
I N V I T E D R E V I E W

Neurodegenerative diseases have genetic hallmarks of

autoinflammatory disease
Robert I. Richards1,*, Sarah A. Robertson2 and Daniel L. Kastner3

1Department of Molecular and Biomedical Sciences, School of Biological Sciences, 2Robinson Research
Institute, School of Medicine, The University of Adelaide, Adelaide, SA 5000, Australia and 3National Human
Genome Research Institute, National Institutes of Health, Bethesda, MD 20892, USA

*To whom correspondence should be addressed at: Department of Molecular and Biomedical Sciences, School of Biological Sciences, The University of
Adelaide, Molecular Life Sciences Building, Gate 8 Victoria Drive, Adelaide, SA 5000, Australia. Tel: þ61 83137541; Fax: +61 8 83137534;
Email: robert.richards@adelaide.edu.au

Abstract
The notion that one common pathogenic pathway could account for the various clinically distinguishable, typically late-
onset neurodegenerative diseases might appear unlikely given the plethora of diverse primary causes of neurodegeneration.
On the contrary, an autoinflammatory pathogenic mechanism allows diverse genetic and environmental factors to converge
into a common chain of causality. Inflammation has long been known to correlate with neurodegeneration. Until recently
this relationship was seen as one of consequence rather than cause—with inflammatory cells and events acting to ‘clean up
the mess’ after neurological injury. This explanation is demonstrably inadequate and it is now clear that inflammation is at
the very least, rate-limiting for neurodegeneration (and more likely, a principal underlying cause in most if not all neurode-
generative diseases), protective in its initial acute phase, but pernicious in its latter chronic phase.

Introduction
Research to define the aetiology of neurodegeneration has been
dominated for decades by the hypothesis that aggregation of
amyloid-b is the principal basis of Alzheimer’s disease and re-
lated conditions. The disappointing results (1,2) of recent clini-
cal trials of interventions targeting amyloid-b aggregation have
shifted the focus to alternative hypotheses. One new hypothesis
invokes inflammation as a causal upstream driver of neurode-
generation. Inflammation is activated by a diverse array of stim-
uli and typically correlates with neurodegeneration, but to date
has largely been viewed as protective, rather than disease-
causing. Recent genetic evidence strongly implicates inflamma-
tion as the primary initiating lesion. Various inflammatory
response components and their regulators are common
amongst identified genetic susceptibility loci. Inflammatory
pathway genes are activated in affected tissues and elevated

inflammatory signals occur early in disease onset and precede
neurodegeneration, independently of any infectious aetiology.
Genetic and pharmacological ablation studies in animal models
of several neurodegenerative diseases demonstrate that inflam-
mation is required for pathology. We argue that this evidence is
highly compelling for Alzheimer’s and many related conditions,
and indeed it seems likely that inflammation will emerge as
pivotal in the full range of neurodegenerative diseases. The re-
search effort should now focus on evaluating interventions that
target pro-inflammatory mediators and their eliciting factors
and regulatory networks.

Systemic Inflammatory Activation
Inflammatory activation provides the body’s front-line defence
and quality surveillance system. Surveillance occurs both
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autonomously within the intracellular environment as well as
by cells that patrol the extra-cellular environment for threats,
damage and dysfunction. The initial acute inflammatory re-
sponse is protective—directed toward degrading the threat,
repairing the damage, correcting the defect and restoring ho-
meostasis. Persistent activation leads to a chronic response that
includes focal cell death as a containment strategy, denying po-
tential pathogens and pre-cancerous cells the ability to replicate
and spread (Box 1 and Fig. 1).

Rapid evolution and high genetic variation is a common
property of the host-pathogen arms race, as each side seeks to
discover new forms of advantage that can include beneficial
symbioses. Variation in resistance and susceptibility therefore
promotes competitive fitness in a host population (e.g. sampling
and discriminating potentially harmful from beneficial
microbes) and a likely reason why some components of the in-
flammatory response are themselves pathogen restriction fac-
tors (a noteworthy example is Ref(2)P that is a viral restriction
factor in Drosophila (3) while mutations in its human orthologue,
known as Sequestosome 1 or p62, are a cause of familial ALS) (4).
This is one of now many genes linked with human neurodegen-
erative disease genes that have roles in the activation or resolu-
tion of inflammation (Tables 1 and 2).

Autoinflammatory diseases were first recognized twenty
years ago and are defined as the presence of acute or chronic in-
flammation without the high-titer autoantibodies or antigen-
specific T cells seen in classic autoimmune diseases, and

without the necessity for infection. They include various mono-
genic disorders that have revealed new regulatory pathways in
the inflammatory response and its resolution (44). Systemic
autoinflammatory diseases are typically episodic, such that
individuals carrying genetic causes of these diseases can go for
extensive periods without symptoms. The likely explanation is
that incidental exposure to an environmental ‘second-hit’ to
elicit an inflammatory response is required for at-risk individu-
als to develop clinical manifestations. Geographic variation in
disease-susceptibility alleles is also consistent with the possibil-
ity of localized selective environmental factor(s) (e.g. familial
Mediterranean fever).

Autoinflammatory Hallmarks in
Neurodegeneration
Genetic lesions in components of the inflammatory response
are the origin of inherited autoinflammatory diseases—indeed
the characterization of these genes has been a major source of
discovery and definition of the innate inflammatory pathways
(44). While common pathways can be involved, the diseases ex-
hibit distinctive symptoms and tissue sensitivity, indicating
that different cell lineages have diverse rate-limiting compo-
nents in the underlying pathways. Lessons from systemic auto-
inflammatory diseases indicate that a plausible mechanism
for neuronal cell death in the neurodegenerative diseases is
recurrent or chronic inflammation, which mediates cell

Box 1. Inflammatory activation components (a partial inventory)

Trigger molecules/Danger signals

• PAMPs—pathogen associated molecular patterns—microbial foreign ‘non-self’ molecules

• DAMPs – danger associated molecular patterns – endogenous signals

• dAMPs (alarmins) – damage associated molecular patterns – signals released by lytic cell death

• HAMPs – homeostasis associated molecular patterns – signals induced by altered cellular physiology

Pattern recognition receptors (bind and transduce danger signals)

• Toll-like receptors (TLRs) – bind wide variety of molecules

• RIG-I-like receptors (RLRs) – recognize ‘non-self’ RNA

• cGAS/STING – recognizes ‘non-self’ DNA

• RAGE – recognizes advanced glycation end-products

Degradative pathways

• Autophagy (includes mitophagy, granulophagy, xenophagy)

• Integrated Stress Response (includes Unfolded Protein Response)

• Non-sense mediated decay

Danger signal transduction pathways

• MyD88

• TRIF

• NFjB

• Mitochondrial Activator Viral Signalling (MAVS)

• Inflammasomes, caspases

Signalling and defence molecules

• Cytokines (includes interleukins, interferons, tumour necrosis factor)

• Damage Associated Molecular Patterns (alarmins) – includes HMG-B1, amyloid-b, S100 proteins

• Antimicrobial Peptides – includes amyloid-b, serum amyloid A

Cell death mechanisms

• Non-lytic (Apoptosis) – protective

• Lytic (Necroptosis, Pyroptosis, Ferroptosis, others?) – pernicious (release damage associated molecular patterns)
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death after a transition from a protective acute inflammatory
response (44,45). It is noteworthy in this regard that amyloid de-
position is not unique to neurodegeneration but is also associ-
ated with at least some of the systemic autoinflammatory
diseases (e.g. serum amyloid A deposits in FMF). Consistent
with this notion, amyloid-b deposition has recently been shown
in a mouse model of AD to be mediated by the RAGE (receptor of
advanced glycation end-products) pattern recognition receptor
of the innate surveillance system (46). Furthermore, a functional
role for amyloid-b peptide in the innate inflammatory response
is evident in its ability to protect against disseminating micro-
bial infection in mouse and worm models of Alzheimer’s dis-
ease (16).

A direct connection between systemic autoinflammatory
disease and neurodegenerative disease has recently been made.
Specific mutations in the PLCG2 gene cause two distinct sys-
temic autoimmune (PLAID) and autoinflammatory (APLAID)
phenotypes (47,48). Remarkably, genetic variation in the PLCG2
gene is also a risk factor for Alzheimer’s disease (23).

While focal at its onset, an unresolved and persistent acute
inflammatory response may give rise to feed-forward signals
(IL-1b and TNF)—cytokines that are met in adjacent cells by
higher endogenous sensitivity to inflammatory activation due
to the genetic lesion. This elevated chronic inflammatory re-
sponse resists the normal resolution phase, leading to events
including cell death that typically spread beyond the initial le-
sion. Such systemic autoinflammatory cycles, including allevia-
tion of neurological systems, have been successfully broken by
treating affected individuals with inhibitors of IL-1b or TNF (44).

Inflammation in the central nervous system
Neuroinflammation in the central nervous system (CNS) can
arise in response to multiple causes and has both distinct and
common elements with its systemic counterpart. Focal

traumatic brain injury (TBI) (49) activates an inflammatory re-
sponse that is protective in its early acute phase—facilitating
remodelling and recovery. Indeed general suppression of in-
flammation in TBI affected individuals is disadvantageous.

While experimental models of TBI are typically sterile, natu-
ral instances of brain damage are unlikely to be sterile and
therefore, as well as promoting tissue repair, inflammatory acti-
vation would be a prophylactic defense against opportunistic
infection. The increased risk of neurodegenerative disease in
individuals who have survived an episode of sepsis indicates
that systemic components of the inflammatory response also
contribute to sensitization in the CNS (50). Indeed, gut micro-
biota influence neurodegeneration in a mouse model of
Parkinson’s disease (51) and microbes have been proposed as
the common causal agent for AD (52). Pathogens provide a
source of multiple trigger/danger molecules (pathogen associ-
ated molecular patterns—PAMPs) of widely variant structure.
Therefore, like their systemic autoinflammatory disease coun-
terparts, the onset of CNS autoinflammatory neurodegeneration
may be facilitated by PAMPs elevating the trigger molecule pool
above a threshold for chronic inflammatory activation.

Age is the greatest risk factor for neurodegenerative diseases
and indeed inflammation in the brain increases with age (53).
Somatic mutation in neurons increases with age and is more
prevalent in neurodegenerative disease (54). Such mutations
provide a source of truncated proteins that stimulate the un-
folded protein response and thereby account for age-dependant
increase in inflammatory activation.

Neuroinflammation involves many
cell lineages
The neurovascular unit (NVU) is the principal multicellular or-
ganizational unit in the CNS (Box 2). Each of the cell types in the
NVU has distinct functions. Resident macrophage microglia and
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Figure 1. Inflammatory acute and chronic responses and autoinflammatory disease. (A) Acute phase inflammatory response: (i) activated by trigger molecules/danger

signals, (ii) produces antimicrobial peptides and signalling molecules (cytokines), (iii) increase degradative processes (including various forms of autophagy and inte-

grated stress response) and (iv) directed towards resolution and restoration of homeostasis. (B) Chronic phase inflammatory response: (i) failed resolution by acute

phase and (ii) focal cell death (autonomous and non-cell autonomous) and subsequent containment and resolution as ‘pesudo-tumour’ or granuloma. (C)

Autoinflammatory disease: (i) genetic lesions activate inflammation by initiating or amplifying innate immune pathways by a number of mechanisms, including the

direct induction of danger signals, or the induction of downstream pathways independently of pattern recognition receptors (PRRs) or as an exaggerated response to

PRRs; (ii) cell death products also add to danger signals, dependant upon means of cell death; (iii) two functionally distinct forms of cell death—non-lytic (apoptosis—

typical in development) and lytic (e.g. necroptosis, pyroptosis, ferroptosis), differ in release of trigger molecules (damage associated molecular patterns) by lytic cell

death that contribute to danger signal load and perpetuate inflammatory response and its spread; and (iv) environmental trauma (infection, injury) can account for in-

stigation of autoinflammatory loop by sensitizing cells above a threshold required inflammatory activation.
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recruited peripheral immune cells participate in the inflamma-
tory response. Such observations have contributed to the view
that the neuroinflammatory response is simply a process to
clear debris and recover homeostasis (55,56). However genetic

variants in the microglia protein TREM2 (24) as well as PLCG2
and ABI3 (23) are risk factors for Alzheimer’s disease, indicating
that microglia-mediated innate inflammation is rate-limiting
for the disease.

Table 1. Human neurodegenerative disease genes with roles in inflammatory activation

Gene Disease Role in inflammation References

Disease causing mutations
ADAR1 Aicardi-Goutieres syndrome RNA modification (‘non-self’ to ‘self’) (5,6)

Bilateral striatal necrosis (5,6)
MDA5 (IFIH1) Aicardi-Goutieres syndrome RNA ‘non-self’ Pattern Recognition Receptor (5,6)
RNAseH subunits Aicardi-Goutieres syndrome RNA/DNA hybrid resolution, induce cGAS/STING (7)
SamHD1 Aicardi-Goutieres syndrome Retroviral restriction factor (8)
TREX Aicardi-Goutieres syndrome Degrades DNA to prevent spontaneous inflammatory disease (9)
TBK1 Amyotrophic lateral sclerosis Transduction of TLR signal with optineurin (10)
Optineurin Amyotrophic lateral sclerosis Role in TBK1 signal transduction (11)
P62 (sequestosome 1) Amyotrophic lateral sclerosis Ablation prevents mitophagy, enhances inflammasome activation (4)
Progranulin Amyotrophic lateral sclerosis TLR9 co-factor—deficiency promotes microglial pruning (12)
TDP43 Amyotrophic lateral sclerosis RNA Stress Granule, granulophagy (13)
FUS Amyotrophic lateral sclerosis RNA Stress Granule, granulophagy (13)
VCP Amyotrophic lateral sclerosis RNA Stress Granule transport to autophagosome (14)
CHMP2B Amyotrophic lateral sclerosis Granulophagy (autophagosome-lysosome fusion) (14)
Profilin-1 Amyotrophic lateral sclerosis RNA stress granule dynamics, granulophagy (15)
Amyloid-b Familial Alzheimer’s disease Antimicrobial peptide, damage-associated molecular pattern (16)
Tau Fronto-temporal dementia Mitochondrial transport, mitophagy (17)
a-synuclein Parkinsons disease Mitophagy (18)
PINK Parkinsons disease Mitophagy (18)
Parkin Parkinsons disease Mitophagy (18)
LRRK2 Parkinsons disease Mitophagy (18)
DJ-1 Parkinsons disease Mitophagy (18)
GBA Parkinsons disease Mitophagy (18)
ATPA13A2 Parkinsons disease Mitophagy (18)
EXOSCIII Ponto-cerebellar hypoplasia SKIVL (RNA exosome) ‘non-self’ RNA degradation (19)
TSEN2, 15, 34, 54 Ponto-cerebellar hypoplasia tRNA splicing endonucleases (20,21)
TBC1D23 Ponto-cerebellar hypoplasia between XBP1 and MYD88, TRIF in TLR4-NFKB1 pathway (22)
Risk-factor alleles
PLCG2 Alzheimer’s disease Phospholipase Cc2o signal transduction (23)
TREM2 Alzheimer’s disease Microglial proteino ApoE4 (24)
APOE Alzheimer’s disease Ligand for TREM2? (25)
TOMM40 Alzheimer’s disease Mitochondrial unfolded protein response?omitophagy (26,27)
IL-33 Alzheimer’s disease Cytokine signals (28)
Glucocerebrosidase Parkinson’s disease Diminished lysosome functiono autophagy (29)
Ataxin2 Amyotrophic lateral sclerosis RNA Stress Granule dynamicso granulophagy (30)

Table 2. Inflammatory response pathway genes required for symptoms in animal models of human neurodegenerative diseases

Gene/target Disease model References

Toll-related receptors Drosophila model of expanded CAG repeat diseases (31)
Toll-Like Receptor 4 mouse model of amyotrophic lateral sclerosis (SOD1) (32)
MyD88 mouse model of spino-cerebellar ataxia (SCA6) (33)
cGAS, STING rat model of ataxia telangiactasia (34)
relish (NFjB) Drosophila model of ataxia telangiactasia (35)
Ref(2)P (p62) Drosophila model of polyglutamine diseases (36)
p62 zebrafish model of amyotrophic lateral sclerosis (C9orf72 repeat RNA) (37)
Toll-Like Receptor 2, 3, 4 mouse model of Huntington’s disease (38)
HMGB1 rat model of Parkinson’s disease (39)
TREM2 mouse model of tau fronto-temporal dementia (40)
eIF-2a mouse model of tau fronto-temporal dementia (41)
eIF-2a mouse model of prion disease (41)
eIF-2a mouse model of traumatic brain injury (42)
eIF-2a Drosophila model of amyotrophic lateral sclerosis (TDP-43) (43)
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However, neurodegeneration is not necessarily a cell-
autonomous process. There is ample evidence for multiple cells
in the NVU having roles to play in non-cell autonomous neuronal
cell death (57). Astrocytes are determinants of disease progres-
sion in mouse models of inherited ALS (58). Astrocytes that are
activated by microglia, in turn kill neurons (59). Signalling mole-
cules (IL-1a, TNF and C1q) between microglia and astrocytes indi-
cate that the CNS has some unique components and others
shared with the systemic inflammatory system. Endothelial cells
activate neutrophils to acquire cytotoxic capability (60) however
the signals involved are not yet known. Indeed, expression of
mutant androgen receptor in muscle cells is able to drive nerve
cell degeneration in mouse models of Kennedy’s disease (spino-
bulbar muscular atrophy) (61). Cell-cell communication is there-
fore a typical requirement for neurodegeneration and while the
signals involved have not all been discovered, those that are well
characterized are typically cytokines and other signals of the in-
nate inflammatory response.

Ischemic stroke is a risk factor for vascular dementia and
Alzheimer’s disease (62). Neurovascular changes occur prior to
motor neuron degeneration in a mouse ALS model (63) and re-
cently depletion of coagulation factor XII has been shown to ame-
liorate brain pathology in AD model mice (64). Like many
contributors to the innate inflammatory response fibrin has mul-
tiple functions. In addition to its beneficial role in clot formation,
fibrin attracts cells that help with wound healing. However, like
other danger molecules, its persistence leads to chronic inflam-
matory activation that contributes to axonal damage in neuroin-
flammatory disease (65). Compartmentalization is another means
of harbouring/exposing danger signals. Various forms of ‘lytic’
cell death lead to the release of damage associated molecular pat-
terns (DAMPs/alarmins) including molecules such as HMGB1 and
the S100 proteins, as well as amyloid-b, that also acts as an anti-
microbial peptide (16). This assortment of DAMPs then bind to
multiple PRRs in adjacent cells and in so doing spread the inflam-
matory activation (66,67). Multiplicity of activation signals is a
common feature of this alarm system, presumably to override
pathogenic inhibition of any single pathway. It also explains why
pharmacological inhibition of a single DAMP signal (such as amy-
loid-b) is ineffective in preventing inflammatory-mediated cell
death (1,2,66).

Inflammation precedes neurodegeneration
Consistent with a causal role, inflammatory activation precedes
neuronal cell death with increased circulating cytokines found
in presymptomatic Huntington’s disease (68), a finding repli-
cated and extended with increased microglial activation as well
as cytokines in premanifest Huntington’s disease carriers (69).

In addition, inflammatory genes are activated in the cells des-
tined to undergo neurodegeneration. This includes interferon-
regulated genes induced in myotonic dystrophy DM1 and DM2
cataracts (70), increased inflammatory gene expression in HD
brain (71), inflammatory gene signatures of sporadic ALS motor
neurons (72). The observation that protein aggregates and fila-
ments are associated with Alzheimer’s disease has led to this
disease sometimes being referred to as a ‘prion-like’ disease.
Indeed the prion-like spread of protein aggregates has been
noted for multiple neurodegenerative diseases (73). It is there-
fore noteworthy that inflammatory activation precedes neuro-
degeneration in a mouse retinal nerve model of prion disease
(74), as well as a mouse model of AD (75).

Thus inflammation is activated at the right time and place to
be the causal common mechanism for neurodegenerative dis-
eases. Its characteristics are also consistent with the various ge-
netic and environmental determinants of neurodegenerative
diseases. Its genetic or pharmacological ablation in animal
models of neurodegenerative diseases typically results in rescue
of disease phenotypes—indicating that inflammatory activation
is required for pathogenesis (Table 2).

Monogenic Contributions to
Neurodegeneration
Like their systemic counterparts, numerous elements of the in-
flammatory response are sites for familial causes of neurode-
generative disease (Table 1). Inflammatory activation appears to
be threshold dependant and also the subject of feed-forward
(sensitization) as well as feed-back (inhibition) mechanisms.
Genetic lesions fall into three reasonably distinct categories
(Fig. 1C). Those that increase the abundance of trigger molecules
can do so directly through mutations that impact ‘non-self’ to
‘self’ modification of endogenous molecules (31). Alternatively,
mutations in degradative pathways can lead to an increase in
steady-state levels of these danger signal molecules through
their reduced turn-over (Table 1). Thirdly, mutations that result
in increased activation signals from the pattern recognition of
trigger molecules will also enhance inflammation.

Non-self mutations and direct increases in
trigger molecules

‘Non-self’ nucleic acid is a common trigger molecule arising
from invading pathogens that signals potential to cause harm.
Non-self RNA and dsDNA are detected by various pattern recog-
nition receptors to initiate inflammation. Modification of endog-
enous molecules is a common means of distinguishing self
from non-self molecules, including various forms of RNA

Box 2. Cells of the Neurovascular Unit

Smooth muscle cells - control localized blood flow
Endothelial cells - comprise the vasculature, blood-brain barrier integrity. Activate neutrophils as they traverse the blood-brain barrier
Pericytes - gate-keepers of the blood brain barrier, regulate endothelial cell function including molecular and cellular transport across
the blood-brain barrier
Oligodendrocytes myelin sheath, axonal remodelling and remyelination
Neurons specific function to the region of the CNS, synaptic and dendritic plasticity
Astrocytes - monitor and maintain neuron synapses, activated by microglia
Microglia - resident macrophages, myeloid origin from yolk sac, environmental surveillance, constantly sampling, maintain homeosta-
sis, perform synaptic pruning, phagocytose dead cells (99).
Neutrophils - by invitation, attracted by cytokines to location of inflammation, infiltration facilitated by pericytes, activated by endothe-
lial cells, contribute to inflammatory response and resolution (60).
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modification (31). Aberrant recognition of self RNA after insuffi-
cient modification is implicated as an upstream driver of RNA
repeat disorders that elicit neurodegenerative diseases.
Notably, loss of function mutations in the RNA editing enzyme
ADAR1 are a cause of Aicardi-Goutieres syndrome—a congenital
disease that includes neurodegeneration as one of its symp-
toms, with affected newborns having the appearance of being
subjected to in utero inflammatory injury (5,6). The absence of
ADAR1 editing renders certain endogenous RNAs (including Alu
element double-stranded RNAs) to be recognized as non-self by
the pattern recognition receptor IFIH1 that then activates in-
flammation (76–80). Indeed, gain-of-function mutations in IFIH1
are also a cause of Aicardi-Goutieres syndrome, while deletion
of IFIH1 rescues the phenotype caused by ADAR1 loss in mouse
models (81).

‘Non-self’ molecular patterns in proteins can also be
afforded by tertiary structure. Prions adopt a structure that is
recognized by pattern recognition receptors that then activate
inflammation (74). Furthermore the seeding of such protein ag-
gregate structures in neurodegeneration has been proposed as a
means of their spread during disease progression (73).

Elevated inflammatory activation signal
transduction pathways

A shift to elevated responsiveness to endogenous RNA can also
trigger neuroinflammation. Gain-of-function mutations in the
MDA-5 (IFIH1) pattern recognition receptor are a cause of
Aicardi-Goutieres syndrome by enhancing the affinity of the re-
ceptor for its RNA ligands (5,6) and therefore increasing the re-
sultant activation signal. Loss-of-function mutations in proteins
that are negative regulators of inflammatory activation signal-
ling give rise to familial ALS. TBK1 and optineurin participate in
toll-like receptor (TLR) signal transduction that contributes to
interferon response pathway (10,11). Progranulin is a TLR9 co-
factor and its deficiency promotes microglial pruning (12).

Loss of RNA degradation pathways

RNA stress granules and the integrated stress response
Cellular stress response and inflammatory activation are inte-
grated in various ways and include the management of mRNAs
and their selective translation and degradation. Cellular stress
causes a cessation in translation, the dissociation of polysomes
and transport of mRNAs to RNA stress granules. If the stress is
relieved the mRNAs are released for translation. If not, the RNA
stress granules are trafficked to autophagosomes for degrada-
tion. These RNA stress granules are also the sites of viral RNA
degradation. The antiviral RNA defense mechanism involves
the binding of multiple RIG-I-like pattern recognition receptors
along single molecules of RNA to form a filament structure that
is then bound by mitochondrial antiviral signalling protein
(MAVS) (82,83). A length requirement for the RNA molecule
appears related to the need for such filaments to exceed a
threshold for MAVS binding and/or activation (83,84). Mutations
in several protein components of RNA stress granules and their
trafficking are causes of familial ALS (Table 1). Plurality and in-
tegration are typical features of these responses. In stressed
cells RNA can also be subject to degradation by non-sense medi-
ated (NMD) decay (85) and in RNA exosomes. There is interplay
between these RNA degradation pathways, with NMD regulat-
ing integrated stress response components.

The endogenous RNAs recognized by IFIH1 include not only
Alu dsRNA but also products of the endoplasmic reticulum un-
folded protein response (ER-UPR) (86). The ER-UPR is orchestrated
by three proteins PERK, IRE-1 and ATF6. IRE-1 encodes a ribonu-
clease activity that cleaves XBP-1 mRNA in two places. Religation
(by a tRNA ligase) results in an mRNA that encodes XBP-1s tran-
scription factor that in turn stimulates expression of response
genes including interferon-b (87). This XBP-1 mRNA activation
process has been detected in multiple neurodegenerative dis-
eases (88). IRE-1 cleavage of other mRNAs not only attenuates
protein translation but generates unusual RNA 30 ends that are
ligands for the IFIH1 pattern recognition receptor thereby activat-
ing the inflammatory response (86). These endogenous non-self
RNAs are in turn degraded by the SKIVL RNA exosome. Notably
loss-of-function mutation in EXOSC3 from this SKIVL complex is
a cause of inherited ponto-cerebellar hypoplasia (PCH1B) (19) in-
dicating that this degradative pathway is crucial in avoiding the
build up of RNAs that result in neurodegenerative disease
(Table 1). Other genetic causes of PCH include mutations in genes
involved in tRNA splicing and synthesis, while another PCH caus-
ing gene, TBC1D23, acts downstream of MYD88 and TRIF and up-
stream of XBP1 in the TLR4-NFKB1 pathway, consistent with a
role in inflammatory activation (89). The IRE-1 pool of RNA cleav-
age products is also thought to contribute to the proximal cause
of Aicardi-Goutieres syndrome (5,6).

The ER-UPR is in turn part of the larger integrated stress re-
sponse (ISR) that includes sentinals for ER stress, viral infection,
amino acid deprivation and heme deprivation (90). From each of
these pathways one of four kinases, PERK, PKR, GCN2 and HRI is
able to phosphorylate a unique serine in the translation initia-
tion factor eIF2a. This eIF2a phosphorylation diminishes protein
synthesis, while allowing preferential translation of specific
mRNAs. The phosphorylation and de-phosphorylation of eIF2a

is therefore a common integral element. Indeed eIF2a is also a
central factor in RNA stress granule regulation.

Expanded repeat RNAs are not only ligands for pattern rec-
ognition receptors (31) but also the subject of non-canonical
translation (repeat-associated non-AUG RAN translation) giving
rise to repeat polypeptides that activate the integrated stress re-
sponse (91). Therefore, somewhat analogous to RNA viruses,
multiple gene products from expanded repeat disease loci are
able to instigate inflammatory activation.

Mitochondria and autophagy
Mitochondria are not only central to homeostasis but along with
NF-jB, are also key monitors and mediators of inflammatory acti-
vation (92). NF-jB is a transcription factor that transduces signals
from certain TLRs. NF-jB targets include competing pathways
mediated by p62 (sequestosome 1) and inflammasomes. p62 is a
signalling scaffold and adaptor that binds damaged macromole-
cules (including mitochondria) that have been targeted by ubiqui-
tination for degradation by autophagosomes. Autophagy is a
major recycling system for a wide range of cellular molecules and
structures including mitochondria (mitophagy) and RNA stress
granules (granulophagy) as well as foreign pathogens (xenophagy)
(26). Pink1 and parkin are two proteins responsible for the identifi-
cation and tagging of damaged mitochondria by ubiquitination.
LRRK2 controls mitochondrial fission (and fusion) that enables
mitophagy of discrete parts of the mitochondrial complex.
Multiple familial Parkinsons disease genes (a-synuclein, PINK1,
Parkin, LRRK2, DJ-1, GBA and ATP13A2) have roles in mitophagy
(18,93), while mutations in p62 are a cause of amyotrophic lateral
sclerosis (4). Furthermore the protein TOMM40 is gate-keeper of
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Pink1 mitochondrial import. The TOMM40 gene is located within
the APOE block of linkage disequilibrium that confers susceptibil-
ity to Alzheimer’s disease and its variation is a better predictor
than APOE of age of disease onset (27).

In the alternative pathway NF-jB-induced inflammasomes
activate gasdermin D, an extremely potent pore-forming cyto-
lytic protein that mediates cell death (92,94–97). Damaged mito-
chondria also contribute to inflammasome activation, so their
removal by mitophagy limits the activity of this pathway.
Defects in mitophagy therefore enhance cell death. While these
pathways have been characterized in systemic macrophages
they appear to be relevant to the processes in their CNS coun-
terparts, the microglia.

Mitochondria are also the sites of RNA stress granule/RNA
pattern recognition receptor filament interaction with MAVS/
IPS-1. This assembly leads to TRAFs/IKK mediated interferon ac-
tivation and cell death unless degraded by autophagy (98). As
noted previously, Ref(2)P, the Drosophila orthologue of p62, is a
viral restriction factor, with multiple alleles conferring variable
resistance/sensitivity to viral infection (3). Genetic variation in
components of pathways dependent upon autophagy can
thereby account for variable susceptibility to environmental
triggers that unless degraded, can lead to cell death.

Clinical Implications
Together this assembled evidence demonstrates that endoge-
nous inflammatory triggers and/or genetic mutations that accel-
erate, impede or redirect inflammatory processes, act in many
major neurodegenerative diseases. This builds a strong rationale
for invoking a shared autoinflammatory mechanism as central
and causal to neurodegenerative diseases. This hypothesis must
now be evaluated in genetic mouse models and clinical cohorts
to build the evidence that inflammation is not just a bystander,
but necessary and sufficient for neurodegenerative disease.

The pressing imperative for novel therapeutic strategies
stands to be advanced by this fresh approach. Recent animal
studies reveal the inflammation-driven integrated stress re-
sponse pathway is an effective target for intervention in several
neurodegenerative conditions. Excitingly, pharmacological inhi-
bition of eIF2a activity was effective in relieving symptoms in a
Drosophila model of amyotrophic lateral sclerosis and mouse
models of prion disease, tau fronto-temporal dementia and
traumatic brain injury (41–43). Although the long-term conse-
quences of ablation of the integrated stress response are as yet
unclear, this is just the tip of the iceberg of potential targets in
the inflammatory cascade. The initial promise offered by these
studies now justifies concerted research effort to explore rede-
ployment of existing therapies for autoinflammatory condi-
tions, and new drug targets, for clinical potential in the
enormous and growing burden of neurodegenerative diseases.

Outstanding questions
What is/are the mechanism(s) for transition from the acute
(protective) to chronic (pernicious) phase of inflammation? The
transition between these two phases would appear an ideal
therapeutic target. Will prolonging the acute phase and/or boost-
ing capacity to resolve inflammation in the transition to chronic
inflammatory-mediated cell death, delay onset or slow progres-
sion of neurodegenerative diseases? What systemic factor(s)/sig-
nals is/are responsible for increased risk after episodes of sepsis
or trauma? Age is the greatest risk factor for neurodegenerative
disease. CNS inflammation is known to increase with age—what

are the targets to limit the impact of age and are there protective
interventions to delay age-related onset and progression rate? Is
it possible to inhibit neurodegeneration in humans by manipulat-
ing a single inflammatory pathway, or would it be necessary to
modulate multiple pathways to obtain a clinical response? At
what point in the neurodegenerative process in humans would it
be too late to intervene?
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