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Abstract

Parkinson’s disease (PD) is a chronic progressive neurodegenerative disorder characterized by motor and non-motor dis-
turbances as a result of a complex and not fully understood pathogenesis, probably including neuroinflammation, oxidative
stress, and formation of alpha-synuclein (x-syn) aggregates. As age is the main risk factor for several neurodegenerative
disorders including PD, progressive aging of the immune system leading to inflammaging and immunosenescence may
contribute to neuroinflammation leading to PD onset and progression; abnormal a-syn aggregation in the context of immune
dysfunction may favor activation of nucleotide-binding oligomerization domain-like receptor (NOD) family pyrin domain
containing 3 (NLRP3) inflammasome within microglial cells through interaction with toll-like receptors (TLRs). This
process would further lead to activation of Caspase (Cas)-1, and increased production of pro-inflammatory cytokines (PC),
with subsequent impairment of mitochondria and damage to dopaminergic neurons. All these phenomena are mediated by
the translocation of nuclear factor kappa-B (NF-kB) and enhanced by reactive oxygen species (ROS). To date, drugs to treat
PD are mainly aimed at relieving clinical symptoms and there are no disease-modifying options to reverse or stop disease
progression. This review outlines the role of the TLR/NLRP3/Cas-1 pathway in PD-related immune dysfunction, also focus-
ing on specific therapeutic options that might be used since the early stages of the disease to counteract neuroinflammation
and immune dysfunction.
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Introduction

Parkinson’s disease (PD) represents the second most com-
mon age-related neurodegenerative disease after Alzhei-
mer’s disease (AD) in the elderly, with a raising social and
economic burden on societies [1]. This disorder, affecting
both the central nervous system (CNS) and the peripheral
autonomic nerves, is mainly characterized by a progressive
decline of nerve cells with consequent impairment of body
movement, speech and frequently mental cognition [2]. The
cardinal anatomo-pathological hallmarks are represented by
the progressive loss of neuromelanin-containing dopamin-
ergic neurons in the substantia nigra pars compacta (SNpc)
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[3], the presence of eosinophilic intracellular proteinaceous
inclusions, termed Lewy bodies (LBs) [4], and Lewy neu-
ritis [5].

Classically, the loss of SNpc neurons is seen as the cause
leading to striatal dopamine (DA) deficiency, that is respon-
sible for the major motor symptoms of PD [6]; however,
PD pathology seems to start in other body areas, indepen-
dently involving the parasympathetic neurons of intestinal
plexus [7], olfactory bulb [8] and the lower brainstem [9],
and spreading progressively from there to SNpc. Therefore,
non-motor symptoms like hyposmia and constipation fre-
quently precede the onset of motor dysfunction in PD [10].

In any case, despite PD pathogenesis is yet largely
unknown, there are at least two main hypotheses to explain
the onset and progression of the disease: the first posits that
misfolding and aggregation of alpha-synuclein (a-syn) are
pathologically linked to death of dopaminergic neurons,
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while the second hypothesis proposes that the culprit is
mitochondrial dysfunction and the consequent oxidative
stress, including generation of toxic oxidized DA species
[11,12].

Physiologically, the monomeric form of a-syn is abun-
dant in mammals, and it seems to be involved in neuronal
vesicle transport, transcriptional regulation, and modulation
of immune cell function [13]. Despite a-syn misfolding in
PD mainly affects neurons, recent data indicate that similar
alterations may involve multiple CNS innate immune cell
types, including astrocytes, oligodendrocytes and micro-
glia [14, 15]. The innate immune response in the CNS is
implicated in both beneficial and detrimental effects to
health. Microglia, composed of the resident immune cells
of the CNS, are considered “the brain macrophages”, able
to shift from a surveillance mode to a reactive mode, so
acting as immune effector cells producing pro-inflamma-
tory cytokines (PC), and also contributing to cell-to-cell
spread of misfolded a-syn protein between neurons, poten-
tially leading to neurodegeneration and PD onset [16, 17].
Microglia, as well as other innate immune cells, express a
wide variety of innate immune receptors, known as pattern-
recognition receptors (PPRs), mainly including toll-like
receptors (TLRs), and nucleotide-binding oligomerization
domain-like receptors (NLRs) [18-20]. TLRs, which are
also expressed on neurons and astrocytes, play a crucial role
in inflammatory responses, also contributing to coordinate
the activation of the adaptive immune system [20-22]. In
PD, aggregated forms of a-syn were reported to activate
microglia, through interaction with TLR2 and 4. This in
turn causes the following activation of nucleotide-binding
oligomerization domain-like receptor (NOD) family pyrin
domain containing 3 (NLRP3) inflammasome mediates the
Cas-1 activation and PC production, through the transloca-
tion of nuclear factor kappa-B (NF-xB). Finally, the release
of PC may impair mitochondria and damage dopaminergic
neurons [23]. This inflammatory cascade may be further
exacerbated by mitochondrial dysfunction, that was early
observed both in PD experimental models and in postmor-
tem PD brain patients [24, 25]. Available evidence also sug-
gests that neuroinflammatory mechanism observed in PD
context, as well as in other neurodegenerative disturbances
including Alzheimer’s disease, could be often favored by a
large variety of immunological dysfunctions associated with
age, now termed immunonosenescence [26].

Given the importance of inflammatory pathways in aging
and PD pathogenesis [27], in this review, we aimed to update
existing knowledge on the role of the a-syn/TLRs/NLRP3-
Cas-1 inflammasome axis and microglial activation in PD
[19, 27, 28], by exploring potential links between inflam-
maging and neurodegeneration; we also discussed advan-
tages and limits of potential treatment options to modulate
immune responses and counteract neuroinflammation in PD.
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Brain immunosenescence,
neuroinflammation, and PD

Aging is one of the main risk factors for PD, since some
neuroinflammatory mechanisms associated with aging also
contribute to PD pathogenesis [29]. Indeed, aging is char-
acterized by a complex process of immunosenescence, con-
sisting in immunologic changes affecting both innate and
acquired responses and associated with progressive immu-
nodeficiency, chronic inflammation, decline in cellular clear-
ance and autoimmunity [29, 30]. Dysregulation of senescent
CNS immune cells was observed in both brain aging and
PD progression [31]. Specifically, despite microglia physi-
ologically recognize and remove extracellular a-syn aggre-
gates originated from neuronal debris of apoptotic cells, the
internalization of misfolded compounds may instead induce
PC production, reduced nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase activation, and reactive oxygen
species (ROS) generation, thus leading to phagocytic and
clearance ability impairment [32, 33]. Together with micro-
glial dysfunction, the increasing number of brain senescent
immune cells also contributes to PC production and cell
degeneration, potentially leading to PD development [34,
35].

From a general point of view, aging is associated with
a state of chronic low-grade and multi-organ inflamma-
tion, that contributes to accumulation of unrepaired cellular
damage, weakened cellular repair ability, and progressive
immune dysregulation; this phenomenon, also known as
“inflammaging” [34], is characterized by up-regulation of
NF-«B signaling and cytokine/chemokine levels, inflamma-
some over-stimulation and lipid accumulation [36]. There-
fore, inflammaging can be considered as a long-standing
and self-perpetuating “pathogen-free inflammation”, which
may contribute to PD pathogenesis [35, 37]; indeed, aged
microglia are more responsive to pro-inflammatory stimuli
inducing overexpression of several PC including NF-xB, and
up-regulation of inflammasome pathways [38].

This link between aging and PD has been also supported
by recent studies showing that an impaired proteasome/lyso-
some function, oxidative/nitrative damage, and inflammation
processes on one hand increase with advancing age and,
on the other hand, appear more evident in the ventral tier
substantia nigra dopaminergic neurons, which are particu-
larly vulnerable to PD-related degeneration [29, 39]. Fur-
thermore, a dysregulation of microglial phagocytic activity,
characterized by hyperactive microglia, with mixed pro-
inflammatory and anti-inflammatory phenotypes, has been
reported in PD brain [29, 39]. To this regard, it is noteworthy
that aging is frequently associated with a dysregulation of
physiological anti-inflammatory mechanisms, thus contrib-
uting to impairment of phagocytic mechanisms, as well as
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with increased sensitivity to stressors [40]. In PD, in addi-
tion to the above-mentioned aging-related immunological
dysfunctions, the pro-inflammatory microglial profile pro-
motes peripheral immune cells recruitment, and this further
enhances neuroinflammation [40]. Moreover, the progres-
sive genomic instability, typically associated to senescence
processes, together with epigenetic alterations, and loss of
protein homeostasis, might also contribute to dysregulation
of innate immune responses associated to PD [41]. Recently,
epigenetic mechanisms were shown to modulate neuroin-
flammation in PD, and several transcription factors appear to
be master regulators of microglia reactivity [42]. Microglia
and astrocyte activation involves TLR/Cas-1/NF-kB signal-
ing pathway and leads to the release of PC, which further
damage dopaminergic neurons, by inducing neuronal apop-
tosis and a-syn aggregation. Altogether, these synergic inter-
actions form a vicious cycle that further exaggerates neuro-
inflammation [42]. The important role of neuroinflammation
in PD progression is also confirmed by studies reporting that
the inhibition of IFN-y and TNF-a production by microglia
and astrocytes can delay neuronal degeneration in PD animal
models [43, 44].

Therefore, inflammation, senescence, and PD appear to
be strictly related, and this is ultimately confirmed by recent
data reporting that inflammatory and senescence markers
share a similar profile, which seems to predict clinical pro-
gression in PD patients [45].

Moreover, age-associated inflammatory changes are
characterized by enhanced activation of multiprotein com-
plexes called inflammasomes [46]; multiple components of
inflammasome, including NLRP3 and Cas-1, were found
to be over-expressed in senile microglia mice [47], while
higher NLRP3 expression levels have been detected both
in age-related disease models [46] and in elderly subjects
[48]. Enhanced activation of NLRP3 inflammasome associ-
ated with inflammaging [49] can cause overproduction of
pro-inflammatory mediators, which in turn lead to synap-
tic plasticity degradation, and deleterious effects on neural
precursor cells and normal neuronal functions [50-52]. The
dysregulated NLRP3 function observed in aged mice con-
firms the involvement of enhanced expression of NLRP3 in
cognitive dysfunction and motor performance, also suggest-
ing that the abrogation of NLRP3 inflammasome can repre-
sent an innovative therapeutic target for multiple age-related
neurological disorders [53, 54]. On the other hand, it was
further shown that dopamine inhibits NLRP3 inflammasome
activation, then preventing neuroinflammation [55]. Glob-
ally, these dysfunctions, mainly attributed to age-related
changes, lead to abnormal protein accumulation in the brain,
as particularly evidenced in the molecular pathogenesis of
PD, where protein aggregation, mitochondrial dysfunction,
together with inflammation, have been shown to coexist [56].

TLRs in aging and PD

Classically, CNS has been regarded as an “immunologically
privileged site”, because the blood—brain barrier (BBB) was
believed to prevent many molecules, including antibodies,
from crossing over into the CNS and the brain was consid-
ered to be devoid of macrophages and lymphocytes. How-
ever, recently a growing body of evidence indicates that
innate immunity-related molecules, including cytokines,
TLRs, the complement family, and acquired immunity-
related mediators are also expressed in the brain [57, 58].
Neurons and innate immune cells express a wide variety
of immune receptors among which the TLRs play an impor-
tant role in inflammatory responses [18]. All eleven germ
line-encoded human TLRs consist of two domains joined by
a single transmembrane helix and form homodimers or het-
erodimers, as a means of triggering a signal cascade, result-
ing in activation of the responding cell [59]. TLR1, TLR2,
TLR4, TLRS, TLR6, TLR10 reside in the plasma membrane
and recognize extracellular pathogens and endogenous
ligands released from damaged tissues [20]. In contrast, the
TLR3, TLR7, TLRS, TLRY, and TLR11 are localized in
intracellular organelles and recognize patterns of DNA or
RNA, or endogenous nucleic acids released by necrotic or
late apoptotic cells and host derived peptides [60]. Activa-
tion of neuronal and microglial TLRs during normal aging
might constitute a possible link between inflammaging and
many neurodegenerative diseases, including PD [18].

Role of TLRs in synucleinopathies

Increasing evidence indicates that a-syn interacts with both
TLR2 and TLR4 to mediate immune activation allowing
a-syn aggregation and chronic inflammation [61], thus lead-
ing to progressive damage to neuronal cells; furthermore,
chronic activation of gut and enteric cell TLRs secondary
to microbial dysbiosis may further contribute to impaired
immunity and disease progression in PD patients [62].
Among the heterogeneous family of TLRs, TLR2 and
TLR4 seem to represent crucial regulator of inflammation in
PD synucleinopathy, since elevated a-syn alone is not suffi-
cient to cause PD [34, 61]. Specifically, both TLR2 homodi-
mers and TLR2/TLR1 and TLR2/TLR6 heterodimers have
been shown to bind directly the fibrillary a-syn, triggering
TNF and IL-1p production [34]. On the other hand, TLR4
interaction with a-syn appears to mediate its uptake, pro-
moting a pro-inflammatory status characterized by cytokine
production and ROS generation by both microglia and
astroglia [34]. In any case, the prolonged TLR-mediated
inflammation may trigger a-syn misfolding into oligomers
and fibrils, which in turn interacts with TLR2 and/or TLR4
in a vicious circle, and negatively affect other PD-related
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mechanisms, including proteasome induction and mito-
chondrial dysfunction [34]. TLR2 and TLR4 stimulation by
a-syn can also trigger NF-kB-dependent PC production and
up-regulate NLRP3 component of the inflammasome, thus
further promoting neuroinflammation and contributing to
PD progression [63]. The a-syn aggregates engulfed by the
microglia induce damage of lysosomes and their leaking into
the cytoplasm, with further contribution to inflammasome
activation. Furthermore, recent evidence shows that TLR9
up-regulation in human striatal homogenates might contrib-
ute to PD neurodegeneration, by activating an inflammatory
pathway regulated by glucocorticoids [64].

NLRP3 pathway and mitochondrial
dysfunction

Role of NLRP3 inflammasome in aging and PD

TLR- and a -synuclein-induced activation of microglial
NLRP3 inflammasomes may contribute to PD progres-
sion [63]. Inflammasomes consist of multimeric protein
complexes involved in the initiation and propagation of
immune responses [65]. The Nod-like receptor (NLR) fam-
ily pyrin domain containing 3 (NLRP3) inflammasome is a
cytoplasmatic complex involved in the production of IL-1f
and able to induce pyroptosis, a fast inflammatory form of
lytic programmed cell death [66]. NLRP3 inflammasome is
composed by a sensor protein (NLRP3), an adaptor com-
ponent (ASC or PYARD), and an effector (caspase 1) [66];
its activation is a tightly regulated process which occurs in
response to various inflammatory stimuli, including bac-
teria, viruses and cellular components [65]. A successful
activation of the NLRP3 inflammasome depends from two
signals: priming signals, able to mediate the transcription
of NLRP3 and pro-IL-1p and pro-IL-18; activation signals
able to promote assembly and activation of the inflamma-
some complex [23]. Priming signals are mainly represented
by damage-associated molecular patterns (DAMPs) and
TLR ligands, as well as IL-1a; activation signals include
adenosine triphosphate (ATP), viral DNA, and misfolded
proteins [23]. The NLRP3 inflammasome plays a pivotal
role in guiding host immune responses against bacterial,
viral, and fungal infections [67]; however, its dysregulated
activation was associated with the onset and progression of
several age-related pro-inflammatory diseases, such as dia-
betes, atherosclerosis, gout, as well as neurodegenerative
disorders, like Alzheimer’s disease and PD [65]. Activation
of NLRP3 in PD is a two-step process (Fig. 1).

The TLR-dependent priming signal (signal 1) is provided
by alpha-syn or endogenous cytokines, and leads to the acti-
vation of the transcription factor NF-kB and subsequent up-
regulation of NLRP3 and pro-interleukin-1f (pro-IL-1p)
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[68]; NLRP3 undergoes post-translational modifications
that license its activation. The activation signal (signal 2),
provided by a variety of stimuli and multiple molecular or
cellular events, including ionic flux, mitochondrial dysfunc-
tion with ROS generation, and lysosomal damage, activates
the NLRP3 inflammasome, with subsequent activation
(cleavage) of Caspase-1, that in turn catalyzes the cleavage
of IL-1p and IL-18.

Interplay between NLPR3 inflammasome
and mitochondrial dysfunction

The NLRP3 inflammasome can also be activated by agents
that cause mitochondrial dysfunction, leading to generation
of mitochondrial ROS [68]. Available evidence suggests
that there is a synergistic relationship between mitochon-
drial dysfunction and the mechanism of NLRP3 activation
in PD pathogenesis. Indeed, on one hand, mitochondrial
dysfunction may increase the activity of the NLRP3 inflam-
masomes [69]; on the other hand NLRP3 contributes to
mitochondrial impairment, thus promoting mitochondrial
DNA (mtDNA) and cytochrome c release in cytosol [70].
Moreover, the production of mitochondrial reactive oxygen
species (mtROS) and dysregulated mitophagy (i.e., a par-
ticular form of autophagy leading to a selective degradation
of mitochondria) are the key regulators of NLRP3 activa-
tion [71]. Based on this, a recent investigation reported that
mitophagy may inhibit the activation of NLRP3 in micro-
glia in a PD model, thereby reducing inflammation and
improving neuronal loss [72]. Another study reported that
cardiolipin, a mitochondria-specific phospholipid located
physiologically in the inner membrane of mitochondria, after
translocation to the outer membrane induces the assembly
of NLRP3, again supporting the link between mitochondria
impairment and inflammasome [73]. Of note, rotenone, a
potent pesticide associated with idiopathic PD, acts as mito-
chondria poison, inhibiting complex I of the mitochondrial
electron transport chain, thus resulting in mtROS produc-
tion, mitochondrial dysfunction, and NLRP3 signaling [74].
Other drugs with detrimental effects on mitochondria func-
tion including imiquimod, also activate NLRP3 signaling
via oxidative stress [75]. Taken together, these data suggest
the opportunity to deeply investigate the intriguing crosstalk
among mitophagy, oxidative stress, neuroinflammation and
neurodegeneration in PD pathophysiology to develop new
disease-modifying strategies.

Altogether, the immune response to protein accumula-
tion appears to trigger deleterious events, such as oxidative
stress and cytokine receptor-mediated cell death, which lead
to neuronal loss. Whereas the activation of glia can play
a neuroprotective role in the first stage of the disease, the
chronic immune activation can lead to a closed circuit of
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Fig.1 A two-signal model for NLRP3 inflammasome activation. A
bimodal signaling pathway is required to induce the NLRP3 inflam-
masome activation: the TLR-dependent priming signal (signal 1) is
provided by alpha-syn or endogenous cytokines, and leads to the acti-
vation of the transcription factor NF-kB and subsequent up-regulation
of NLRP3 and pro-interleukin-1§ (pro-IL-1p); NLRP3 undergoes
post-translational modifications that license its activation. The activa-
tion signal (signal 2), provided by a variety of stimuli and multiple

auto sustaining inflammation, involving also T-cell infiltra-
tion from the periphery, that may favor disease progression.

Therapeutic targeting of PD-related
inflammatory pathways

Current approaches for PD aim to reduce motor impairment
by both maintaining the normal DA levels and inhibiting
the degradation of endogenous DA, in addition to supply
the DA precursor levodopa or DA agonists. However, these
therapeutic approaches show only limited effectiveness in
ameliorating clinical symptoms and have been shown to
have untoward side effects, like motor fluctuations, and
dyskinesias [76].
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molecular or cellular events, including ionic flux, mitochondrial dys-
function with ROS generation, and lysosomal damage, activates the
NLRP3 inflammasome, with subsequent activation (cleavage) of Cas-
pase-1, that in turn catalyzes the cleavage of IL-1p and IL-18. The
NLRP3 inflammasome may also be activated by agents that cause
mitochondrial dysfunction, leading to generation of mitochondrial
ROS. IL-1beta-R 1L-1P receptor, TLR toll-like receptor, alpha-syn
alpha-synuclein, ROS reactive oxygen species

Anyway, to date, there are no current disease-modifying
therapies for PD patients and developing safer and more
effective therapies is an immediate and important challenge.
In this view, since the neuroinflammation plays a crucial
role in PD progression, immunomodulatory therapies may
represent a promising approach in PD treatment. A specific
modulation of TLRs/NLRP3/Cas-1 inflammasome axis
and microglial activation might represent a more effective
treatment. More specifically, a very promising immuno-
therapeutic intervention could be obtained using specific
modulators TLR-targeting yet indicated for the treatment
of other inflammatory diseases, in addition to NLPR3 and
Cas-1 modulators.
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TLR-modulatory options

TLR modulation by specific antagonists could represent
effective therapeutic strategy to treat or prevent both sys-
temic inflammatory diseases and neuroinflammatory disor-
ders. TLR antagonists are molecules able to downregulate
activation of TLR-mediated cytokine production, by directly
binding to specific TLRs, or indirectly blocking pro-inflam-
matory signaling cascade [77, 78]. TLR2 and TLR4 are
currently being investigated as potential therapeutic targets
in inflammatory diseases, including sepsis and arthritis, as
well as neurodegenerative disorders [79, 80]. Three major
types of PD models have been used to investigate potential
benefits of TLR-modulatory compounds in PD: human sub-
jects with PD, animal models, and/or cultured microglial
cells (Table 1).

To date, vinpocetine, a semisynthetic derivative of alka-
loid vincamine, results to be the only TLR-modulatory com-
pound tested in PD patients within a small randomized trial
[81]. According to this study, vinpocetine, decreases mRNA
levels of TLR2, TLR4, MyD88, and NF-xB compared to
standard therapy. However, the clinical impact of this finding
is still unclear and further studies will be necessary to clarify
the usefulness of vinpocetine for PD treatment.

Other compounds showing some benefit in reducing
neuroinflammation were tested in animal and cellular PD
models [19], (Table 1). Among them, a functional antibody
capable of inhibiting TLR2 in PD mouse models substan-
tially decreased aggregation and deposition of a-synuclein
within neurons and microglia as well as neuroinflamma-
tion and neurodegeneration [82]; similarly, the small mol-
ecule CU-CPT?22 inhibits the heterodimer TLR1/TLR2 and
showed to have some neuroprotective and anti-inflamma-
tory actions in cultured microglial cells [86]. Furthermore,
the antihypertensive medication candesartan cilexetil can
reverse the activated pro-inflammatory status of cultured
microglial cells exposed to a-synuclein, by decreasing
TLR2 expression [86]. Many natural compounds including
farrerol, kaempferol, dihydrotestosterone, silymarin, and
hesperidin showed anti-inflammatory effects mediated by
inhibition of TLR4 or TLR4-dependent pathways, further
decreasing the production of pro-inflammatory cytokines in
cellular and murine PD models [82-84, 88, 90]; the flavo-
noid silymarin, in particular, has been shown neuroprotec-
tive effects by reducing neuronal apoptosis, through inhibi-
tion of TLR4 over expression, in dopaminergic neurons in
murine SNpc [89].

Another promising therapeutic approach consists in the
fecal microbiota transplantation (FMT), as recent evidence
supports the involvement of the gut-brain axis in the onset
and progression of PD [91]. Use of FMT in PD animal mod-
els was associated with increased dopamine production in
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the striatum, reversal of microglial and astrocyte activation,
as well as decreased gut and brain TLR4 expression [92];
additionally, studies involving a small number of individuals
with PD have shown FMT potential in decreasing non-motor
symptoms [93, 94].

NLRP3/Cas-1 modulators
Data on molecules tested in PD field

In the last years, numerous studies have been performed
to discover innovative therapeutic strategies aimed to fight
neurodegenerative diseases through the inhibition of the
NLRP3/Cas-1 inflammasome pathway [48]. Among the
endogenous mechanisms of inflammasome regulation, dopa-
mine has been shown to play an important role to control
systemic inflammation, by acting as endogenous inhibitor
of the NLRP3 inflammasome pathway [55]. NLRP3/Cas-1
modulators could selectively suppress inflammation caused
by the NLRP3 inflammasome, either by directly targeting
NLRP3 and NLRP3-dependent pathways (NF-kB pathway
and ROS synthesis) or by inhibiting regulatory proteins
involved in PD neurodegeneration, such as caspase-1 [67].
However, there are yet no clinically approved compounds
for targeting of NLRP3 or Cas-1 [66], but several molecules
have shown promising results in cellular and murine PD
models (Table 2).

Among direct NLRP3 inhibitors, the MCC950 (or
CP-456,773), is a very potent compound able to prevent
inflammation and dopaminergic death in PD murine mod-
els [95]. Other potentially useful direct NLRP3 antago-
nists are represented by microRNA-153, microRNA-223
and microRNA-30e, whose plasma levels resulted to be
decreased in PD [113, 115]. Additionally, microRNA-30e
is a negative NLRP3 regulator and its administration exerts
neuroprotective effects on murine models with PD, by
decreasing the loss of dopaminergic neurons and improv-
ing motor and behavioral symptoms [113]. Other ways of
targeting NLPR3 inflammasome are represented by inhibi-
tion of NF-kB pathway and ROS synthesis, which are both
necessary for NLPR3 assembly and activation (Table 2).
At this regard, recent data indicated that dapagliflozin, a
sodium—glucose cotransporter 2 used for treatment of dia-
betes mellitus and heart failure, may alleviate neuronal oxi-
dative stress by counteracting ROS production and NF-kB
pathway activation in animal PD models [101]. Alterna-
tively, use of inhibitors of regulatory proteins including
caspases might be of some benefit in PD treatment. For
instance, necrostatins are a family of Cas-1 inhibitors able
to block necrotic cell death in human and murine cells
exerting neuroprotective effects on dopaminergic neurons
in murine PD models [114].
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Data on promising NLRP3/Cas-1 modulators not yet tested
in PD field

Beyond the above-mentioned NLRP3 antagonists already
investigated in PD field (at least in pre-clinical studies),
other drugs able to inhibit NLRP3 inflammasome with
proved good pharmacokinetic profiles and safety and already
used for other diseases, might be proposed for clinical trials
in PD. Furthermore, in recent studies disulfiram, belonging
to “anti-abuse drugs” and used to treat alcohol dependence,
has been shown to inhibit both NLRP3 inflammasome acti-
vation and Gasdermin D-mediated pyroptosis, by specifi-
cally blocking pore formation, and IL-1f release [116].

In addition, several flavonoids have been found to affect
the inflammasome pathway, among which, in particular, Fla-
vonoid VI-16 has been reported to inhibit, both “in vitro”
and “in vivo” experiments, the expression of IL-1 f, IL-18,
and Cas-1, through inhibition of NLRP3 assembly [117].

Parthenolide, the first natural product that directly targets
Cas-1 and NLRP3, has recently shown versatile inhibitory
actions in different pathologies, such as AD [118]; simi-
larly, ibrutinib, an FDA-approved natural products for the
treatment of chronic lymphocytic leukemia and mantle cell
lymphoma, has shown potential effects in preventing and
reducing neuroinflammatory symptoms of AD, by targeting
NLRP3/Cas-1 signaling [118].

Discussion

An increased quantum of studies has greatly improved our
knowledge on TLRs and inflammasomes and their role
played both in physiological and pathological states, includ-
ing neurological diseases. Today, there is yet no disease-
modifying drug for PD, and the current pharmacological
and non-pharmacological options do not address the under-
lying disease and do not stop or delay the cell damage that
eventually leads to worsening of symptoms. In PD, both
a-syn-clearance and inflammation are linked to TLR and
inflammasome activation, which in turn lead to neuronal
loss. Activation of specific TLRs promotes a-syn-clearance
in the early stage, but the same TLRs, chronically activated
by accumulated a-syn, induce a pro-inflammatory cascade,
leading to degenerative changes to neurons during the mid-
dle/late stage of disease processes. In addition, numerous
evidences show that in PD patients, systemic inflammation,
mainly associated with microglia activation, can further
enhance the DA neuron degeneration [119]. To this regard,
disruption of the brain—gut axis secondary to intestinal
microbial dysbiosis is recently emerging as a contributing
factor in PD pathogenesis [62]; alteration of gut microbiota
and gut epithelial barrier induces activation of enteric TLRs,

thus promoting inflammation and oxidative stress in both gut
and brain regions.

Therapeutic approaches in PD patients could be differ-
ent. In this regard, use of TLRs/NLRP3 pathway modula-
tors could be proposed as an alternative or complemen-
tary approach to L-DOPA administration with the aim of
decreasing the burden of neuroinflammation from the earli-
est stages of the disease. To date, L-DOPA is the gold-stand-
ard treatment for PD, but its administration usually starts at
a late stage, after the onset of symptoms, to limit the risk of
iatrogenic dyskinesia secondary to its long-term use [120];
however, it is likely that activation of TLRs and NRLP3-
mediated pathways starts years before the clinical onset of
the disease; for this reason, despite the relationship between
use of TLRs/NLRP3 modulators and clinical PD stage has
not yet been investigated, we can speculate that use of TLRs
and NLRP3 pathway modulators could be key to preventing
harms related to neuroinflammatory mechanisms leading to
loss of dopamine from the earliest stages of the disease.

Accordingly, early diagnosis and monitoring of treatment
efficacy are essential. Researchers are focusing on identify-
ing measurable biomarkers, associated with both CNS and
peripheral inflammation, for early diagnosis, before the dis-
ease has caused an irreversible damage to brain cells, in
order to allow clinicians to start the most effective treatments
at the stage known as “pre-clinical PD” [121]. Therefore,
both the progress in making an early diagnosis and the cur-
rent knowledge on the role of autophagy and inflammation in
PD progression may allow to select specific immunomodu-
lators. Many of these drugs are currently used in clinical
routine or tested in clinical trial for other pathologies and in
the early future they might be studied also in PD field to try
to improve the treatment of this disease.

A major problem to be overcome in drug design is linked
to the ability of the selected compounds to cross the BBB.
Substances can cross the BBB by a variety of mechanisms,
including transmembrane diffusion, saturable transporters,
adsorptive endocytosis, and the extracellular pathways.
Generally, only lipid-soluble molecules with a molecular
weight under 400-600 Da and positive charge can cross
the BBB, whereas other molecules do not pass or can over-
come the BBB only through specific cell endogenous trans-
port systems [122]. In addition, the optimum size of small
neuroactive drugs administered by peripheral infusion for
their delivery into the brain is determined by competition
between BBB permeation and excretion from blood cir-
culation. Despite small particles are better for permeating
through gaps opened in the BBB, smaller particles in the
single-nm range are rapidly excreted from blood circula-
tion via renal clearance [123]. Consequently, both antibodies
and specific immunomodulators able to counteract periph-
eral inflammation, and which target other parts of the body,
do not normally cross the BBB to the human brain. Among
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these, anti-TLR2 and -TLR4 neutralizing antibodies may
be considered an interesting approach to block peripheral
TLR-mediated inflammation, despite they have no inhibitory
effect on brain inflammation. In any case, the task of pre-
dicting the BBB permeability of new compounds is a major
challenge. Among the small compounds able to cross the
BBB, there are small antigen-binding fragments, consisting
in single-domain antibodies, and also known as nanobodies.
Some TLR-specific nanobodies are capable of stimulating
or inhibiting TLRs expressed by microglia, then exerting
their direct effects on CNS and representing a promising
approach to treat a range of serious and life-threatening
human diseases, including neuro inflammatory, thrombotic,
neoplastic, and neurodegenerative disorders, including AD
and PD [124]. Nanobodies exhibit high affinity, have the
potential to be administered to patients as inhaled drugs,
skin patches or pills, and this easy regular administration
also allows a successful combination therapy, depending on
the PD stage. Tailored half-life formats allow molecule to
remain in circulation for days, ideally customized, according
to need. Among the innovative nanobody-based agents, there
are specific intrabodies, able to cross cell membrane, bind
intracellular a-syn monomers and block their oligomeriza-
tion [125]. In particular, two proteasome-directed nanobod-
ies, selectively targeting a-syn, were shown to restore striatal
DA tone and enhance motor function in the a-syn-based PD
model [125]

Since NLRP3 inflammasome appears to be a key molecu-
lar link in the PD inflammatory pathway, targeting selec-
tively NLRP3/Cas-1 pathway with small molecule inhibitors
can represent a valid approach for treating neuroinflamma-
tory diseases. Many of these compounds, already analyzed
“in vitro” and “in vivo”, have not yet verified by clinical
trials for their ability to cross the BBB, the safety profile and
therapeutic effects. Therefore, a large amount of work is still
needed to be put in for the development of these inhibitors
until they become gold-standard drugs capable of helping in
reducing the social burden of the disease and improving the
patients’ quality of life. Innovative nanotechnology meth-
ods have recently applied to resolve some general problems
affecting these immunomodulators, including insufficient
stability, poor water solubility, injection site aggregation,
systemic toxic effects, not lasting effect, together a nonspe-
cific immune suppression [126]. According to a recent study,
exosome-like nanoparticles from ginger rhizomes (G-ELNs)
were able to strongly inhibit NLRP3 inflammasome activa-
tion [127]; similarly, lipid/peptide nanoparticle emulsions
were shown to block NLRP3 inflammasome activation by
decreasing plasma LDH, potassium and chloride ions [128];
furthermore, garlic chive-derived vesicle-like nanoparticles
(GC-VLNs) were found to have a potent inhibitory effect on
NLRP3 downstream pathways, thus showing potential for
treatment of neuroinflammatory diseases [129].

@ Springer

Developing accurate targeted drugs and effective delivery
methods are another important issue, and the application
of innovative biomaterials, and drug delivery devices, main
represented by nanocarriers, may address these problems.
Polymer nanoparticles are able to mediate passive or active
targeted drug transport, improving both the drug concentra-
tion at the target organs, and the stability of loading drugs.
By changing the size of the polymer nanoparticles, the clear-
ance of small drug molecules from the kidney or liver can
be reduced, thereby increasing the drug cycle time [130].
We look forward to the exciting progress of nanotechnol-
ogy sciences and basic biology, together with the growing
knowledge concerning the role of specific innate immune
receptors and inflammation in PD and the translational stud-
ies of TLRs and NLRP3/Cas-1 inhibitors.
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