resulted in accumulation of repetitive elements and
dsRNAs that activated PKR in astrocytes and contributed to disease progression (LaRocca,
Mariani, Watkins, & Link, 2019). Furthermore, inhibition of PKR in a mouse model of
ALS/FTD, drastically improved cognitive outcomes (Zu et al., 2020). PKR has even been
shown to modulate memory. Inhibition of PKR in the mouse brain improved memory scores,
and increased PKR activity in the hippocampus of healthy aged mice correlated with lower
cognitive scores (Gal-Ben-Ari et al., 2019; Lu et al., 2022). Overall, PKR contributes to
the progression of several neurodegenerative diseases, and warrants further study as a key
mediator of neurodegeneration in general. The role of PKR in memory function is a more
recent discovery, and more research should be directed at this topic to explore the potential
of PKR as a target for pharmacological intervention.

In addition to its role in neurodegeneration, mutations in PKR and regulators of PKR

have been directly implicated in several other neurological disorders. Initially, mutations in
protein activator of PKR (PACT), a protein modulator of PKR, were identified in patients
with dystonia, a disorder of the nervous system characterized by uncontrolled movements
(Camargos et al., 2008). These PACT mutations increased PKR activation and induced
apoptosis in patient derived cells (Burnett, Vaughn, Sharma, Kulkarni, & Patel, 2020;
Vaughn et al., 2015). More recently, apparent gain-of-function mutations in the PKR gene
EIFZAKZwere identified in patients exhibiting dystonia, further supporting PKR’s role in
this phenomenon (Kuipers et al., 2021).

PKR is also involved in AGS, as is demonstrated in various ADAR1 depletion models.

In neural cells, loss of ADAR1 led to cell death induced by PKR activation (Fig. 2B)
(Chung et al., 2018; Dorrity et al., 2023). In an ADAR1 defective mouse model for AGS,
inhibition of the integrated stress response induced by PKR activity was sufficient to prevent
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pathology (Maurano et al., 2021). Additionally, depletion of both MDA5 and PKR in
ADAR1p150~/~ mice (ADAR1p150 is an isoform of ADAR1) was sufficient to rescue
lethality of ADAR1p150~/~ mice and allow the mice to live to adulthood (Hu et al., 2023).
These data indicate that PKR could be a major driver of cell death in AGS (Fig. 3).

Beyond disease, emerging data suggest that PKR may also play a role in healthy brain
tissue. Potential loss-of-function mutations in £/FZAK2were identified in patients with

a wide array of neural abnormalities, most prominently leukoencephalopathy (Mao et al.,
2020). This demonstrates a potential role of PKR in neural development, although this
idea warrants further exploration. Additionally, low grade PKR activation in neurons may
contribute to the tonic antiviral state induced by neuronal dsR NAs (Dorrity et al., 2023).
Indeed, mice lacking PKR are extremely susceptible to viral infection (Balachandran et al.,
2000). PKR activation therefore must be tightly regulated, balancing antiviral effects with
the risk of sustained translational shutdown.

TLR3 is a toll-like receptor family PRR that detects dSRNA in endosomes. In contrast to
the cytosolic PRRs, TLR3 is mainly found in the endocytic compartment. Activated TLR3
transmits signals through the TRIF pathway, activating and translocating IRF3 into the
nucleus, leading to the production of type I IFN (Fig. 1). TLR3 is broadly expressed in the
CNS across various neural cell types (Bsibsi, Ravid, Gveric, & Van Noort, 2002; Jack et

al., 2005). TLR3 is especially highly expressed in glial cells such as astrocytes. TLR3 on
astrocytes is significantly induced in response to viral infection or external cytokines (Bsibsi
et al., 2006). Additionally, in the blood-brain barrier, TLR3 on astrocytes detects danger
signals and mediates neuroprotection (Bsibsi et al., 2006).

Two recent studies demonstrated that TLR3 expressed on neurons is capable of inducing low
levels of constitutive (‘tonic’) type I IFN in non-infected, homeostatic conditions (Dorrity
etal., 2023; Gao et al., 2021). Further corroborating these findings, tonic type I IFN is also
detected in non-diseased human brain tissue (Dorrity et al., 2023), and activation of TLR3
(and MDAG5) was shown to be driven by neuronal dsRNAs derived from long 3"UTRs (Fig.
3) (Dorrity et al., 2023). This tonic type | IFN produced from neurons has been proposed

to pre-emptively protect the CNS from viral infection, circumventing the need for a more
extreme inflammatory response (Paludan & Mogensen, 2021). Supporting this idea, a series
of human genetic studies found that loss-of-function mutations in the TLR3 pathway cause
increased susceptibility to herpes simplex encephalitis (Casrouge et al., 2006; Gao et al.,
2021; Zhang et al., 2007). Moreover, our recent study suggested that constitutive type | IFN
made by neurons leads to resistance to infection by HSV-1, Zika virus, and Sindbis virus
(Dorrity et al., 2023). Therefore, constitutive TLR3 activation in neurons is likely to be
critical to preemptively protect neurons from infection with diverse viruses.

In addition to neurons, sterile activation of TLR3 was also identified in neural progenitor
cells (NPCs), the common precursor cell type in the CNS. TLR3 knockout in NPCs
increased proliferation, while activation of TLR3 decreased proliferation (Lathia et al.,
2008). In adult mice, TLR3 knock-out increases neuronal abundance and leads to increased
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hippocampal volume and structural changes (Okun et al., 2010). As such, the persistent
TLR3 activation in neurons not only promotes immune activity but may also contribute to
neuronal development.

The dysregulation of TLR3 has been widely observed in various brain pathologies. A
histologic study confirmed that TLR3 expression was increased in the brains of patients
with Alzheimer’s disease compared to healthy controls (Bsibsi et al., 2002; Walker, Tang, &
Lue, 2018), although interestingly, increased TLR3 expression is not found in the neurons of
these samples. Moreover, other studies showed that TLR3 plays a key role in producing high
levels of pro-inflammatory cytokines, leading to neuronal death in Alzheimer’s, Parkinson’s,
prion, and chronic inflammatory disease models in diverse organisms (Deleidi, Hallett,
Koprich, Chung, & Isacson, 2010; Fiebich, Batista, Saliba, Yousif, & de Oliveira, 2018;
Field, Campion, Warren, Murray, & Cunningham, 2010; Walker et al., 2018; Zhang et al.,
2023).

Currently, the self-RNA ligands that activate TLR3 are not yet well identified. Recently, it
was reported that peripheral chronic injury in mice causes TLR3-mediated cognitive decline
in the CNS (Zhang et al., 2023). The authors analyzed mediators linking peripheral nervous
system pain signals to inflammatory responses in the CNS. Interestingly, chronic stress
promoted the release of self-dsRNAs from Schwann cells, a type of glial cell. Accumulated
external dsRNAs activated TLR3 in neurons, confirming inflammatory signal transduction
by intercellular RNA exchange. Similarly, several studies have shown that dsSRNAs released
from damaged tissue activate TLR3 on neighboring cells (Chen et al., 2014; Nelson et al.,
2015), although the exact identity of dsSRNAs that activate TLR3 are not well defined (Figs.
2A and 3). Our recent study proposed that long 3"UTRs in neurons are a major source for
dsRNAs that activate TLR3 on neurons, but it is unclear how intracellular long 3'UTRs
reach TLR3 in the endosome (Dorrity et al., 2023). It is imperative that more research be
conducted into identifying the self ligands that activate TLR3, and further determine how
these ligands enter the endosome to activate TLR3.

5. TLR7/8

Both TLR7 and TLR8 recognize GU-rich single-stranded RNAs (ssRNA) in endosomes.
Once either of these receptors are activated, the signal is transmitted via MyD88 to
ultimately induce immune gene activation and the production of IFN and NF-xB induced
pro-inflammatory cytokines (Fig. 1) (Diebold, Kaisho, Hemmi, Akira, Reis, & Sousa, 2004;
Heil et al., 2013). Infection with RNA viruses triggers TLR7/8 activation and initiates an
anti-viral response (Lund et al., 2004). Within the CNS, TLR7/8 is expressed in microglia
and neurons beginning in the postnatal stage (Bsibsi et al., 2002; Kaul et al., 2012; Ma,
Haynes, Sidman, & Vartanian, 2007; Olson & Miller, 2004).

Aside from infection models, TLR7 activation in B cells is also well-characterized as key

to the development of SLE (Brown et al., 2022; Fillatreau, Manfroi, & Ddérner, 2020).
Neuropsychiatric SLE is a common manifestation of SLE, comprised of various of cognitive
impairment, seizures, and psychiatric disorders (Brey et al., 2002). The pathogenesis of
Neuropsychiatric SLE is complex, comprising of blood-brain barrier disruption (Kamintsky
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et al., 2020), antibody deposition in the brain (Cocco et al., 2023), and vascular lesions and
complement activation (Cohen et al., 2017) in the brain. In addition, TLR7 activation has
been found to worsen neural autoimmunity by downregulating T regulatory cell levels in

a mouse model of Experimental Autoimmune Encephalitis, a model of multiple sclerosis
(Lalive et al., 2014). Aberrant TLR7 signaling can, therefore ultimately lead to severe
autoimmune disease in the brain, even if the proximal signaling is apparently in the
periphery.

At homeostasis, TLR7/8 has been found to affect neuronal growth in mouse in vivo and ex
vivo models. TLR7-deficient mice and mouse neurons demonstrated significantly increased
axonal growth (Liu et al., 2013). Conversely, treatment of cultured primary mouse neurons
with R848, a TLR7/8 agonist, reduced neurite outgrowth and promoted apoptosis (Ma et al.,
2006). Independently, several studies confirmed a key role of TLR7/8 in neural remodeling
(Hung et al., 2018; Liu et al., 2013; Liu, Huang, Hung, & Hsueh, 2015; Ma et al., 2006;
Mukherjee et al., 2015).

Micro RNAs (miRNAs) are small nucleotide noncoding RNA that are 19-24nt in length.
The canonical function of miRNAs is controlling the stability of MRNAs and ultimately

the expression of the encoded genes (Kim, 2005). It has been shown that some GU-rich
miRNAs can directly act as ligands that activate TLR7/8 in the absence of infection (Fig.

3) (Chen, Liang, Zhang, Zen, & Zhang, 2013; Fabbri et al., 2012; Fabbri, Paone, Calore,
Galli, & Croce, 2013; Feng et al., 2017; He et al., 2014; Liu et al., 2015; Zhang et al., 2018).
miRNAs can be found in exosomes and secreted to the extracellular space, where they can
then fuse with other cells (Fig. 2A) (Rabinowits, Gergel-Taylor, Day, Taylor, & Kloecker,
2009; Zhang et al., 2015). During this process, GU-rich miRNAs can enter the endosome
and trigger TLR7/8 activation (Fabbri et al., 2013; Feng et al., 2017; Liu et al., 2015; Zhang
et al., 2018), potentially acting as an inter-cell message in noninfectious states.

Let-7 miRNA family and miR-21 are well-characterized miRNAs that can act as TLR7/8
ligands. In a mouse model, Let-7c and miR-21 were found to be abundantly expressed

in the brain and secreted in exosomes. These secreted miRNAs were found to inhibit
axonal growth by activating TLR7 in neighboring neurons (Liu et al., 2015). In addition to
inhibiting axonal growth, these signals have a neuroprotective effect in a mouse model of
glioblastoma multiforme (Buonfiglioli et al., 2019), again demonstrating a tension between
the risks of over-activation and the danger of an insufficient immune response.

MicroRNA-TLRY7 interactions appear to cause or exacerbate a range of neurologic disease.
Upregulation of TLR7 has been found in the brains of patients with Alzheimer’s disease
(Bsibsi et al., 2002; Lehmann et al., 2012; Letiembre et al., 2009). Coupled with that,

levels of the microRNA let-7b were also higher in the cerebrospinal fluid of patients with
Alzheimer’s disease compared to healthy controls. This led to the suggestion that in the
brains of patients with Alzheimer’s disease, let-7b-TLR7 interactions were abnormally
amplified leading to neuron demise (Lehmann et al., 2012). Similar let-7b mediated
interactions were also found in a rat model of alcohol-induced neurotoxicity (Coleman, Zou,
& Crews, 2017). In addition, in a murine model of sepsis, an increased level of extracellular
miR-146a was observed, and it induced hyperactivation of neuronal TLR7 and neuronal
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death (Zou et al., 2022). Lastly, miR-340 and miR-132, both associated with brain injury,
has been proposed to activate TLR7/8 (Wallach et al., 2020).

Human endogenous retroviruses-K (HERV-K) RNA is another type of self-RNA that has
been shown to interact with TLR7/8 (Fig. 3). Like let-7b, it is more abundant in the CSF of
Alzheimer’s patients and leads to neurodegeneration when introduced to the CSF of mice
(Dembny et al., 2020). Taken together, some miRNAs and HERV-K activate TLR7/8 in the
CNS. These self-RNA-mediated sterile activation of TLR7/8 regulate neuronal growth under
normal conditions. However, it can also cause neurodegeneration during various disease
conditions, such as Alzheimer’s disease, alcoholism, and sepsis.

6. CcGAS

In non-mitotic cells, DNA is sequestered in the nucleus. DNA in the cytoplasm is a
common sign of pathogenic infection or cellular damage, and many PRRs have evolved to
detect cytosolic DNA. Cyclic GMP-AMP synthase (cGAS) is a PRR that recognizes double-
stranded DNA (dsDNA). Upon binding dsSDNA, cGAS produces the second messenger
CGAMP from GTP and ATP. cGAMP then binds to stimulator of interferon genes (Ishikawa
et al. Nature 2009), inducing the production of type | IFN and other proinflammatory
cytokines (Fig. 1) (Hopfner & Hornung, 2020). The ability for cGAS to induce sterile
inflammation is well studied. For instance, DNA damage or mitochondrial stress has been
shown to cause nuclear DNA or mitochondrial DNA (mtDNA), to leak into the cytoplasm
and activate cGAS, respectively (Fig. 3) (Li & Chen, 2018). Age-related DNA damage

and cellular injury can both lead to cGAS-induced sterile neuroinflammation (Gulen et al.,
2023). Additionally, certain retroelements, such as LINE-1, could be retrotranscribed at
higher rates during aging, and can activate cGAS in the cytoplasm (Gorbunova et al., 2021).

“Inflamm-aging” is a term describing the observation that chronic inflammation is induced
by aging, yet the pathways that cause this inflammation are poorly understood (Franceschi
et al., 2018). Recently, the cGAS-STING pathway has emerged as a major participant of
inflamm-aging (Gulen et al., 2023). It was also shown that cGAS is activated in the brains of
healthy aged mice and older humans (Xie et al., 2023). More specifically, the cGAS-STING
pathway is activated in aged murine microglia by release of mtDNA into the cytoplasm, and
this cGAS signaling is sufficient to induce age-associated transcriptional changes (Gulen et
al., 2023). Thus, cGAS activity in the brain can be induced via normal aging processes.

Aging is a major risk factor for many neurodegenerative disorders that are accompanied

by inflammation. Abnormal cGAS activation in the brain has been observed in murine
models of Alzheimer’s disease (Udeochu et al., 2023; Xie et al., 2023). Cytoplasmic mtDNA
was demonstrated to activate cGAS in the murine hippocampus, and inhibition of cGAS

was sufficient to ameliorate amyloid p-induced neurotoxicity (Xie et al., 2023). It was

also shown that tau protein was responsible for inducing mtDNA leakage in microglia
(Udeochu et al., 2023). Additionally, it has also been shown that microglia sense tau

protein through the cGAS-accessory protein PQBP1, and this induces cGAS-dependent
inflammation in mice (Jin et al., 2021). Sustained cGAS activity in microglia also causes
memory impairment and neurotoxicity (Gulen et al., 2023). cGAS activity is also associated
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with other neurodegenerative disorders. In human organoid models of ataxia-telangiectasia,
cGAS was shown to induce inflammation and senescence in response to micronuclei
formation, and cGAS inhibition reduces ataxia-related neuropathology (Aguado et al.,
2021). Lastly, accumulation of TDP-43 is a disease hallmark for ALS, and in ALS,
inflammation can be driven by the cGAS-STING pathway when TDP-43 invades the
mitochondria and releases mtDNA (Yu et al., 2020). Therefore, cGAS is activated in
multiple neurodegenerative disorders and contributes to disease pathology.

cGAS-induced inflammation has also been shown to contribute to AGS pathology. While
cGAS mutations have not been identified in AGS patients, mutations have been found in

the cytosolic exonuclease TREX1 (Fig. 2B) (Crow et al., 2015; Rice et al., 2007; Wu, Fang,
Huang, & Ying, 2021). TREX1 degrades cytosolic DNA from all sources, and thus inhibits
cGAS activation (Thomas et al., 2017; Hemphill et al., 2021; Wang, Du, Hua, & Zhao, 2022;
Yang, Lindahl, & Barnes, 2007). Loss of TREX1 in mice results in AGS symptoms which is
caused by excessive cGAS activation, and co-deletion of cGAS reduces pathology (Crow &
Stetson, 2021; Gao et al., 2015).

cGAS-induced neuroinflammation has also been studied in relation to traumatic brain injury
(TBI). TBI induced DNA damage and cGAS activation in the cortex of mice (Barrett et al.,
2021). This cGAS activation is likely induced by cytoplasmic mtDNA, and loss of cGAS is
neuroprotective (Fritsch et al., 2022). Similarly, repetitive mild TBI causes cGAS activation,
which induces a senescent phenotype in both neurons and astrocytes (Schwab et al., 2022).
Cellular damage induced by stroke also induces cGAS-mediated neuroinflammation, likely
in response to DNA damage (Li et al., 2020). Inhibition of cGAS in mouse models of
stroke, specifically in microglia, results in lowered inflammation, lower pyroptosis, and less
neuronal death (Jiang et al., 2021; Li et al., 2020).

Due to its involvement in many age and injury-related neurological disorders, cGAS is

a growing target for pharmacological intervention. Although cGAS has been discovered
relatively recently (Sun, Wu, Du, Chen, & Chen, 2013; Wu et al., 2013), cGAS specific
inhibitors have been developed and new inhibitors are actively under development. These
cGAS inhibitors are broadly characterized into those that block DNA binding and those that
inhibit cGAMP synthesis (Decout, Katz, Venkatraman, & Ablasser, 2021; Li et al., 2021;
Wang et al., 2023).

7. AIM2 inflammasome

The inflammasome is a multi-protein immunological complex that induces the production
of cytokines and can initiate pyroptosis. The inflammasome can be activated by several
different PRRs, one of which is the cytoplasmic dsDNA sensor absent in melanoma 2
(AIM2) (Hornung et al., 2009). AIM2 binds DNA in a sequence-independent manner,

and once activated, recruits ASC via its pyrin domain (Lugrin & Martinon, 2018). ASC
allows for caspase-1 to be recruited to the inflammasome. Once assembled, the AIM2
inflammasome complex further enables the proteolytic activity of caspase-1 on pro-1L-1p,
pro-1L-18, and gasdermin D (GSDMD), leading to the maturation of cytokines and GSDMD
mediated pro-inflammatory form of cell death called pyroptosis (Fig. 1). Host DNA can
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activate AIM2 upon weakening or disruption of the nuclear envelope, which causes DNA
to mislocalize to the cytosol (Lugrin & Martinon, 2018). Additionally, AIM2 can sense
radiation-induced DNA damage in the nucleus to mediate inflammasome activation and cell
death (Hu et al., 2016).

AIM2 has been shown to be critical during homeostasis in order to promote normal

brain development and function. In murine neurons, loss of AIM2 led to abnormal neural
growth and neurite formation due to insufficient IL-1p signaling (Wu, Liu, Huang, &
Hsueh, 2016). Additionally, AIM2 knockout mice exhibited memory defects and abnormal
behavior associated with increased anxiety (Lammert et al., 2020; Wu et al., 2016).
Neurodevelopment is characterized by rapid rates of neural cell proliferation and death,

a process that naturally leads to large amounts of DNA damage and cellular debris. Such
DNA damage has been shown to activate AIM2 in the developing brain, and this is crucial
for inducing pyroptosis and clearing unnecessary cells and neurons that accumulate too
much genetic damage (Fig. 3) (Lammert et al., 2020). Altogether, this demonstrates that
homeostatic function of AIM2 is pivotal for proper function in neuronal tissues.

However, overactivation of AIM2 in the brain can inhibit healing and induce
neurodegeneration. Cellular injury can induce DNA mislocalization and DNA damage, both
of which induce AIM2 activation. AIM2 activation in the cortex and hippocampus following
stroke leads to neural death via pyroptosis, restricting recovery (Kim et al., 2020). Loss of
AIM2, or of the critical inflammasome component ASC, reduces signs of injury in a murine
model of stroke (Denes et al., 2015). Drug inhibition of AIM2 or caspase 1 attenuated
cognitive defects following stroke (Kim et al., 2020; Zhang et al., 2020). In addition

to stroke, AIM2 activation is observed following TBI. Specifically, AIM2 activation was
observed in brain microvascular endothelial cells of the blood-brain barrier, and inhibition
of AIM2 resulted in lessened pathology (Ge et al., 2018). Thus, AIM2 activation following
brain injury is deleterious.

Finally, the AIM2 inflammasome likely contributes to various forms of dementia. In

a mouse model of vascular dementia, AIM2 inflammasome activation was observed in
hippocampal neurons and various glial cells (Poh et al., 2021). Concurrent knockout of
AIM2 allowed mice to resist demyelination and improved cognitive scores (Poh et al.,
2021). AIM2 activation has also been observed in a murine model of Alzheimer’s disease.
Interestingly though, while loss of AIM2 decreased amyloid B deposition, inflammation
remained high and memory function did not improve (Wu, Hung, Liu, & Hsueh, 2017).
Additionally, the exact ligands that activate AIM2 during neurodegeneration remains
unclear. Importantly, AIM2 expression increases with age in the mouse brain (Kim et al.,
2020), indicating that the threshold to activate AIM2 may decrease over the course of aging,
leading to aberrant AIM2 activation. Regulation of AIM2 activation is especially critical,
as inflammasome activation can lead to rapid cell death. Yet as AIM2 activation is also
involved in normal brain development, a strict regulatory balance must be achieved.
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TLR9 is mainly located in the endosome and recognizes unmethylated CpG DNA motifs,
as viral DNA is unmethylated (Hemmi et al., 2000). Once activated, TLR9 generates an
innate immune response via the MyD88 pathway to eventually produce pro-inflammatory
cytokines and type I IFN (Fig. 1) (Kumagai, Takeuchi, & Akira, 2008). Within the CNS,
it is predominantly expressed in microglia and neurons (Bsibsi et al., 2002). Mammalian
DNA CpG motifs derived from the nucleus do not activate TLR9 as it is methylated.
However, mtDNA can potentially activate TLR9 (Costa et al., 2022; Garcia-Martinez et
al., 2016; Rodriguez-Nuevo et al., 2018). Under normal conditions, mtDNA is tightly
sequestered from PRRs by the mitochondrial double membrane. However, various stressors
such as aging, tissue injury, metabolic stress, etc., lead to mitochondrial instability and the
subsequent release of mMtDNA into the cytosol or extracellular space, eventually making
their way into endosomes. Extracellular mtDNA, otherwise known as cell-free mtDNA
(cf-mtDNA), is known to be a ligand that induces sterile activation of TLR9 (Figs. 2A and
3).

There is a strong correlation between psychological stress and cf-mtDNA levels (Cai et

al., 2015; Lindqvist et al., 2018; Trumpff et al., 2021). cf-mtDNA has been shown to be
induced by acute episodes of psychological stress. Examination of cf-mtDNA in the blood
of 236 patients with various psychopathologies revealed a distinct increase compared to
healthy controls (Trumpff et al., 2021). Strikingly, up to 46.8 times more cf-mtDNA was
measured in the blood of those who attempted suicide than in controls (Trumpff et al.,
2021). Significant increases in cf-mtDNA were also seen in response to acute stresses
such as anger and anxiety, with the authors directly observing that treatment of primary
human fibroblasts with the stress hormone glucocorticoid resulted in secretion of mtDNA
(Trumpff et al., 2019). A recent study confirmed in a mouse model that neuroinflammation
by mtDNA-TLR signaling contributes to stress-induced depression (Tripathi, Bartosh,
Whitehead, & Pillai, 2023). However, the exact source of stress-induced cf-mtDNA requires
further study.

Neutrophil extracellular traps (NETS) are networks of extracellular fibers, primarily
composed of DNA from neutrophils that enucleate after activation (Rada, 2019). Recently,
activation of TLR9 by NETSs was found in primary human tissue samples (Nie et al., 2019).
It has been shown that NET formation is increased in human brains following TBI, which
induce neuronal apoptosis by activating TLR9 (Fig. 2A) (Mi et al., 2023). Yet more research
is necessary to link NET formation with TLR9 activity in the brain.

9. Discussion

PRRs recognize a variety of different nucleic acids arising from both host- and non-host
sources. In addition to protecting against pathogens, PRRs have critical roles to play in
ensuring proper development and neural homeostasis (Escoubas et al., 2024; Dorrity et al.,
2023; Gao et al., 2021; Lammert et al., 2020; Liu et al., 2015; Ma et al., 2006). However,
as summarized in this review overactive PRR signaling can be detrimental. In the brain,
aberrant activation of PRRs is associated with a variety of neurodegenerative conditions,
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including Alzheimer’s disease, ALS, Parkinson’s disease, as well as many neurological
disorders. Hence, it is likely that PRRs need to strike a fine balance between homeostatic
signaling and acute inflammation (for defense) to maintain healthy neural tissue. When this
balance is perturbed, unusually low or high PRR signaling may cause and aggravate disease
in the brain. We propose that activation of PRRs by self-nucleic acids must be viewed in a
spectrum, rather than an all-or-nothing phenomenon.

Nucleic acid sensing PRRs are emerging as critical therapeutic targets, since PRR mediated
inflammation is observed in many neurodegenerative diseases, aging, and brain injury.
Additionally, various mouse models for neural disease have shown that genetically deleting
PRRs or inhibiting PRRs can prevent or slow down disease, indicating that PRR signaling
plays a causal role in brain pathogenesis. PRRs are attractive targets, because they are
upstream triggers of immunity and ubiquitously present in all cell types, including neurons
and glial cells, not just in immune cells. Given their upstream role, PRRs are likely among
the first innate immune sensors to detect abnormal nucleic acid metabolism (e.g., increase
in dsRNA or dsDNA levels, mtDNA and mtRNA leakage to the cytoplasm etc.), and further
activate and amplify adaptive immunity, ultimately inducing downstream immune cell
infiltration to the brain and gross neuropathology. Thus, in some disease contexts, targeting
PRRs may be more effective at reducing neuroinflammation than targeting downstream
adaptive immune pathways, as targeting PRRs can suppress the root cause of inflammation.
However, there are also challenges for targeting PRRs therapeutically. First, inhibition of
any given PRR will impair the immune response, risking infection. For many PRRs, specific
inhibitors are not yet available, and any inhibitor developed must be capable of passing the
blood brain barrier. Additionally, PRR signaling can play critical homeostatic functions in
the brain. For instance, TBK1 lies downstream of many PRR signaling pathways (Fig. 1),
and loss-of-function TBK1 mutations are a frequent cause for ALS and FTD although the
underlying mechanism is unclear (Ahmad, Zhang, Casanova, & Sancho-Shimizu, 2016).

Another challenge going forward is determining the ligands that activate PRRs in the

brain. While PRR activation and the role of PRRs in various brain diseases have been

well characterized, the identities of the specific ligands that activate PRRs in the brain

are unclear. A systematic identification of self-nucleic acid ligands for each PRR, can
potentially transform our understanding of how nucleic acid dysregulation arises in the
brain, and which nucleic acids may be targeted to reduce inflammation. While several
specific transcripts have been identified that activate the sSRNA sensors TLR7/8, the identity
of the self-ligands that activate the dsRNA sensors MDA5, TLR3, and PKR remains
relatively obscure. It seems likely that these transcripts will be diverse in identity, as many
divergent RNA families may form dsRNA structures capable of activating PRRs. A recent
study utilized formaldehyde crosslinking and PKR protein pull-down to characterize the
PKR-binding dsRNAs (Kim et al., 2018). Additionally, in vitro screening was utilized to
identify MDADS activating dsRNA species (Ahmad et al., 2018). Similar techniques may be
leveraged to determine the RNA or DNA ligands that are predisposed towards activating
other nucleic acid-sensing PRRs. Identifying and characterizing the self-DNA or self-RNA
ligands of PRRs can uncover fundamental principles of innate immunity, and can also serve
as a basis for developing targeted therapies against specific immunostimulatory self-nucleic
acids to treat a variety of CNS diseases.
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Finally, there exists the opportunity to examine the function of lesser-characterized PRRs
in various neuropathologies. For example, members of the OAS protein family are PRRs
that detect dSRNA and cause RNA degradation in the cell. Given that OAS proteins

are upregulated by IFNSs, there is a strong possibility that they are contributing to the
neuropathology of various diseases where IFN signaling is known to be increased. ZBP1 is
another sensor not well-characterized in neuroinflammation and pathology. ZBP1 detects
Z-form nucleic acids and induces various cell death pathways, including necroptosis
(Kuriakose & Kanneganti, 2018; Maelfait & Rehwinkel, 2023). Recently, the long non-
coding RNA MEG3was shown to activate necroptosis in a human neuron model of
Alzheimer’s disease (Balusu et al., 2023). Necroptotic pathways are routinely induced by
ZBP1 activation, but more work is necessary to draw any links between ZBP1 activation and
neural disease.

Balancing PRR activity is key to maintaining a healthy brain. Insufficient PRR activation,
or overactivation of PRRs can both cause disease. Self-nucleic acids have now emerged
as major ligands of PRRs, and modulating self-nucleic acid-PRR signaling in the CNS
holds great promise for the management of a variety of diseases, especially many age-
related neurodegenerative diseases. Going forward it will be critical to further elucidate
the mechanism of how self-nucleic acids interact with PRRs in the brain, and the role of
self-nucleic acid sensing in the brain in health and disease. While much progress has been
made, our understanding of the mechanism and function of self-nucleic acid-PRR sensing
is still at its infancy. Importantly, collaborative efforts at the intersection of nucleic acid
biology, immunology, and neurobiology will be critical for advancing the field.
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Fig. 1. Canonical downstream signal pathways of nucleic acid sensing PRRs.
PKR is activated by cytoplasmic dsRNA to phosphorylate elF2a., leading to global

translation shutdown. MDAS/RIG-I are also activated by cytoplasmic dsRNA, and through
MAVS, promote the production of inflammatory cytokines via NF-kB and type | IFN via
IRF-3. Cytoplasmic dsDNA activates cGAS and AIM2. Activated cGAS induces STING
activation through the production of cGAMP, which in turn induces the production of
inflammatory cytokines via NF-kB and type | IFN via IRF3. Activated AIM2 induces
inflammasome formation and caspase 1 activation, which further cleaves and activates
inflammatory cytokines (IL-1b, IL-18) and gasdermin D, ultimately causing pyroptosis.
TLR3 detects dsSRNA in the endosome and induces the production of cytokines and type |
IFN via TRIF. TLR 7/8 and TLR9 detect ssRNA and dsDNA in the endosome, respectively,
and promote the production of inflammatory cytokines and type | IFN via MyD88.
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Fig. 2. Extracellular and intracellular self-nucleic acids.
(A) Extracellular nucleic acids originating from neighboring live, dead, or dying cells.

Released miRNAs, dsRNAs, HERV-K, mtDNA, and NETS can activate TLRs (TLR3, 7/8,
and -9) in nearby responding cells. (B) Intracellular nucleic acids originating from the loss
of regulators within cells. ADAR1 and TREX1 are major regulators of immunostimulatory
self-RNA and self-DNA nucleic acids, respectively. Loss of these regulatory mechanisms
can lead to hyperactivation of various PRRs and promotes neurodegeneration.
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Fig. 3. Intra-and extracellular self-ligands of PRRsleading to downstream effectsin the brain.
In the cytoplasm, expanded repeats, long 3"UTRs in mRNA, double-stranded mitochondrial

RNAs (mtRNAs), and unedited transcripts can activate PKR and MDADS, stimulating
inflammation, type I IFN production, and neuronal apoptosis triggered by translational
shutdown. Cytoplasmic DNA and mitochondrial DNA (mtDNA) can stimulate cGAS and
AIM2 activity to induce inflammation and pyroptosis. Extracellular miRNA, HERV-K, cell
free dsSRNA, mtDNA, and NETSs can activate TLRs in neighboring cells leading to pain
transmission, neuronal growth control, inflammation, and type | IFN production.
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