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Abstract. Multiple lines of clinical and pre-clinical research support a pathogenic role for neuroinflammation and peripheral
immune system dysfunction in Parkinson’s disease. In this paper, we have reviewed and summarised the published literature
reporting evidence of neuroinflammation and peripheral immune changes in cohorts of patients with isolated REM sleep
behaviour disorder and non-manifesting carriers of GBA or LRRK?2 gene mutations, who have increased risk for Parkinsonism
and synucleinopathies, and could be in the prodromal stage of these conditions. Taken together, the findings of these studies
suggest that the early stages of pathology in Parkinsonism involve activation of both the central and peripheral immune systems
with significant crosstalk. We consider these findings with respect to those found in patients with clinical Parkinson’s disease
and discuss their possible pathological roles. Moreover, those factors possibly associated with the immune response, such as
the immunomodulatory role of the affected neurotransmitters and the changes in the gut-brain axis, are also considered.
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INTRODUCTION in non-dopaminergic pathways in the central and
peripheral nervous systems (CNS and PNS). This

Parkinson’s disease (PD) is a heterogeneous might precede the degeneration in SN and is asso-

chronic neurodegenerative disease pathologically
characterised by intracellular aggregates of -
synuclein (a-syn), in the Lewy bodies and neurites,
and the loss of dopaminergic neurons in the sub-
stantia nigra (SN), which is responsible for the
onset of the motor symptoms. However, in PD, a-
syn pathology and neuronal degeneration also occur
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ciated with a variety of non-motor symptoms, such
as hyposmia, constipation, fatigue, depression, and
sleep disorders [1, 2]. Based on the initial point
of a-syn pathology and neurodegeneration, and its
progression in the nervous system, Horsager and col-
leagues, have recently hypothesised the existence of
two PD subtypes: the brain-first and the body-first, in
which the neurodegeneration progresses from either
the CNS or PNS respectively [3]. This new hypothe-
sis might explain the diversity in the PD presentation
and corroborates PD as a multisystem heterogeneous
disease.
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Although most PD cases are idiopathic (iPD), a
small percentage of patients have genetic forms with
several loci associated with PD [4]. Among these
rare mutations, those in the leucine-rich repeat kinase
2 gene (LRRK2) or heterozygous mutations in the
glucocerebrosidase gene (GBA) are the most com-
monly found. Within all these different PD-types,
several common pathological mechanisms have been
implicated, including defective protein clearance,
mitochondrial dysfunction, and neuroinflammation
[5-8]. Over the last 20 years, there has been a rapid
growth in our knowledge of the role of neuroin-
flammation and peripheral immune changes in the
pathophysiology of PD. Postmortem examinations
and in vivo positron emission tomography (PET)
studies have shown that the neurodegeneration in PD
is accompanied by chronic widespread microgliosis
and inflammation in the brain [7-10]. In addition,
several studies support the involvement of periph-
eral immune cells in the PD immune response [11]
with changes in peripheral blood immune cells in
living patients [12—14] and postmortem studies show-
ing infiltration of T-cells and natural killer cells in
the patients’ brains [15—17]. These immune changes
have been associated with the patients’ symptoms
and/or with PD subtypes. Therefore, the central and
peripheral immune systems are affected during PD.
However, it is unclear whether the immune changes
are a consequence of the initiated disease process or a
causal factor. Supporting the latter, single nucleotide
polymorphisms of the HLA-DR gene (MHCII sys-
tem) have been genetically associated with PD risk
[18]. Moreover, it is proposed that LRRK2—highly
expressed in immune cells—has a function in the
brain and peripheral immune system (see [19] for
further reading). Furthermore, recent research sup-
ports a role for a-syn within the immune system as
a chemoattractant and a factor involved in the matu-
ration of dendritic cells in the gut immune responses
[20, 21]. Therefore, immune dysregulation seems to
be at the core of the disease, although it might occur in
parallel to the above-mentioned pathological mecha-
nisms in neurons.

Until recently, most of the studies addressing
immune changes were performed in patients with
established locomotor disability and, therefore, did
not inform about the temporal relationship between
the occurrence of immune changes and the clinical
motor onset and progression. A better understand-
ing of the role of the immune system in PD is now
emerging from several studies in patients at high-
risk of developing PD or a related synucleinopathy,

who could be in a prodromal (pre-motor) stage of
the disease. The International Parkinson and Move-
ment Disorder Society (MDS) has recently proposed
a division of early PD into three stages: preclinical
PD, with neurodegenerative changes, but no clini-
cal symptoms; prodromal PD, with symptoms not
meeting the diagnostic criteria; and clinical PD, with
the classical motor symptoms present [22]. There are
currently no definitive diagnostic criteria for prodro-
mal PD. However, for use in research settings the
MBDS has proposed criteria for “probable prodromal
PD”, which correspond to a likelihood of >80% that
a person has prodromal PD. The criteria present a
threshold of multiplied likelihood ratios of risk mark-
ers. Such markers have been included based on their
ability to predict PD onset in at least two indepen-
dent prospective studies. Non-motor risk markers
include polysomnography-proven isolated rapid eye
movement sleep behaviour disorder (iRBD), hypos-
mia, constipation, excessive daytime somnolence,
orthostatic hypotension, erectile dysfunction, urinary
dysfunction, and depression [23, 24]. iRBD, a para-
somnia characterized by the enactment of dreams due
to a lack of muscle atonia, is currently considered the
most important prodromal marker of PD and other
synucleinopathies. Additionally, individuals carrying
GBA or LRRK?2 gene mutations are also at increased
risk of developing PD during their lives and could be
in the prodromal phase of PD. In this review, we will
summarise the published literature focusing on the
investigation of immune changes in these individuals
who have a high risk for PD and discuss the findings
with respect to those found in patients with clinical
PD.

CENTRAL AND PERIPHERAL IMMUNE
CELLS

Immune cells are mostly found in the bloodstream
and the lymphoid tissue. White blood cells con-
sist of myeloid cells including: polynuclear cells
(basophils, neutrophils, and eosinophils), monocytes,
and dendritic cells. These cells belong to the innate
immune system and are the first responders dur-
ing stress or infection. In addition, blood lymphoid
cells include natural killer cells (also innate cells),
and T-cells and B-cells that carry the load of the
adaptive immunity and memory in the immune sys-
tem. The antigen-presenting cells (APC) in the innate
pool (mostly monocytes and dendritic cells) acti-
vate T-cells -through the MHC (HLA-DR) system,
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which in turn will activate B-cells, and a humoral
response is mounted. Monocytes can infiltrate tissue
and become macrophages, but, additionally, tissues
possess the so-called resident macrophages, which
arise from precursors of embryonic origin. Yolk
sac primary erythro-myeloid progenitors—primitive
macrophages—give rise to microglia [25]. While the
major pool of the other tissue-resident macrophages
is contributed later by foetal progenitors. Lastly, adult
hematopoiesis occurs in the bone marrow.

Microglia, the brain’s resident innate immune cells
(and APC), maintain homeostasis and act in a neuro-
protective manner by removing unwanted synapses,
dead cells, and dangerous molecules, and producing
anti-inflammatory mediators to cease the inflamma-
tion. They may, however, also promote inflammation
by secreting and reacting to pro-inflammatory
cytokines and recruiting and activating other immune
cells in response to, for example, misfolded proteins
or pathogen molecular patterns [26]. The presence
of higher microglia activation in Alzheimer’s disease
patients with a slower disease progression suggests
a neuroprotective function for activated microglia
early in the disease [27]. Thus, it is speculated that
chronic inflammation in neurodegenerative diseases
results from an imbalance of the microglial activi-
ties in which a bias in the pro-inflammatory effectors
leads to a progression of the pathology. However, the
role of microglia could also be more dynamic, and
evolve with the disease; being protective at initial
points and later becoming detrimental.

In PD, a-syn plays a significant role not only in the
neuronal dysfunction but also in the immune event, by
activating innate immune cells such as microglia and
monocytes/macrophages. a-Syn can act as a damage-
associated molecular pattern and interact with several
immune receptors widely expressed in innate cells
leading to inflammatory activation and antigen pre-
sentation (MHCII expression), which in turn results
in activation of adaptive immunity [28]. Accordingly,
postmortem analysis associates microgliosis with
areas of a-syn deposition and neuronal dysfunction
or neurodegeneration. For example, PD brain areas
with a-syn pathology show upregulation of HLA-DR
[29, 30], the molecular pattern receptors TLR2 and
TLR4 [31-33], and pro-inflammatory cytokines [34].
In vivo assessment of neuroinflammation is made
possible by PET with radiopharmaceuticals targeting
biomarkers of microglial activation, such as ''C-R-
PK11195 (PK), a ligand for the 18-kDa translocator
protein (TSPO). TSPO is mainly localised on the
outer mitochondrial membrane in microglia, but also

in other cells that partake in the neuroinflammatory
process such as astrocytes [35]. Its exact function is
still to be determined; however, it is markedly upreg-
ulated during microglial activation and inflammation,
and thus increased TSPO signal is considered a sign
of ongoing neuroinflammation [36].

EVIDENCE FROM RETROSPECTIVE
STUDIES FOR IMMUNE CHANGES IN
PRECLINICAL PD, AND ASSOCIATION
TO FINDINGS IN ESTABLISHED PD

The PD-associated immune response is not only
limited to changes in brain immune cells but also in
the periphery and involves both innate and adaptive
immune cells (Fig. 1). The early cellular periph-
eral immune response in preclinical PD has been
corroborated by data from several recent retrospec-
tive population studies. The lymphocyte numbers are
consistently found decreased in PD [37] and this
seems to occur as soon as 10-20 years prior to
diagnosis [38, 39], thus PD risk is associated with
lower lymphocyte counts. However, the number of
neutrophils, the most abundant innate cells in the
blood, is increased in PD patients and this seems
to occur years before diagnosis [39, 40] (Fig. 1).
The lower lymphocyte count and higher neutrophils
in prodromal and clinical PD have been also cor-
roborated in a recent study using samples from the
Parkinson’s Progression Marker Initiative (PPMI)
cohort (https://www.ppmi-info.org), where higher
expression of neutrophil enriched transcripts further
validated the increased neutrophil population [41].
This increase was greatest during prodromal (high-
risk) PD and once elevated it remained so during the
disease. Accordingly, several groups have reported
elevated neutrophil/lymphocyte ratio (NLR) in PD
that correlated with symptoms or was associated with
different symptomatic presentations [42, 43]. Inter-
estingly, a significant negative correlation has been
reported between NLR and white matter changes in
areas associated with non-motor PD symptoms such
as cognitive performance, REM sleep, and olfaction
[44], suggesting that peripheral immunity is particu-
larly relevant for non-motor symptoms.

T-cells, both CD8 [15] and CD4 [16], have been
proposed as key mediators of neuronal death in PD.
PD patient-derived C8 T-cells show a profile suggest-
ing a lack of immunosenescence, which could render
them more prone to a reactive pro-inflammatory
response [45, 46]. Interestingly, although the total


https://www.ppmi-info.org

S152 M_.H. Terkelsen et al. / Immune Response in Pre-Clinical PD

Putative Putative In serum: T TNFa IL2 IL10 IL1-B
Brain-first Body-first CCL5 L6 CRP
LRRK2 GBA iRBD 2
TIL-1 ) T TNF- & \
I P X o1 o 1A\ | % \
: " e AT,
oA f i [a-syn h [ \
. ‘ P Tmeu‘T@T('@J T
Lymphocyte | \ =l N -  Motor
population 3 . symptoms
Altered T-cell  Altered e Y. H
transcriptome microbiota ‘\'c s
T e T iMos
T & <\
Neutrophil
T T
Non-motor
Microglia Microglia symptoms
\
[ asyn |
{ | - "
F—#TIRs == HLADR i T U £k L
¢4 CCR2 = CD163 S T i
\ Microglia Altered Altered
c-_CD'Hb ==— TCR microbiota microbiota
Retrospective observations Possible prodomal PD Time of Early PD Late PD
(Persi: throughout di: ) Non-manifest diagosis 0-5 years =5 years

Fig. 1. Proposed landscape on immune changes in preclinical and clinical Parkinson’s disease (PD). Despite some inconsistencies across
studies data so far suggest the following. Based on retrospective studies and analysis in PD cohorts, the numbers of neutrophils are increased
while lymphocytes are decreased years before diagnosis and remain so through the disease. Imaging studies suggest inflammation in the
brain of iRBD patients and non-manifesting LRRK?2 or GBA carriers, which remains at clinical PD stages. Data in serum during prodromal
stages are inconsistent, with some studies suggesting the increase of pro-inflammatory cytokines that remains after diagnosis. The limited
data published on iRBD patients show modified innate and adaptive cells, with classical monocytes enriched and expressing higher levels
of CCR2 and CD11b, proteins associated with infiltration and transmigration. This seems to remain in iPD patients during the first few
years after diagnosis. Later intermediate monocytes are increased and they show higher expression of HLA-DR, CD163. Clinical PD is also
associated with increased expression of TLRs in monocytes. T-cells transcriptome is altered in iRBD patients and T-cells react to a-synuclein
peptides years before and after PD diagnosis, and this seems to be more relevant early in the disease. Several studies suggest a Th1 and/or
Th17 bias in the T-cell population in iPD patients. Microbiota might be altered at preclinical stages, as suggested by studies in iRBD cohorts.
This dysbiosis remains through disease when signs of leaky gut are observed. See the text for more details. cMos, classical monocytes; iMos,
intermediate monocytes; a-syn, a-synuclein. Figure created with bioRender.com.

T-cell numbers are decreased before and after PD
diagnosis [47], in iPD patients, the effector CD4 T-
cells have been reported overrepresented vs. the naive
population, with groups finding a bias towards the
pro-inflammatory Th17 [13, 48, 49] or Thl popula-
tions [13, 50]. The T-cell response seems to be more
relevant in the early stage of the disease, with T-
cells (CD8 and CD4) responding to a-syn-derived
peptides found in a preclinical case and more preva-
lent in early-stage vs. late-stage PD [51, 52] (Fig. 1).
PD patients have Thl and cytotoxic CD4 T cell and
terminal effector CD8 T cell populations clonally
expanded by T-cell receptor (TCR)-dependent acti-
vation [53]. Further supporting a T- and B-cell early
involvement, auto-anti-a-syn antibodies seemed ele-
vated particularly in early PD, decreasing with time
and disease progression [54]. Thus, adaptive immune
cells and humoral response at prodromal stages of PD
deserve further studies.

The decreased lymphocyte number might be
related to the reported impaired lymphoprolifera-
tive response in clinical PD [55]. This was observed

together with elevated signs of oxidative stress in
blood cells [55], which could be a consequence of
the elevated neutrophil population, since increased
marker of oxidative stress, mitochondrial changes,
and increased NO production have been reported in
PD patients’ neutrophils [56, 57]. However, detailed
changes in the neutrophil population in prodromal
or clinical PD remain to be studied, and few are
the groups that have addressed them. This is prob-
ably because most labs work with frozen isolated
peripheral blood mononuclear cells when analysing
immune cells, thus discarding granulocytes within the
process. In conclusion, these studies support strongly
early immune changes in PD years before diagnosis,
with an unbalanced innate vs. adaptive cell pool.

NEUROINFLAMMATION IN PROBABLE
PRODROMAL PD

iRBD is strongly associated with progression
to a neurodegenerative disorder (primarily PD and



M_.H. Terkelsen et al. / Immune Response in Pre-Clinical PD S153

dementia with Lewy bodies and less frequently mul-
tiple system atrophy), which develops in 75% of
the patients [23]. Imaging studies have shown that
most iRBD patients show neuronal changes resem-
bling parkinsonian disorders despite the lack of motor
symptoms [2, 58, 59]. iRBD patients who progress to
PD are likely to have a more malignant PD course
with autonomic dysfunction, cognitive loss, gait
problems, and mortality. Non-iRBD prodromal PD is
more likely to present with tremors and thus a faster
PD diagnosis [2]. Prodromal iRBD is a strong marker
of the body-first subtype hypothesized by Borgham-
mer’s team, reflecting a neuropathologic brainstem
predominant PD type (for further reading see [2]), a
pattern that is also seen in GBA-associated PD, which
shows denervation of PNS and RBD [2, 60].

In a cohort of 20 polysomnography-confirmed
iRBD patients, Stockholm et al. found signs of neu-
roinflammation, as measured by PK-PET, in the SN
compared to controls [58]. Smaller, however not sig-
nificant, increased PK signals in the putamen and
caudate nuclei were also found. A positive correlation
was observed between PK binding values in SN and
the putamen and the (right) caudate nucleus, possibly
reflecting the dysfunction of somas and pre-synaptic
terminals in the nigrostriatal pathway. This study
also included '®F-DOPA PET, a marker of dopamine
function, that showed nigrostriatal dopaminergic dys-
function in iRBD patients with microglial activation.
However, a significant negative correlation between
PK and '8F-DOPA PET uptake was only found in
the caudate but not in the putamen. In the same
cohort of iRBD patients, using a voxel-based anal-
ysis, increased PK binding was also found in the
visual associative cortex of the occipital lobe [59].
Neuroinflammation in these brain areas could indi-
cate early signs of cognitive changes and explain the
poor performance of iRBD patients in visuospatial
testing.

A longitudinal '8 F-DOPA PET follow-up in a sub-
group of these patients showed that the severity and
extent of nigrostriatal terminal dysfunction increased
significantly in iRBD patients over a 3-year period,
and the greatest reductions were observed in subjects
who had increased baseline microglial activation in
their nigrostriatal structures. These findings would
suggest a detrimental rather than a protective effect
of neuroinflammation in the early stages of synucle-
inopathy [61]. This, however, needs to be confirmed
in larger iRBD cohorts.

Steer and colleagues reported that in iRBD patients
an increased PK binding in the substantia innom-

inata, the major source of cholinergic input to the
cortex [62], was associated with cortical choliner-
gic dysfunction, measured by '!C-Donepezil PET
[63]. Interestingly, cholinergic anti-inflammatory
neuroimmune function via the a7nChR has been
related to memory and cognition ([64] see below).
Longitudinal clinical and imaging follow-up studies
in iRBD patients are needed to clarify if the changes
observed in this cohort contribute to the development
of cognitive impairment in iRBD patients and can be
used to predict the onset of dementia.

LRRK?-associated PD is an autosomal dominant
condition with a penetrance of up to 74% by 80
years of age [65]. Homozygote mutations in GBA
are the cause of the autosomal recessive disorder
Gaucher’s disease, but, in heterozygous form, GBA
mutations are associated with autosomal dominant
PD with a penetrance of 30% by 80 years of age [66].
Non-manifesting carriers of these mutations could
therefore represent a high-risk PD group. In a cohort
of 286 mutation carriers with no motor symptoms,
18% of LRRK?2-carriers and 3% of GBA-carriers had
reduced tracer uptake on 'Z3I-Ioflupane dopamine
transporter imaging [67]. The low prevalence could
be explained by the asymptomatic state of this popu-
lation [2].

There is some initial evidence suggesting that
neuroinflammation might occur in non-manifesting
LRRK2 and GBA carriers. A recent study found
putaminal, dopaminergic dysfunction by 'F-DOPA
imaging in five out of eight non-manifesting LRRK?2.
Three of them had significantly raised PK-binding
bilaterally in the SN [68], suggesting neuroinflamma-
tion along with subclinical nigrostriatal dysfunction.
In 2021, Mullin and colleagues found a signifi-
cant increase in PK binding in the SN of nine
non-manifesting GBA compared to controls [69].
Additionally, a voxel-based analysis also local-
ized increased neuroinflammation in several brain
regions, including the occipital and temporal lobes,
hippocampus, cerebellum, and mesencephalon. Inter-
estingly, the degree of hyposmia correlated with
nigral PK binding [69]. Even though these studies
have small sample sizes, they strongly indicate the
need for further investigation of neuroinflammation
in the premotor stage of LRRK?2- and GBA-associated
PD.

Regarding immune biomarkers in CSF, one
study showed no differences in levels of mostly
pro-inflammatory cytokines (IL2, IL4, ILS8, IL6,
1ILB, IL10, and IFNy and TNF) between iPD,
and manifesting and non-manifesting GBA-PD and
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LRRK2-PD [70]. It should be noted, that the same
study found no differences between PD and con-
trols either, which is in disagreement with the
blood increased IL6, IL10, IL13, and TNF reported
by many [71]. No differences in CSF cytokines
and chemokines were observed in non-manifesting
LRRK2 by another team, but once PD was mani-
fested the differential markers (vs. iPD) were related
to chemotaxis and transmigration: IL8 and VEGEF,
suggesting a brain permissive to the entrance of
peripheral immune cells [72].

PERIPHERAL IMMUNE CHANGES IN
PROBABLE PRODROMAL PD

Supporting an early immune peripheral involve-
ment, Farmen and colleagues have recently described
that in the iRBD cohort examined by Stockholm and
colleagues [58], monocytic changes already occur
in blood in parallel to the described inflammatory
and neurodegenerative events in the brain revealed
by PET [73]. The iRBD patients showed increased
classical monocytes, a highly phagocytic population
able to migrate to inflamed tissue [74]. Accordingly,
they found an increased percentage of cells express-
ing CCR2 or/and CD11b, both receptors involved in
transmigration [73]. CCL2, the CCR2 ligand, has
been associated with PD [75, 76] and the CCR2-
CCL2 axis seems crucial for the recruitment of
immune cells to the brain in PD-like degeneration.
CDI11b binds CD18 to form the functional integrin
heterodimer Mac-1 (or CR3). CD11b interaction with
ICAM, which is also increased in PD [10], mediates
leukocyte adhesion, and cellular extravasation [77].
The relevance of chemotaxis is further corroborated
by longitudinal data in PD patients showing CCL3
and CCL2 as the serum biomarkers contributing the
most to the predictive models of severity [78]. Inter-
estingly, elevated expression of CCR2 and CD11b on
monocytes is also seen early in PD (<5 years from
diagnosis) [12] (Fig. 1). These and other changes
in monocytic immune markers have been associated
with cognition and dementia in clinical PD corrobo-
rating a significant role of the immune system in the
cognitive component of the disease [12, 14, 79].

Importantly, Farmen et al. also observed a sig-
nificant correlation of monocyte markers with
inflammatory and neuronal markers in the brain in
the iRBD cohort. The expression of TLR4 on mono-
cytes increased with inflammation in the brain, i.e.,

PK binding, while dopaminergic neurotransmission
-8F-DOPA PET- decreased [73]. Thus, suggesting a
deleterious role for TLR4 expression in monocytes.
TLR4 is one of the receptors associated with a-syn
inflammatory activation [28] and also the endotoxin
receptor. Interestingly, increased endotoxin levels in
patients’ blood have been reported [14], which could
result in a pro-inflammatory environment and could
contribute to disease, since chronic TLR4 activa-
tion can promote neurodegeneration [80]. On the
other hand, in the iRBD patients the number of cells
expressing the CD163 scavenger receptor, normally
associated with anti-inflammatory monocytes, was
correlated to lower inflammation and better neuronal
health in the brain [73]. This data strongly supports
a role for peripheral monocytes in brain events in
prodromal (iRBD+) PD stages and an active commu-
nication between the brain and periphery. It should
be noted that this communication does not imply that
immune proteins, cytokines, or chemokines changed
in the periphery and brain, should be the same, but
rather that the events are occurring under active
communication and in close relation to neuronal
changes.

Interestingly, data suggest that the monocytes
changes seem to differ as time/PD-stages progress
since the enriched classical monocytes observed in
iRBD is also seen in PD patients with <5 years of
disease duration, but it later evolves to enrichment
on intermediate monocytes [12] (Fig. 1). This might
explain the inconsistency in the observation between
labs, with some showing increased classical [14] and
other increased intermediates monocytes in clinical
PD [13]. Moreover, the enrichment of intermediate
monocytes becomes more relevant as the severity of
the disease increases (H&Y stage) [13]. However,
longitudinal studies are necessary to confirm this.

The early peripheral changes in immune cells in
iRBD are not limited to the innate system. iRBD
patients” CD4 T cells show a transcription factor
expression profile closer to those observed in T-
cells from iPD patients than healthy individuals,
although not identical, supporting again stage asso-
ciated changes [81]. Finally, further supporting an
early immune peripheral response, analysis of sera
from iRBD patients showed enrichment of proteins
related to inflammation and immunity processes [82].
Moreover, although both pro-inflammatory TNF and
anti-inflammatory IL10 cytokines have been found
increased in iRBD blood, those patients showing
elevated TNF/IL10 ratio, i.e., a more pronounced
pro-inflammatory environment, had a higher risk to
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develop a synucleinopathies later in life [83]. In con-
clusion, iRBD patients showed significant signs of
immune activation in the periphery with monocytes
of migratory capacity, T-cells with an altered tran-
scriptomic profile, and a pro-inflammatory cytokine
environment.

The studies addressing (peripheral) immune
changes in non-manifesting GBA or LRRK2 muta-
tion carriers are few and mostly refer to soluble
biomarkers. LRRK2 is highly expressed in immune
cells [84], and its expression is increased in periph-
eral blood immune cells, T and B cells, and CD16+
monocytes from iPD patients [85]. Regular use of
NSAIDs has been associated with reduced pene-
trance in LRRK2-PD [86]. And numerous studies
suggest a role for LRRK2 in the immune function
and microglial activation [87]. However, most of
the studies addressing non-manifesting LRRK?2 have
found none or few changes in immune biomarkers in
blood [70, 88]. Brockmann et al. showed no differ-
ences between non-manifesting LRRK?2 and controls,
although in manifested LRRK2-PD and iPD certain
inflammatory markers differed suggesting a differ-
ential immune response in these two PD types [88].
In a follow-up study, the team showed that indeed
once PD is diagnosed the immune response—and
particularly recruitment—is relevant, since malig-
nant LRRK2-PD subtypes showed higher levels of
biomarkers involved in chemotaxis and infiltration
IL8, CCL2, and CCL4 [75]. Damzco et al. found
higher IL1 in sera of non-manifesting LRRK?2, sup-
porting arelevance for NLRP3 in PD. Indeed, NLRP3
is upregulated in immune cells in PD patients’ blood
[89] and IL1B is increased in sera (and CSF) from PD
patients [71]. NLRP3 genetic polymorphisms asso-
ciated with lower PD risk show downregulation of
NLRP3 activity [90]. Interestingly, once LRRK2-PD
was manifested LRRK2-PD patients showed elevated
PDGF, another marker associated with transmigra-
tion [72, 78].

Glucocerebrosidase activity is reduced in mono-
cytes from iPD patients, particularly in classical
monocytes, and this was inversely correlated to
motor symptom severity [91]. «-Syn levels in
blood mononuclear cells were higher in non-
manifesting GBA [92] and manifesting GBA-PD
patients than those from iPD [93]. Gaucher’s disease
iPSC-derived macrophages showed increased pro-
inflammatory cytokine expression and lower phago-
cytosis [94]. Transcriptome analysis of monocyte-
derived macrophages from a small number of
controls, manifesting and non-manifesting GBA-PD,

showed that pathways related to immune response,
development, differentiation, and axonal growth were
enriched in the non-manifesting group [95]. Thaler et
al. found no differences in blood cytokines between
iPD, controls, and manifesting and non-manifesting
GBA-PD [70]. Although biallelic GBA mutation has
been related to an increase of chemokines CCL18
and CCL3 in serum. Moreover, these chemokines
levels were associated with motor and/or cognition
defects in all PD patients (iPD and GBA-PD) [96].
One study has, however, reported differences in man-
ifesting GBA-PD with increased IL8, CCL2, CCL3,
and CCLA4 corroborating the relevance of chemotaxis
[97]. Therefore, the data so far does not show a par-
ticular pro-inflammatory cytokine environment in the
blood of prodromal GBA or LRRK2 PD, but they sug-
gest an environment with enhanced chemotaxis and
transmigration. Studies addressing cellular change on
blood immune cells in these groups are needed to
better define any possible involvement of peripheral
immune cells.

NEUROTRANSMITTERS WITH
IMMUNOMODULATORY CAPACITY

Neurotransmitters possess immunomodulatory
abilities; and not only do most immune cells (includ-
ing microglia) express neurotransmitter receptors, but
some can synthesize them to act in an auto- and
paracrine manner modulating locally the immune
process. In addition, several neuronal groups and cir-
cuits are involved in the regulation of the immune
system and response to stress, namely: the enteric
system, the vagus nerve (VN), and the hypothalamic-
pituitary-adrenal (HPA) axis [98-100]. Although
beyond the scope of this review, we will shortly
discuss the potential relevance of the neuroimmuno-
logical aspect in prodromal PD.

Since primary and secondary lymphoid tissues
receive autonomic sympathetic innervation, both
noradrenaline and dopamine would influence the
immune system [101]. Dopamine signalling on
myeloid cells modulates inflammatory responses: it
decreases NLRP3 [102], and LPS induced inflam-
mation and promotes chemokinesis and chemotaxis
on macrophages and microglia [103, 104]. Dopamine
decreases oxidative stress production, cell migration,
and phagocytic activity on human neutrophils [103].
Dopamine actions on T-cells depend on the type of
dopamine receptors expressed and their activation
status. It activates resting T cells, while it suppresses
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the production of IL2, IL4, and IFNv in already acti-
vated T cells [105, 106]. This would be relevant
since T-cells are seen in PD midbrain, although it is
unknown how early this infiltration occurs. Notably,
PD patients’ T cells show changes in the expression
of dopamine receptors, and this was associated with
motor symptoms [107]. Moreover, dopamine recep-
tor gene polymorphism has been related to different
clinical PD presentations and T-cell function (for a
review, see [108]). Therefore, a decrease in dopamin-
ergic neurotransmission in prodromal PD will affect
both innate and adaptive immune responses. Equally,
dopaminergic drugs might affect immune cells as
shown in several studies analysing T-cells in PD
patients [109, 110].

Locus coeruleus (LC) and noradrenaline have been
associated with feedback modulation of the HPA
axis and immunomodulation in the brain (see [111]
for further reading). The HPA axis, with gluco-
corticoids as the main effectors, involves several
brain nuclei that contribute to the neuroendocrine
modulation of the immune response during infec-
tion and stress [100]. Noradrenaline downmodulates
LPS pro-inflammatory activation in human whole
blood cells in vitro [112]. It inhibits oxidative
metabolism and adhesion of neutrophils [113, 114].
Equally, noradrenergic activation on human mono-
cytes [113] and (non-human) microglia [115] is
usually anti-inflammatory. This might be of relevance
in prodromal stages of PD since several PET imaging
studies point to decreased thalamic and sensorimotor
cortex uptake of 11C-methylreboxetine (MeNER), a
marker of noradrenergic function, and signs of neu-
rodegeneration in LC in RBD patients (neuromelanin
MRI) [116-118]. Moreover, the celiac gangliarelease
noradrenaline in the spleen, upon VN activation, that
acts on beta-adrenergic receptors on T-cells leading to
their release of acetylcholine, which will also exert an
anti-inflammatory effect [119]. Therefore, VN den-
ervation in prodromal PD stages will disrupt this,
influencing immune response (see more below).

Lastly, serotonin has also a relevant role in both
innate and adaptive immune cells [120]. Serotonin
signalling modulates T-cell activation and function,
depending on the receptor subtype. It can promote
proliferation [121] and anti-inflammatory pheno-
types in T-cells [122]. Increased serotonin levels
and serotonin receptor activation seem to exert an
anti-inflammatory effect in different cells [120, 123].
Interestingly, hypercholinergic activity in the cortex,
thalamus, and limbic areas [124], and increased sero-
tonin in the striatum, brainstem, and hypothalamus

[125] have been seen in non-manifesting LRRK?2
individuals. This might be of special relevance and
could explain a milder progression in these individu-
als.

GUT-BRAIN AXIS: MICROBIOTA AND
VAGUS NERVE IN PRODROMAL STAGES

Gastrointestinal dysfunction is a potential early
PD symptom, which seems associated with the o-
syn pathology observed in the gut of PD patients
[126—-128], and in healthy controls who later develop
PD [129, 130]. This a-syn pathological accumulation
could be the result of gut microbiota changes, and
indeed, a range of studies has reported altered gut
microbiota in PD patients [131]. However, it is not
clear if this plays a causative role or is a consequence
of the pathogenesis. Analysis of faecal microbiota
in iRBD, iPD, and healthy controls, revealed that
80% of the differentially enriched gut microbes in
iPD showed similar trends in iRBD, and they corre-
lated with non-motor symptoms [132]. Among other
changes, the study reported a decreased abundance
of Prevotella in iRBD. Interestingly in a follow-up
longitudinal study, the team found that microbiota
changes in iPD were persistent and that Prevotella
in the gut tends to be even less abundant in iPD
patients with faster disease progression [133]. Fur-
thermore, in their most recent study, they report that
the constipation severity was lowest and subthreshold
parkinsonism least frequent in individuals with the
Prevotella-enriched enterotype [134]. Thus, gut bac-
teria might associate with relevant changes in disease
and these changes appear early and persistent. Micro-
biota can modulate the immune system by releasing
neurotransmitters and other molecules, thus dysbiosis
will affect immune response. Moreover, it could also
affect the integrity of the intestinal epithelial barrier,
with subsequent leaking of intestinal content into the
blood and initiation of systemic inflammation [135].
Supporting this, newly diagnosed PD patients showed
signs of increased intestinal permeability, which cor-
related with the accumulation of a-syn in the intestine
[127] and PD patients had increased endotoxin in
blood [14]. However, these factors have not yet been
studied in prodromal PD.

The gut is innervated by VN, which degener-
ates early in some patients, as suggested by PET
studies and the early constipation observed in PD.
VN serves as the conduct or a bidirectional connec-
tion in the gut-brain axis and signals transmitted by
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the dorsal motor nucleus of the VN modulate the
immune response through the inflammatory reflex
[98]. VN exerts an anti-inflammatory effect on the
immune system involving acetylcholine [98] in a
mechanism exerted on the gut and, via the celiac gan-
glia, on the spleen [136]. Ultimately acetylcholine
binds o7nChR on macrophages, and inhibits their
release of cytokines, shifting them towards an anti-
inflammatory phenotype [137]. Although this has not
been studied in detail, we could speculate that the
compromised VN in PD would result in a failure of
the anti-inflammatory reflex, thus favouring inflam-
mation early in the disease, which would promote
further degeneration. According to the mentioned
body- vs. brain-first theory, the body-first subtype
would have VN affected early in the disease, which
could explain the faster disease progression and
severity of this proposed subtype [138]. Contrary, in
the brain-first the VN would be affected later, thus
the inflammatory reflex is preserved, maybe explain-
ing the slower progression. However, as of today, this
is speculative, and more research is needed regarding
the inflammatory reflex in PD and its association with
PD subtypes.

CONCLUSIONS

Taken together the imaging findings suggest that
microglial activation is present in the early stage
of the neurodegenerative process in iRBD and non-
manifesting GBA and LRRK2. However, it is yet
unclear if the microglia activation has a protective
function at this prodromal stage rather than the detri-
mental one suggested in advanced stages. Currently,
no PET tracers are available to distinguish microglia
subtypes. Additionally, these findings do not clarify
the temporal relationship between neuroinflamma-
tion and the degenerative process. Moreover, the
studies are limited by the use of PK, which despite
its high sensitivity, has limited specificity due to
relatively low brain permeability and its binding
affinity to platelets, monocytes, and plasma proteins.
Thus, PK is unable to detect the most subtle neu-
roinflammatory changes [139]. Unfortunately, the
second-generation TSPO radiotracers also have their
own shortcomings, such as the mixed affinity due to
rs6971 polymorphism in the TSPO gene. A third gen-
eration of TSPO tracers that aims to overcome this
fluctuating affinity is yet to be validated for clini-
cal use [140]. Moreover, TSPO is also expressed on
reactive astrocytes [141] and the observed increase

in binding in these patients could also reflect reactive
astrocytes, although this is also indicative of immune
activation.

Regarding changes in the periphery, evidence
points towards an affected peripheral immune system
with increased neutrophils and decreased lympho-
cytes years before PD diagnosis that seems to remain
through the disease. In iRBD the data is limited, but
it also supports both innate and adaptive responses,
with a coordinated immune response in the brain and
periphery as suggested by the associations between
blood monocyte marker and brain PET data [73].
But these peripheral immune changes might also
occur just as a response to the damage of the
PNS including VN degeneration. This in turn will
have significant consequences on the immune sys-
tem due to changes in the gut-brain axis and the loss
of the inflammatory reflex, all together promoting
disease. However, based on the few studies pub-
lished, non-manifesting LRRK?2 showed little signs
of inflammation and immune activation in blood,
although this was based on cytokine/chemokine
levels since no study so far has been conducted
analysing immune cellular changes in the blood,
which prevents us from concluding. However, we
can speculate that not all prodromal stages involve
the (peripheral) immune system equally, but once
the disease is manifested, the neurodegenerative pro-
cess might more robustly include a systemic immune
response. Accordingly, the little affection of PNS
and the increase in cholinergic and serotoninergic
neurotransmission in non-manifesting LRRK2 might
contribute to reducing the inflammatory environment
thus protecting neurons. However, the data collected
so far is insufficient and more research needs to
be done. Longitudinal studies in larger cohorts that
include cellular and functional analysis of blood
immune cells and with improved PET microglia trac-
ers are needed to clarify the role of the immune
system in PD subtypes and to determine the temporal
relationship between immune activation and neu-
rodegeneration in synucleinopathies. This will allow
us to rationalise the potential of immunomodulatory
agents as neuroprotective strategies in these patients.
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