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Abstract. Emerging evidence implicates intestinal involvement in the onset and/or progression on the selective degeneration
of dopaminergic neurons characterizing Parkinson’s disease (PD). On the one hand, there are studies supporting the Braak
hypothesis that holds that pathologic a-synuclein, a hallmark of PD, is secreted by enteric nerves into intestinal tissue and
finds its way to the central nervous system (CNS) via retrograde movement in the vagus nerve. On the other hand, there is
data showing that cells bearing leucine-rich repeat kinase 2 (LRRK?2), a signaling molecule with genetic variants associated
with both PD and with inflammatory bowel disease, can be activated in intestinal tissue and contribute locally to intestinal
inflammation, or peripherally to PD pathogenesis via cell trafficking to the CNS. Importantly, these gut-centered factors
affecting PD development are not necessarily independent of one another: they may interact and enhance their respective
pathologic functions. In this review, we discuss this possibility by analysis of studies conducted in recent years focusing on
the ability of LRRK?2 to shape immunologic responses and the role of a-synuclein in influencing this ability.
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Emerging evidence implicates intestinal involve-
ment in the onset and progression of Parkinson’s
disease (PD). According to Braak et al. hypothesis,
PD pathogenesis may originate in the gastrointesti-
nal tract, with pathological a-synuclein, a hallmark
of PD, secreted by enteric nervous system (ENS) and
gaining access to the brain via the parasympathetic
nervous system [1-3]. The leucine-rich repeat kinase
2 (LRRK?2) gene, well recognized as one of the key
genetic determinants of PD, is expressed in the enteric
nervous system (ENS) [4] and can serve as a modu-
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lator of inflammation in the central nervous system
(CNS) and the periphery [35, 6]. However, the impact
of peripheral inflammation on PD initiation is insuf-
ficiently understood to inform disease interception,
early diagnosis, or novel therapeutic strategies. This
review will discuss the immunological features of
LRRK?2 function and the role that peripheral immune
signaling may play in the regulation of neurodegen-
eration in LRRK?2 as well as non-LRRK2-associated
PD.

LRRK?2 GENE PLEIOTROPY

The LRRK?2 gene encodes a multi-domain protein
that includes a domain with GTPase activity as well
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as a domain with serine/threonine kinase activity, the
latter now known to have certain Rab GTPases as its
main physiological substrate [7]. By phosphorylat-
ing such GTPases LRRK2 kinase activity can have
protean effects on cell function including the regula-
tion of intracellular vesicle trafficking, cell organelle
maintenance, and processes associated with phagocy-
tosis and autophagy (reviewed in [8]). On this basis it
is not surprising that many of the PD-associated muta-
tions in the LRRK?2 gene are located in the GTPase
and kinase domains and have been shown to affect
the respective activities centered in these domains. In
addition, LRRK2 kinase function may have important
effects on cellular immune function altering funda-
mental capacities to mount inflammatory responses.

A series of genome-wide association studies
has identified LRRK2 as a susceptibility locus for
Crohn’s disease (CD) [9-11], a type of inflammatory
bowel disease (IBD) characterized by chronic intesti-
nal inflammation resulting from excessive immune
response to commensal bacteria in genetically pre-
disposed individuals. Follow-up exome sequencing
studies have revealed that a functional LRRK?2 variant,
N2081D, conferred shared increased risk to develop
CD and PD [12, 13], whereas LRRK2 R1398H and
N551K, in strong linkage disequilibrium with each
other, were associated with the protection against
both diseases [12] (Fig. 1). The N2081D poly-
morphism is located in the same LRRK2 kinase
domain, only 62 amino acids away from the major
PD risk variant, G2019S, and both risk variants
result in increased LRRK2 kinase activity with
respect to Rab10-phosphorylation (though to a higher
degree for G2019S) [12]. Along the same lines, the
protective variants, located in a Ras of complex (Roc-
COR) domain harboring GTPase function, confers
increased GTPase and Wnt activity [12, 14]. This
pleiotropy, however, does not apply to all LRRK2
gene variants. Thus, the M2397T variant located in
the WD40 domain of LRRK? and purported to cause
decreased LRRK2 expression, is linked to IBD but
not to PD [15-17] (Fig. 1); in addition, this vari-
ant confers enhanced CD14 +cell TNF-a or IL-12
cytokine production in response to IFN-y stimula-
tion in CD patients, whereas these cells exhibit no
increased TNF-a or IL-12 responses to the same
stimulant in PD patients whether they bear G2019S
and R1441C mutations or not [18]. In a similar vein,
none of the other major PD-driving LRRK?2 variants,
including N1437H, R1441G/C/H, Y1699C, 12012T,
12020T, have been implicated in IBD development
(Fig. 1). Overall, the picture that emerges is that

whereas PD and IBD share a genetic basis related to
LRRK? variation, they also manifest unique LRRK2
polymorphisms as well. The genetic link is in accord
with epidemiological studies from multiple national
databases demonstrating an increased risk of PD
development in patients with IBD [19-22], whereas
other studies showed no or opposite effect [23, 24]. It
was also suggested that early anti-inflammatory ther-
apies for IBD may lead to reduced risk of developing
PD [25].

One way the genetic relation between IBD and PD
can take part in a pathologic mechanism that is com-
mon to both of these diseases is through its possible
effect on the relation of LRRK?2 function to enhanced
innate pro-inflammatory immune responses (Fig. 2).
This possibility can be and, in fact, has been tested by
studies evaluating the effect of LRRK?2 on the output
of pro-inflammatory cytokines by stimulated periph-
eral cells (monocytes/macrophages or dendritic cells)
and equivalent cells in the CNS (microglia). However,
with respect to the responses of peripheral cells bear-
ing LRRK2 abnormalities the data so far obtained in
such studies are equivocal.

LRRK2 AND PRO-INFLAMMATORY
CYTOKINE RESPONSES OF
CIRCULATING CELLS

A very recent study Ahmadi Rastegar et al. has
shown that monocytes and macrophages derived from
murine induced pluripotential stem cells (iPS cells)
obtained from Wild Type (WT) and Lrrk2 knock-
out (KO) mice produce equivalent amounts of a
broad range of cytokines and chemokines follow-
ing stimulation with toll-like receptor 2 (TLR2),
TLR3 and TLR7/8 ligands whereas the same type
of cells from mice bearing the Lrrk2 G2019S
mutation (and exhibiting increased LRRK2 kinase
activity) produced strikingly increased amounts
of a considerable number of these cytokines
and chemokines [26]. However, two different
LRRK?2 kinase inhibitors failed to down-regulate the
enhanced cytokine/chemokine responses.

Given the increased cytokine responses of cells
bearing a gain-of-function LRRK2 mutation [26],
one might have expected that cells lacking LRRK2
would exhibit decreased cytokine responses. This
outcome is puzzling but nevertheless in accord with
most previous studies of peripheral cells from Lrrk2
KO mice stimulated by TLR or Dectin-1 ligands.
Thus, Wandu et al. reported that LPS-stimulated
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Fig. 1. Schematic representation of LRRK2 domain structure. Respective locations of the amino acid substitutions previously linked to
Parkinson’s disease and inflammatory bowel disease are shown. ARM, armadillo; ANK, ankyrin repeat region; LRR, leucine-rich repeat;
ROC, Ras of complex proteins; COR, C terminal of ROC; KIN, mitogen-activated protein kinase; WD40, WD40 protein-protein interaction
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Fig. 2. The gut-brain axis in Parkinson’s disease (PD). In this concept of PD pathogenesis, macrophages in the gut lamina propria are
induced by secreted pro-inflammatory cytokines in individuals carrying gain-of-function LRRK?2 variants that express increased levels of
activated LRRK?2; stimulation of cells by a-synuclein from enteric nerves may also occur at this site but this is still unproven. Macrophages
thus stimulated that gain entry into the circulation are attracted into brain tissue by chemokine-secreting microglia and in the brain tissue
are induced to produce pathogenic inflammatory cytokines by as yet undefined stimuli, possibly including a-synuclein once again; these
cytokines cause or aggravate neural degeneration. Also depicted are small intestinal Paneth cells whose function is regulated in part by
LRRK2; thus, LRRK? variants that affect this function and adversely regulate the composition of the gut microbiome may lead to PD by

promoting gut inflammation.

spleen cells from Lrrk2 KO mice exhibited about
the same or only slightly more cytokine secre-
tion than cells from normal mice [27]. Similarly,
other studies found that macrophage cell lines or
bone marrow-derived dendritic cells (BMDCs) from
Lrrk2 wild-type (WT) and KO mice produced equal
amounts of these cytokines upon TLR and Dectin-

1 stimulation [28, 29]. To muddy the water further,
Kubo et al. showed that lipopolysaccharide (LPS)-
stimulated BMDCs from Lrrk2 KO mice or BMDCs
from the latter mice with L. major infection pro-
duced very considerably more TNF-a and IL-6 than
BMDCs from WT mice [30] and Liu et al. found
that Dectin-1 ligand stimulated BMDMs from Lrrk2
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KO mice produced increased amounts of IL-6 and IL-
12p40 than cells from WT mice (although in this case
responses to a range of TLR ligands were equivalent
in cells from the two mouse sources) [17]. The only
study in which cells from Lrrk2 KO mice did regis-
ter an expected decreased cytokine response was in
a study also conducted by Wandu et al. showing that
BSA-stimulated spleen cells from BSA-immunized
Lrrk2 KO mice produce less IFN-y and IL-17 than
cells from similarly-treated WT mice [27]. This study
was in accord with the findings of Ikezu et al. show-
ing that IFNvy-stimulated CD14% monocytes from
humans with CD bearing the M2397T LRRK2 poly-
morphism that, as mentioned, has been reported to
result in reduced LRRK2 levels, exhibit increased
TNF-a and IL-12 responses compared to similar cells
from controls and that the increase is enhanced by
a LRRK2 kinase inhibitor [18]. However, in this
study the stimulated cells exhibited increased LRRK2
levels.

The finding by Ahmadi Rastegar et al. [26] show-
ing that LRRK?2 kinase inhibitors did not reverse the
increased responses of cells originating from mice
bearing LRRK2 with increased kinase function is also
puzzling, but in this case is not supported by prior
studies. Thus, Li et al. found that a LRRK?2 inhibitor
that inhibits LRRK2 GTP binding and kinase activ-
ity also inhibits TNF-a production by human B cell
lymphoblasts [31]. This study is in agreement with
those of Takagawa et al. [29] who showed that sev-
eral (but not all) LRRK2 kinase inhibitors (including
one of the inhibitors used by Ahmadi Rastegar et al.
[26]) suppressed TNF-a production by Dectin-1 lig-
and stimulated BMDCs. These inhibitor studies are
in accord with experiments conducted with murine
microglia (see below).

Finally, the finding that cells bearing LRRK2
with increased kinase function due to a muta-
tion exhibit increased cytokine secretion [26] does
comport with a previous study showing that
Dectin-1 ligand (ZymD)-stimulated BMDCs from
mice bearing a WT-LRRK2 transgene exhibited
increased TNF-a and IL-23 responses [29]. How-
ever, cells stimulated by either TLR2 ligands or
TLR4 ligand did not exhibit increased responses.
This might explain the finding that TLR4-ligand
(LPS)-stimulated peritoneal macrophages from mice
bearing a WT-LRRK2 transgene or a G2019S-
LRRK?2 transgene exhibited TNF-o and other
cytokine production levels equivalent to that of
similar macrophages from WT (non-transgenic)
mice [32].

LRRK2 AND PRO-INFLAMMATORY
CYTOKINE RESPONSES OF MICROGLIA

In contrast to the inconsistent findings relating
to pro-inflammatory activity of LRRK?2 in periph-
eral cells, studies of CNS macrophage-like cells,
microglia, have yielded a seamless profile of LRRK2
as a significant pro-inflammatory factor. Thus, some
ten years ago, Moehle et al. showed that TNF-
o responses (and downstream iNOS responses) of
isolated microglial cells stimulated by LPS were
reduced by LRRK2 kinase inhibitors or LRRK2
down-regulation by shRNA [33]. Moreover, it was
demonstrated that LRRK?2 binds to and phosphory-
late p53 and a microglial cell line transfected with
phosphorylated p53 produces increased amounts of
TNF-a, especially after LPS treatment [34]. Finally,
Russo et al. showed that microglia obtained from
knock-in G2019S mice produced increased amounts
of IL-13 compared to cells from WT mice when stim-
ulated with a-synuclein fibrils [35]. These more or
less direct studies of LRRK?2 pro-inflammatory activ-
ity are supported by studies by Kim et al. who showed
that microglial cell lines in which LRRK?2 is knocked
down by specific shRNA transfection display greatly
reduced IL-6 and TNF-a mRNA generation [36] and
by Russo et al. who demonstrated that IL-1@ and
COX2 synthesis is decreased in a microglial cell line
by LRRK2 inhibitors [35].

LRRK?2 REGULATION OF NF-«B/MAPK
RESPONSES

Studies of the relation of LRRK2 to NF-«B or
MAPK activation, the processes upon which cytokine
syntheses largely depend, are more consistent in
showing that LRRK?2 has a positive effect on pro-
inflammatory responses than studies of cytokine
output discussed above, regardless of whether the
cell has a peripheral or CNS origin. The first such
study addressing this question was conducted by
Gardet et al. [37] who showed that HEK293 cells
transfected with a WT LRRK?2-expressing plasmid
exhibited increased NF-«B activation compared to
cells expressing control plasmid as assessed by a
luciferase reporter [37]. A similar result was obtained
in studies by Kim et al. [36] and both studies showed
that transfection of LRRK?2 plasmids with mutations
that cause gain or loss of kinase activity had an effect
similar to the WT plasmid [36, 37]. Kim et al. also
found that phosphorylation of both p38 and JNK was
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also increased in the LRRK2-transfected HEK293
cells, but in this case LRRK?2 with a mutation causing
loss of kinase activity abrogated the LRRK2 effect on
phosphorylation.

Other studies of LRRK?2 effects on NF-«B acti-
vation conducted with peripheral cells or microglial
cells rather than transfected (HEK) cells provided
data verifying the enhancing effect of LRRK?2. Thus,
while Kubo et al. found that LPS-stimulated mouse
BMDCs from Lrrk2 KO mice exhibited increased
NF-«B (p65) expression (but not p-p38 or p-ERK
expression) [30], Kim et al. showed that a microglial
cell-line stimulated by several different TLR ligands
in which LRRK2 was knocked down by shRNA
exhibited decreased NF-«B activation by luciferase
reported assay and decreased cytokine production.
However, this was not associated with decreased NF-
kB activation (already mentioned above) but was
associated with increased binding of inhibitory p50,
an NF-«B inhibitor, to its DNA binding site [36],
leading to the conclusion that LRRK2 enhances
NF-«B activation by somehow decreasing inhibitory
p50 (or p50 homodimer) binding to the NF-«B
promoter.

Subsequent studies expanded on this theme
by showing that while LPS-stimulated primary
microglia from LRRK2 KO mice exhibit no sig-
nificant changes in their capacity to generate
NF-«B components (including p65), they do exhibit
increased expression of inhibitory phosphorylated
p50; in addition, such inhibition correlated with the
finding that a-synuclein fibril-stimulated microglial
cells produce decreased amounts of IL-1p [35],
indicating that, at least in microglial cells, dele-
tion of LRRK2 and its associated inhibitory effect
on NF-«B activation, leads to a decreased cytokine
response.

Whereas these studies (and additional studies dis-
cussed below) suggest that LRRK?2 has positive
effect on NF-«B activation by preventing a nega-
tive effect (p-pS0 generation), studies with LRRK2
inhibitors or with cells with increased LRRK2 expres-
sion or function go further by positing that LRRK?2
has an unalloyed positive effect on the mecha-
nisms of NF-«B/MAPK activation. Thus, Li et al.
found that human B cells exposed to a LRRK2
GTPase and kinase inhibitor exhibited decreased
plkBa and pMAPK expression [31] and Takagawa
et al. showed that ZymD-stimulated BMDCs from
mice bearing a BAC-expressing LRRK?2 transgene
exhibited increased p-IkBa and p65 expression,
as well as increased p-p38 and p-ERK expression

[29]. Similarly, Hongge et al. demonstrated that
IL-1B-stimulated human vascular endothelial cells
(HUVACS) exhibited increased expression of nuclear
p65, increased IkBa phosphorylation and increased
NF-«B activation when transfected with an LRRK?2-
expressing plasmid, especially if the LRRK?2 plasmid
bears a G2019S mutation [38]. These studies, taken
together, suggest that the enhancing effect of LRRK2
is upstream of NF-«B activation.

In reviewing the findings relating to LRRK2 regu-
lation of cytokine responses, it becomes apparent that
the inconsistency of the data resides mainly, if not
exclusively, in studies of Lrrk2 KO peripheral cells,
which exhibit either increased cytokine responses
or responses no greater than WT peripheral cells;
as already noted, this is contrary to the expectation
that these cells would exhibit decreased responses
that correspond to the decreased responses of cells
exposed to LRRK2 kinase inhibitors. One explana-
tion of this discrepancy is that Lrrk2 KO cells do
not truly display (lack of) LRRK?2 regulatory activity
because mice with loss of Lrrk2 cannot survive with-
out development of compensating mechanisms that
mimic normal LRRK2 regulatory activity. In contrast,
cells exposed to an LRRK?2 inhibitor do display lack
of LRRK?2 regulatory activity because the cellular
response to inhibitor is necessarily evaluated before
compensation can be brought about. This explana-
tion of the lack of decreased responses of Lrrk2 KO
cells accords with the fact that studies with microglial
cells uniformly suggest that LRRK?2 kinase func-
tion has a positive pro-inflammatory effect because
of the simple fact that studies of microglial cells
have not been with cells from KO mice. Finally, it
is important to note that the proposed compensa-
tion of LRRK2 function in KO cells may be limited
to LRRK2 immunoregulatory function so that other
LRRK?2 functions in KO cells may be truly absent.

MECHANISMS OF LRRK?2 EFFECTS ON
NF-kB ACTIVATION

Accepting now the concept that LRRK2 has a
positive effect on pro-inflammatory cytokine and
chemokine synthesis, the question arises as to the
mechanism of this effect. Russo et al. addressed this
question initially with studies of LRRK2 KO cells
(as described above) and later with cells exposed to
an LRRK?2 inhibitor, the latter providing more con-
vincing data because of the aforementioned concerns
about cells from LRRK2 KO mice [39]. In these stud-
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ies, the authors again showed that lack of LRRK2
kinase function (due to presence of inhibitor) was
associated with increased p-p50 expression, an NF-
«B inhibitor. In further studies they attributed this to
the fact that: 1) LRRK?2 interacts with and phospho-
rylates PKA-RIIb (a PKA subunit that regulates PKA
activity) and 2) LRRK2, in the presence of phospho-
rylated PKA-RIIb, activates phosphodiesterase E4
(PDEA4), a factor that then degrades cAMP, thereby
decreasing the concentration of a factor necessary
for PKA catalytic function and ability to phospho-
rylate p50. The end result is that LRRK2, by its
phosphorylation of PKA, facilitates NF-«B activation
via decreased p50 phosphorylation and binding to the
NF-«B promoter; consequently, increases in LRRK2
kinase function via mutation increases such inhibi-
tion and LRRK2 NF-«B-mediated pro-inflammatory
function whereas decreases in LRRK?2 kinase func-
tion via exposure to inhibitors has the opposite effect.
Russo et al. emphasize the significance of the above
findings by showing that stimulation of primary
microglia from mice bearing a Lrrk2 G2019S knock-
in mutation with a-synuclein fibrils causes increased
Lrrk2 phosphorylation compared to microglia from
WT mice and this is accompanied by greater IL-1[3
secretion by the knock-in cells.

This mechanistic explanation of LRRK?2 enhanc-
ing function, while plausible, invites some skepticism
because of its complexity and the lack of elucidation
of certain key steps such as how LRRK2 regulates
PDE4 and cAMP. In addition, it does not explain
how LRRK?2 enhances MAPK inflammatory func-
tion which is unrelated to p50. Finally, and perhaps
most importantly, it is inconsistent with the fact that
changes in LRRK2 function result in either positive
or negative changes in the interactive function of the
various adaptor proteins involved in NF-«B activation
that are possible targets of LRRK2 kinase function.
Thus, even if p50/p50 binding to NF-kB is, in fact, a
feature of LRRK?2 dysfunction, this could be a sec-
ondary effect to lack of primary NF-«B activation
and p65/p50 formation that ordinarily blocks pS0/p50
binding.

LRRK2 REGULATION OF THE
INFLAMMASOME

The discussion of the effect of LRRK2 function
on inflammation above has been mainly oriented
to its positive effects on pro-inflammatory cytokine
production arising from NF-«B/MAPK activation.

Relatively recently, however, another LRRK?2 mech-
anism of positive regulation has come into view,
namely its role in the activation of the NLRC4 inflam-
masome. The key finding here was the observation
by Liu et al., that NLRC4 activation by bacte-
rial components such as flagellin or Prg] expressed
by Salmonella organisms is greatly reduced in the
absence of LRRK2 (or in the presence of a LRRK2
inhibitor) and is increased in the presence of LRRK2
expressing the G2019S mutation [40]. Mechanisti-
cally, LRRK2 has this effect because it is the major
kinase involved in the phosphorylation of NLRC4 at
Ser533, an activation step necessary for NLRC4 inter-
action with ASC and caspase-1 to form the NLRC4
inflammasome capable of generating and secreting
mature IL-1B and IL-18. Thus, in the absence of
LRRK?2, peritoneal macrophages mount curtailed IL-
1B responses to Salmonella organisms and mice are
more susceptible to Salmonella infection; in addition,
LRRK2 G2019S transgenic mice mount more robust
responses to Salmonella infection.

LRRK REGULATION OF NFAT
TRANSLOCATION

The above discussion of the relation of LRRK?2
to inflammation views LRRK2 function as having
a positive influence on the various mechanisms that
underlie inflammatory events, i.e., one that supports
and/or enhances these mechanisms. There is, how-
ever, a body of work supporting the idea that LRRK2
has an inhibitory effect on pro-inflammatory mecha-
nisms and this is, in fact, its dominant role.

Evidence of this inhibitory effect was first put for-
ward by Liu et al. with data showing that LRRK?2 is
a necessary component of a suite of proteins, termed
NRON, that together sequester NFAT'1 in the cyto-
plasm of the cell and thus prevent translocation of
NFAT1 into the nucleus where it has the potential
to act as a cytokine transcription factor for a num-
ber of cytokines, especially IL-2 [17]. Among the
data supporting this view of LRRK2 function were
those from studies showing that over-expression of
LRRK2 in LRRK2-transfected HEK293 cells sup-
presses NFAT activation in a luciferase assay and
decreased nuclear expression of NFAT; in addition,
such over-expression increased the concentration
of NRON components and their association with
NFAT. Finally, in functional studies, Dectin-1 ligand
stimulated BMDMs from LRRK2 KO mice pro-
duced increased amounts of IL-12p40 and IL-6 than
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BMDMs from WT mice and, accordingly, Lrrk2 KO
mice exhibited more severe DSS-induced colitis than
WT mice. In this scenario, LRRK2 has a necessarily
negative effect on cytokine formation and only when
the cell manifests LRRK?2 deficiency does it exhibit
increased cytokine production. The authors there-
fore use this explanation of LRRK2 cytokine-related
function to infer that an LRRK? risk polymorphism
that confers decreased LRRK?2 survival and thus
decreased LRRK?2 concentration causes CD because
itresults in diminished NRON function and increased
nuclear translocation of NFAT1 and NFAT-induced
cytokine activity.

In critical evaluation of these findings, it is impor-
tant to note that the authors found that only zymosan
stimulation among a wide range of kinds of innate
stimulation, including stimulation by various TLR
ligands, led to increased cytokine responses in cells
from Lrrk2 KO mice. This finding differed from
that in several subsequent studies by the fact that
in the latter studies increased responses were not
found with any innate stimulus including zymosan.
In any case, the fact that cells from Lrrk2 KO mice
do not exhibit increased responses to most if not
all innate stimuli does not comport with presumed
increased NFAT translocation since the latter should
exert a positive “piggy-back” effect that endows all
innate stimuli with the ability to elicit an enhanced
response. This logical inconsistency in the data is
emphasized in a later study by Liu with Yan [41],
in which it was shown that stimulation of cells
with Lrrk2 deletion led to substantially decreased
cytokine responses to stimulation by NODI and
NOD2 ligands due to decreased down-stream
RIPK?2 phosphorylation; thus, the authors concluded
that LRRK2 has a enhancing effect on cytokine
production in spite presumed decreased NFAT
translocation.

Subsequent studies of LRRK?2 in relation to NFAT
and its nuclear translocation have provided additional
insight into the importance of this phenomenon.
In one such study, NFAT translocation and IL-2
production were evaluated in a dendritic cell line
expressing a luciferase NFAT reporter that enabled
assay of NFAT activation [42]. The authors found
that following stimulation of these indicator DCs
with Aspergillis swollen coccidia (termed A-sw),
i.e., fungal particles that activate cells via Dectin-
1 and induce non-canonical autophagy, the cells
express reduced amounts of LRRK?2 presumably due
to autophagic degradation of LRRK2. In addition,
the indicator DCs stimulated in this way exhibited

increased NFAT activation/translocation and IL-2
production compared to unstimulated cells and such
activation/translocation was ablated by exposure to
an autophagy inhibitor. In further studies, in this case
of Lrrk2 KO cells stimulated with A-sw, the authors
found that LRRK2 deficiency led to increased IL-2
secretion but not IL-12 and IL-23 secretion; this could
also be attributed to NFAT activation/translocation
because in a parallel study of cells in which LRRK?2
was knocked down by shRNA, A-sw stimulation
did lead to effects on NFAT. Whereas this study
provides support for negative LRRK2 regulation of
NFAT activation/translocation, its conclusions con-
cerning the consequence of this LRRK2 effect is
clouded by the fact that the studies were conducted
with a stimulus that induces autophagy, a process
that can itself cause increased cytokine secretion
independent of LRRK?2 [43]. More importantly, the
negative regulation did not affect cytokines most
implicated in inflammatory disease as implied by
Liu et al. [17].

In the most recent and comprehensive study of
the relation of LRRK?2 to NFAT translocation, Pana-
giotakopoulos et al. investigated the function of
iPSC-derived microglia and dopaminergic neurons
subjected to IFN-vy stimulation based on the fact that
interferon responses have been shown to contribute to
brain aging and neurodegeneration [44]. They found
that ionomycin-induced translocation was somewhat
reduced in cells with an Lrrk2 mutation and increased
in KO cells as compared to control cells; furthermore,
translocation was reduced in both control cells and
mutated cells by the presence of IFN-vy and this reduc-
tion was LRRK2-dependent since it was not seen in
Lrrk2 KO cells. Perhaps the most important of sev-
eral possible mechanisms explored in this study to
explain this effect became evident from reports of
LRRK2 effects on Ca* mobilization from the endo-
plasmic reticulum (ER), the latter an indispensable
initiator of NFAT translocation. Here they found that
thapsigargen-induced release of Ca™ from the ER
was impaired in mutated cells due to reduced ER
storage of Ca™; in addition, they found that induced
Ca™ release was diminished in control cells cultured
with [FN-v (presumably due to the effect of increased
LRRK?2 levels in IFN-y-stimulated cells) and there
was no reduction of Ca™ release in mutated cells
possibly due to already depleted Ca™ stores. These
findings thus led to the conclusion that LRRK?2 does
indeed cause decreased NFAT translocation, but this
effect is mainly due to an unexplained effect on Ca™
storage in the ER.
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In further studies, the LRRK2 regulation of NFAT
translocation and NFAT activity was shown to be a
possible mechanism of PD in that exposure of neu-
ronal cells to an inhibitor of calcineurin-mediated
NFAT activation or to IFN-y was shown to result
in neuronal structural abnormalities (such as neurite
shortening) that was reversed with LRRK?2 inhibitors.
However, the effect of decreased NFAT translo-
cation on cytokine generation was in this study
equivocal. Thus, assessment of cytokine synthesis
by human LPS-stimulated iPSC-derived microglia
with an Lrrk2 mutation exhibited a mixed picture
characterized by increased IL-1B/IL-12p70/MIP1(3
production and decreased IL-6/TNF-o/IL-8 produc-
tion; and, perhaps more significantly, cells with
LRRK?2 deficiency exhibited only minor differences
from control cells. On the basis of these data, the most
reasonable conclusion is that whereas NFAT translo-
cation may affect important neuronal or microglial
cell signaling functions it has, at best, only a partial
effect on cytokine production.

The observation that cells with decreased LRRK?2
expression exhibit increased translocation of NFAT
into the nucleus or that cells with increased LRRK2
kinase activity associated with LRRK?2 mutations
exhibit decreased translocation of NFAT made in
the above studies leave one with little reason to
doubt the validity of the phenomenon. The ques-
tion remains: what is its significance with regard to
LRRK?2 effect on inflammation? If one assumes it
implies that LRRK?2 has mainly a negative effect on
pro-inflammatory cytokine formation then it stands
in opposition to the weight of evidence derived
from the many studies reviewed above that point
to the conclusion that LRRK2 enhances cytokine
responses (knock-down studies) and such enhance-
ment is augmented by both increases in LRRK2 levels
(over-expression studies) and increased kinase func-
tion (mutational studies). Thus, even if LRRK?2 has
a negative effect on NFAT-mediated cytokine syn-
thesis, the negative effect seems to be over-ridden
by its positive effect on other pro-inflammatory
mechanisms (such as NF-«B activation). This latter
conclusion conforms to the fact that in contrast to the
initial findings of Liu et al. [17], subsequent stud-
ies, especially that of Panagiotakopoulou et al. [44]
showed that LPS-stimulated human microglial cells
bearing the G2019S mutation that exhibit reduced
NFAT translocation nevertheless produce increased
amounts of important pro-inflammatory cytokines
(IL-1B and IL-12p70) and LRRK?2-deficient cells
produce normal amounts of a wide range of cytokines.

RELATION OF LRRK2 ENHANCEMENT
OF PRO-INFLAMMATORY FUNCTION
TO PD (AND IBD)

Assessment of the kinase function of LRRK2
occurring in patients with PD bearing mutations in
the kinase or GTP-ase domains of the molecule have
revealed that the mutations cause increased kinase
function [7]. On the other hand, polymorphisms
associated with increased risk for development of
PD or IBD (some shared between the two dis-
eases as indicated above) occur at both coding and
non-coding LRRK2 sites, not necessarily in kinase
domains and have not always been assessed with
respect to their effect on kinase function. Never-
theless, these genetic changes can reasonably be
expected (at least in the majority of cases) to cause
increased kinase function since they have been asso-
ciated with increased LRRK2 expression and the
latter can cause increased LRRK?2 kinase function
on the basis of a mass effect [29]. By the same logic,
even cells bearing LRRK2 in the absence of a muta-
tion or polymorphism could be expected to manifest
increased LRRK2 kinase function when present in
an inflammatory milieu because exposure to IFN-vy
or to a TLR ligand (e.g., LPS) is known to increase
LRRK2 levels. On the assumption that increased
LRRK2 kinase activity occurring by one mechanism
or another leads to enhanced pro-inflammatory activ-
ity, one can confidently assume that, for the most part,
genetic abnormalities or inflammation itself leads
to enhanced inflammatory activity on the basis of
increased LRRK?2 kinase function. Evidence that this
is in fact true comes from extensive data, reviewed
above, showing that cells expressing LRRK?2 bearing
mutations or, at least in one case an IBD-
associated polymorphism, exhibit enhanced pro-
inflammatory cytokine formation and NF-«B activity
and that inhibitors of kinase activity abrogate such
enhancement.

This chain of reasoning leads to the conclu-
sion that abnormalities in LRRK?2 function resulting
in disease rely, at least in part, on the increased
pro-inflammatory effect that is caused by such abnor-
malities. In the case of IBD this conclusion is
obvious because the disease is widely understood
as a poorly regulated inflammatory response to anti-
gens/mitogens in the intestinal milieu. In the case of
PD, however, this conclusion is not at all obvious and
remains to be proven. What then are the main supports
for the idea that the degenerative changes to dopamin-
ergic neurons occurring in PD are in fact mainly or at
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least partly due to increased pro-inflammatory func-
tions mediated by LRRK2 (Fig. 2)?

For the better part of two decades, studies have
appeared showing that the kinase activity of LRRK2
is a necessary component of various aspects of neu-
ronal function and markers of toxicity, but this by
no means proves that this effect is necessarily chan-
neled by LRRK2 pro-inflammatory immunological
function. Likewise, ample evidence that neurode-
generation in patients or experimental animals is
accompanied by increased cytokine levels that might
be a result of increased LRRK2 kinase activity is not
necessarily amechanism of neurodegeneration. How-
ever, recent studies bearing on this issue are beginning
to address this question. In one such study conducted
by Kozina et al. [45] it was shown that mice bearing
transgenes over-expressing mutant (R1441G) human
LRRK2, but not wild-type human LRRK?2, develop
dopaminergic neuron loss upon systemic LPS admin-
istration and this was accompanied by increased
levels of various inflammatory cytokines in the brain,
notably cytokines previous associated with neurode-
generation, IFN-y and IL-1¢; in addition, there was
evidence of microglial activation and expression of
a gene activation pattern that had been induced by
IFN-y or TNF-a.. However, while such LPS admin-
istration was accompanied by up-regulation of Lrrk2
expression in neuronal cells, no Lrrk2 expression was
seen at any point in microglia. The source of the brain
inflammatory cytokines was not brain infiltration by
lymphocytes or myeloid cells since this was not seen
upon careful search; rather the source was periph-
eral cells producing circulating cytokines which had
crossed into the CNS. Thus, these studies suggest that
LRRK?2 mutations are associated with neurodegener-
ation because of their effect on the immune response
at a site outside of the brain. More formal proof of this
proposition came from subsequent studies by some of
the same authors who showed first that Rag1~/~ mice
(lacking B/T cell expression) and reconstituted with
R1441G/Lrrk2 BM cells develop neurodegeneration
upon LPS administration, whereas double mutant
Ragl™/~x R1441G/Lrrk2 chimeric mice reconsti-
tuted with WT BM cells do not, again indicating that
the presence of the mutation in peripheral cells, not
in the brain, is sufficient to cause neurodegeneration
[46]. They then showed that R1441G/Lrrk2 trans-
genic mice express increased amounts of IL-6 upon
LPS administration and neutralization of such IL-6
prevents neurodegeneration. Thus, in these studies
LRRK?2 is causing PD-like brain disease via periph-
eral cell elaboration of IL-6 alone. The authors called

this finding a paradigm shift in our understanding
of PD but important problems with their conclusion
remain including the fact that these results imply that
any inflammation causing chronic IL-6 hypersecre-
tion should result in PD and this is manifestly untrue.

A very different picture of the role of LRRK2 in
the causation of PD is based on recent studies by
Xu et al. [5] that focus on the role of a-synuclein
in PD. Here it was shown that a-synuclein fibrils
(but not monomers) induce LRRK2 expression and
downstream Rab10 phosphorylation in human and
mouse monocyte-derived macrophages and that these
processes depend on LRRK2 kinase activity as it is
completely inhibited by a LRRK2 kinase inhibitor;
however, such induction/phosphorylation is not seen
in monocyte-derived microglial cells. The authors
noted that accumulations of antigen-presenting cells
can be observed in the human brain adjacent to o-
synuclein inclusions; to determine the phenotype of
such cells and their LRRK?2 expression they iso-
lated and characterized cells present in brain sections
obtained from Lrrk2-transgenic mice (i.e., mice that
facilitated LRRK2 phenotyping) and Lrrk2 KO mice
following injection of a-synuclein. They found a
much greater accumulation of monocytic cells in
brain sections of the transgenic mice than in the KO
mice and the LRRK2-positive cells in the transgenic
mice consisted of cells bearing markers of monocytes
derived from the circulation; cells bearing markers of
microglia accumulated in the injected areas as well,
but these cells were LRRK2-negative. In further stud-
ies the authors tied the monocyte migration into the
brain implied by these studies to LRRK?2 kinase activ-
ity by showing that LRRK2-positive monocytic cell
accumulation in the brain after a-synuclein injec-
tion is enhanced in mice bearing Lrrk2 PD mutations
and is inhibited by administration of a LRRK2-
kinase inhibitor. In explanation of such activity the
authors refer to their previous work showing that
LRRK2, via its effect on Rab10 activation, facilitates
endosomal loading of CCL5 by macropinosomes
and thereby enhances CCL5 chemotactic function
[47]. They therefore put forward a hypothesis hold-
ing that a-synuclein fibrils generated in the brain
(or elsewhere) induce microglia or astrocytes to
produce chemokines that attract circulating mono-
cytes bearing chemokine receptors into the brain
(Fig. 2). Although the authors do not make this point,
increased expression of LRRK?2 (and Rab10) presum-
ably occurs outside of the brain to explain the fact
that they require LRRK2-induced chemokine recep-
tor expression to gain brain entry.
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The view of LRRK2 function in PD inherent in the
study of Xu et al. [5] seems to explain PD patho-
genesis better than the view of such function put
forward by the studies of Kozina et al. [45] because
it incorporates one of the defining features of PD
neurodegeneration, namely, the presence and func-
tion of a-synuclein in brain tissue. In this respect
it comports with a previous study utilizing a mouse
model in which a-synuclein is over-expressed that
showed that a-synuclein mediates robust chemokine-
mediated entry of peripheral monocytes into the brain
and that such entry is necessary for degeneration of
dopaminergic neurons [48]. Nevertheless, in focusing
exclusively on the role of LRRK2 on chemotaxis it
overlooks the possible pathogenic effect of LRRK2-
bearing intra-cerebral cells on adjacent neurons after
they enter the brain (Fig. 2). In addition, it provides
little room for the possibility, emphasized by Kozina
et al. [45] that cells can undergo LRRK2-mediated
enhancement of pro-inflammatory function follow-
ing encounter with a-synuclein or other stimuli in
the periphery.

If indeed PD neurodegeneration depends on entry
of LRRK2-positive macrophages into the brain as
implied by the Xu et al. [5], it is reasonable to
postulate that the cells bearing LRRK2 mutations
or polymorphisms that cause increased LRRK2-
mediated pro-inflammatory function described above
play a key role in PD pathogenesis. One possi-
ble stimulus of such cells is a-synuclein itself,
which in this case would confer on the latter the
role of macrophage-cytokine inducer as well as
microglial chemokine inducer. In studies supporting
such a-synuclein-dependent pro-inflammatory func-
tion Russo et al. [35] showed that exposure of primary
microglia (which in this study did express LRRK?2)
to a-synuclein causes LRRK?2 phosphorylation to
a greater extent than does LPS and induces acti-
vation of a suite of genes that overlaps with but
is distinct from that induced by LPS. In addition,
a-synuclein exposure induces microglial production
of superoxide dismutase (SOD2) and IL-1 that is
dependent on LRRK?2 function since such production
is reduced in LRRK2 KO microglia. Evidence that
a-synuclein has a similar immunostimulatory effect
on macrophages entering the brain comes from stud-
ies of a mouse model of neurodegeneration caused
by injection of adenovirus-expressed a-synuclein in
which it was demonstrated that the neurodegenera-
tion is dependent on entry of circulating monocytes
into brain tissue via chemokine receptor/ligand inter-
actions [48]. Importantly, the infiltrating monocytes

localized to sites of high a-synuclein expression
and exhibited evidence of activation, MHC-class 11
expression. Thus, these studies complement those of
Xu et al. [5] mentioned above in that they show that
a-synuclein is not only necessary to enable chemo-
tactic entry of macrophages into the brain, it is also
necessary for the induction of macrophage-mediated
neurodegeneration. Taken together, these data make
the case that LRRK2-related pro-inflammatory func-
tion does, in fact, contribute to PD neurodegeneration,
a concept previously supported by more general evi-
dence of immune dysfunction in PD derived from
experimental models, as well as clinical biomarker
and imaging studies of human patients (reviewed by
Tansey and colleagues [49, 50]).

LRRK2 ACTIVITY IN THE GUT AND ITS
RELATION TO PD

Whereas there is substantial evidence, extensively
described above, showing that LRRK?2 is an impor-
tant positive regulator of immune function and thus
plays a role in an inflammatory response contribut-
ing to PD within the brain, there is a dearth of
information of how LRRK?2 immune function in the
GI tract impacts PD. Studies conducted by Taka-
gawa et al., building on the fact that PD and IBD
(particularly CD) are associated with shared LRRK?2
polymorphisms, offer some data relating to this
issue [29]. These authors showed that cells bear-
ing such shared polymorphisms express increased
amounts of LRRK?2 and exhibit increased Dectin-1-
induced TNF-a responses, indicating that increased
expression of LRRK2 alone leads to enhanced
immune responses. In addition, they showed with
studies of Lrrk2 transgenic mice that increased
Lrrk2 expression causes increased NF-«B activation
and increased experimental gut inflammation (more
severe DSS-colitis) that is, in fact, ameliorated by
a LRRK?2 kinase inhibitor. These data thus implied
that LRRK?2 polymorphisms and resultant increased
LRRK?2 pro-inflammatory activity can be a genetic
factor contributing to the inflammation of CD. More
relevant to the present discussion, these data also
suggested that individuals bearing CD/PD shared
polymorphisms (Fig. 2) can be a “breeding ground”
for activated LRRK2-bearing macrophages with the
capacity to subsequently migrate to the brain and
cause or exacerbate PD as suggested by the studies of
Xuetal. [5] as well as, by Kozina et al. [45, 46] as pre-
viously discussed, which may, at least in part, explain
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the higher than expected rate of IBD-PD comorbidity
[19-22].

If, as implied above, the gut serves as a site for
the enhanced development of cells bearing increased
and/or activated LRRK2 in individuals with shared
CD/PD risk polymorphisms, it is of interest to define
the conditions in gastrointestinal tissues favoring
such development. The inflammation of CD is one
possible such condition since the inflamed mucosal
tissue is replete with IFN-v, a stimulator of LRRK2
expression. In this formulation, LRRK2 is both a
driver of CD inflammation and is, in turn, activated
by CD inflammation in a type of forward feed-
back. The concept that inflammation is a cause of
increased/activated LRRK?2-bearing intestinal cells
also applies to PD inasmuch as PD is accompanied
by an array of gastrointestinal tract symptoms that
occur during a prodromal phase or during the disease
course that could be interpreted as sub-clinical CD-
like inflammation (reviewed in [51, 52]). This clinical
evidence of gut inflammation in PD is accompanied
by lab-based evidence showing that colonic biopsies
from PD patients exhibit increased mRNA expression
of pro-inflammatory cytokines, including TNF-a,
IFN-y, IL-6, and IL-13 [53], as well as elevated levels
of IL-1a, 1B, CXCLS, and C-reactive protein in the
stool [54]. Furthermore, several recent studies have
reported that PD vs. control patients exhibit high lev-
els of fecal calprotectin, a protein released into the gut
lumen predominantly by neutrophils infiltrating the
mucosa during an inflammatory response [55-57].
As in the case of CD, this evidence of gut inflamma-
tion in PD can be both a cause and effect of enhanced
LRRK?2 expression.

Another possible factor to consider in relation to
LRRK2 activation in the gut of PD patients is the
presence of increase amounts of a-synuclein at this
site (see further discussion below). The significance
of this arises from recent studies by Alam et al.
showing that a-synuclein has a physiological role
in mucosal immune responses in healthy individ-
uals [58]. In these studies, it was shown first that
a-synuclein is localized and secreted in enteric nerve
tissue (ENT), is increased in gastrointestinal infec-
tion (such as Norovirus infection) and has a protective
role in that a-synuclein is a potent chemotactic fac-
tor that draws neutrophils and other cells into the
infected gut wall. In further work by the same authors,
it was shown that a-synuclein induces maturation of
macrophages and dendritic cells and thereby acts as
an adjuvant to cause increased response to various
immune stimuli as well as to a-synuclein itself. In

part, such adjuvanticity was due to the capacity of a-
synuclein to act as a TLR4 ligand and to thus initiate
MyD88 and TRIF signaling. Finally, these authors
marshaled data showing that a-synuclein emanating
from nerve tissue is secreted into the peritoneal cav-
ity and thus induces enhanced protective response to
intra-peritoneal infection. These studies highlight a-
synuclein as an innate immunological stimulus and
thus opens the door to the possibility that this factor
may be playing a role in the activation of LRRK2-
bearing cells and LRRK?2 itself in PD patients.

The above studies of a-synuclein complement
previous studies of mucosal a-synuclein in PD that
revolve around the Braak hypothesis (or Gut-First
hypothesis) that advances the idea that PD neural
degeneration is initiated in the gastrointestinal tract.
This hypothesis draws upon the fact that a-synuclein
concentrations are increased in the ENT of a sub-
stantial number of patients with PD and has been
shown to be secreted by neural cells (microglia).
Furthermore, there is evidence showing that mis-
folded a-synuclein accumulates first in the ENS
and then travels caudad to the dopamine-producing
neurons where it initiates definitive PD development
(reviewed in Borghammer et al. [59]). Whether or
not this hypothesis is true, the fact that a-synuclein is
present in the mucosal tissues and has immunological
function at this site suggests that this factor can be a
contributor to enhanced activation of LRRK2 in the
gut of PD patients. A final and related point is that
the accumulation of a-synuclein in the ENT as well
as the presence of LRRK2 in this tissue introduces
the possibility that enteric nerve function is disrupted
by a-synucleinopathy and this contributes to the GI
symptoms of PD recounted above.

MUCOSAL IMMUNOLOGICAL
MARKERS IN PD

Quite aside from studies of LRRK?2 and LRRK?2-
bearing cells in PD pathogenesis discussed above are
the many important studies of LRRK2 and related
factors as mucosal immunological markers that are
more accessible and perhaps earlier indications of the
presence of PD.

Intestinal inflammatory biomarkers in PD

As noted above there are several studies document-
ing that many patients with PD display elevations
of various cytokines, chemokines, and immune cell
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populations in mucosal tissues. Coupled with this
there was the finding in one report that the fecal
calprotectin levels in the stool, a reliable indica-
tion of the presence of gut inflammation widely
used in the differential diagnostic and monitoring
of IBD, was found in 43% of PD patients and in
none of the controls. However, since in this study
there was no correlation between fecal calprotectin
and PD duration [55], these data suggested that fecal
calprotectin is a marker of disease initiation rather
than disease progression. Two other fecal markers
of intestinal inflammation measuring in this case
epithelial layer permeability and reduced expression
of tight junction proteins, alpha-1-antitrypsin and
zonulin, were significantly elevated in PD patients
compared to age-matched controls in some [57] but
not other reports [55]. Of note, in related studies,
stool biomarkers of inflammation correlated with
the presence of a-synuclein aggregates in a mouse
model of PD [60] and in human PD samples [61], as
well as PD onset and symptom severity [56]. These
elevations in inflammatory markers, as alluded to
above, could be an effect of LRRK?2-related immune
enhancement and a-synucleinopathy; in addition, as
discussed below, it could reflect pro-inflammatory
effects of an altered gut microbiota (reviewed in
Chen & Lin [62]).

LRRK? activity as a marker of PD in the gut

The possible role of the gut as an incubator of
LRRK?2-expressing cells with pathologic potential in
PD, as discussed above, is supported by a study in
which it was demonstrated that there is increased
LRRK?2 expression in colonic biopsies from patients
with PD compared to age- and gender-matched con-
trol [63]. In this study, the colonic LRRK2 level
in PD patients correlated with disease severity in
both motor and cognitive function and the expres-
sion levels were higher in those carrying LRRK? risk
or pathogenic polymorphisms rather than wild type
LRRK?2 polymorphisms. Furthermore, PD patients in
the prodromal phase had increased colonic LRRK2
expression compared to controls and, as the dis-
ease progressed, the expression of LRRK2 in colonic
tissues increased, suggesting that colonic LRRK2
expression may serve as a surrogate gut-oriented
marker of PD [63]. It should be noted, however, that in
another study it was found that both LRRK?2 expres-
sion and Rabl0 phosphorylated at Thr73 kinase
activity were significantly reduced in the colon of PD
patients; this contrasted with findings in the CD gut,

in which LRRK?2 was upregulated in inflamed areas
[64]. These results correlated with animal experi-
ments wherein LRRK?2 expression was significantly
lower in the colons of aged a-synuclein transgenic
mice bearing enteric a-synuclein deposits when com-
pared to young mice not bearing such deposits and
with studies of DSS-induced colitis in WT mice,
in which the presence of induced inflammation was
accompanied by increased LRRK2 levels [64]. These
negative observations were obtained in studies of
patients without evidence of gut inflammation and
may reflect the possibility that gut-derived cells bear-
ing LRRK2 may play a role in some but not all
patients with PD and that the former consist of
those patients bearing LRRK?2 polymorphisms. Thus,
the establishment of a correlation between prodro-
mal disease progression and LRRK2 expression and
kinase activity, as indicated by colonic LRRK?2 activ-
ity, could be an early indicator of PD despite disease
heterogeneity.

A totally different way that LRRK2 levels and
activity may give rise to gut PD markers is related to
LRRK?2 activity in Paneth cells, i.e., secretory epithe-
lial cells that reside at the bottom of small intestinal
crypts that provide mucosal defense by secreting
antimicrobial substances such as lysozyme and -
defensins into the intestinal lumen [65]. Previous
reports have linked abnormal Paneth cell function (as
shown in Fig. 2) to CD pathogenesis [66], presum-
ably resulting from the fact that such cells affect the
composition of the microbiome and/or affect mucosal
barrier function. In addition, it has been reported that
LRRK?2 along with NOD2, a bacterial sensor with
polymorphisms linked to both CD [67, 68] and PD
[69], is involved in sorting of lysozyme in the Paneth
cells [70]; thus, defects in either LRRK2 or NOD2
function result in lysosomal degradation of lysozyme
rather than secretion of intact lysozyme. It has also
been shown that LRRK2 M2397T, a CD susceptibility
allele identified in European ancestry populations, is
associated with an abnormal Paneth cell phenotype in
a Japanese cohort [71]. As noted above, this LRRK?2
polymorphism is not associated with increased risk of
PD; however, other, as yet unidentified LRRK?2 poly-
morphisms affecting Paneth cell function may have
this property. As such, future studies are necessary to
characterize transcriptomic and signaling signatures
of Paneth cells in individuals with high risk for PD
and PD patients with different genetic backgrounds
to explore Paneth cell activity as an early biomarker,
as well as therapeutic target, for PD development and
progression.
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a-synuclein in the gut as a marker in PD

In our current understanding of PD pathogenesis,
the role of a-synuclein as an instigator of gut inflam-
mation [72] and thus enhanced (and pathological)
pro-inflammatory LRRK?2 function suggested above
is over-shadowed by its role as an effector of neuronal
degeneration in brain tissue (Fig. 2). In this regard,
there is substantial experimental evidence pointing
towards the fact that in this respect LRRK2 is play-
ing the supportive role in the effects of a-synuclein
in that it accelerates the progression of a-synuclein-
mediated neurodegeneration in the brain (reviewed
in O’Hara et al. [73]). One aspect of such support
is that LRRK?2 is present within microglia (and per-
haps within neurons as well) and that LRRK?2 has
been shown to retard intracellular clearance of a-
synuclein by its effects on endocytic activity. Thus,
LRRK?2 within neural tissue promotes neuronal o-
synuclein accumulation and the development and/or
progression of PD in a manner that has little to do
with its pro-inflammatory properties.

The above relation of a-synuclein to LRRK2
notwithstanding, the possibility that a-synuclein
expression in the gut of PD patients also can serve
as a marker of the presence of PD is still viable,
albeit still unproven. Thus, whereas several studies
have suggested that a-synuclein and Lewy bodies
detected in the colonic biopsy samples are specific for
PD [74,75], others have suggested that it is acommon
finding not specific to PD [76, 77] (also reviewed in
Fricova et al. [78]). Well-powered prospective stud-
ies with standardized sample location and mucosal
depth, coupled with the use of multiple antibodies in
patients with prodromal PD, IBD, and PD, stratified
by LRRK?2 mutation carrier status, might improve our
understanding of the prognostic value of immuno-
cytochemical detection of a-synuclein in the gut in
patients with PD.

The role of the microbiome in PD pathogenesis

Given the possibility that gut inflammation may
contribute to PD pathogenesis via its effect on
LRRK?2 expressing cells as discussed above, it is
important to mention that the intestinal homeosta-
sis (i.e., lack of inflammation) depends to some
extent on proper interactions between the mucosal
immune system and commensal bacteria. In particu-
lar, abnormalities in the gut microbiome (dysbiosis)
have been thought to contribute to IBD inflammation
by causing deficits in bacterial subpopulations that

induce inflammation-suppressing regulatory cells
(reviewed in Glassner et al. [79] and Qiu et al.
[65]). Intestinal dysbiosis contributing to gut inflam-
mation has likewise been suspected to be present
in patients with PD, inasmuch as the latter fre-
quently display reductions in beneficial intestinal
components such as short chain fatty acids that
are produced by intestinal microbiota [56, 80, 81].
This finding correlates with several studies cen-
tered on preclinical PD models. Here it was shown
that gut microbes can promote neuroinflammatory
responses leading to increased motor disability and
a-synuclein deposition in the brain. Moreover, germ-
free a-synuclein-overexpressing mice were shown
to present with less motor deficits, microglia acti-
vation, and a-synuclein pathology compared to
control animals [82]. Remarkably, colonization of a-
synuclein-overexpressing mice with microbiota from
PD patients enhanced physical impairments com-
pared to microbiota transplants from healthy human
donors, further suggesting that the gut microbiome
represents a risk factor for PD. Lastly, reduced
LRRK2 concentrations has been shown to increase
the overall bacterial richness and alter bacterial com-
munity structure, while also alleviating experimental
colitis development and progression [83]. In aggre-
gate, these studies profiling the gut microbiome in
Lrrk2-mutant mice and in response to LRRK?2 inhibi-
tion therapy could help better understand the interplay
between LRRK2 activity and the gut microbiome,
thereby leading to the development of novel sensitive
markers and/or treatment targets for PD, especially
as fecal microbiota transplantation is currently being
explored as a potential therapy for PD [84].

The impact of intestinal dysbiosis on clinical
features of PD is still poorly understood. Emerg-
ing studies demonstrate that, compared with the
tremor-dominant PD subtype, the diversity of Enter-
obacteriaceae bacteria was higher in PD patients with
postural instability and gait difficulty, with disease
severity positively correlating with these bacteria’s
relative abundance [85]. Also, reports suggest the
role of certain bacteria in the appearance of PD-
associated symptoms. For example, low abundance
of B. fragilis and Bifidobacterium has been associated
with worsening of motivation/initiative and halluci-
nations/delusions, respectively, using the Movement
Disorder Society-United Parkinson’s Disease Rat-
ing Scale (MDS-UPDRS) scoring system [86], while
the Clostridium coccoides and Lactobacillus gasseri
species have reportedly differentiated between early
and advanced stages of the disease [87] (also
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reviewed in Dutta et al. [88]). Whether LRRK? poly-
morphisms contribute to the gut dysbiosis or modify
the relationship between intestinal microbiome and
PD manifestation remains to be determined.

CONCLUDING REMARKS

In this review we have focused on the capacity of
LRRK?2 to mediate pro-inflammatory activities and
thus to contribute to neurodegeneration in the brain.
In addition, in that LRRK?2 pro-inflammatory func-
tion may depend on genetically determined factors
predisposing PD patients to gut inflammation sim-
ilar to those operative in CD, we have marshaled
evidence of a gut-brain axis in PD (Fig. 2). Hav-
ing developed these concepts, however, we do not
seek to imply that LRRK?2 only affects PD patho-
genesis via its pro-inflammatory function. On the
contrary, we are fully aware of the ample evidence
that LRRK2 may also contribute to PD development
via its various effects on vesicle transport, autophagy,
cytoskeletal organization or mitochondrial function,
any of which could interfere with normal neuronal
function directly or indirectly by facilitating down-
stream a-synuclein aggregation.

To place the pro-inflammatory role of LRRK2
in PD into prospective it is reasonable to assume
that this role may vary among individual patients
or patient groups depending on differences in
genetic factors and co-factors affecting LRRK?2
pro-inflammatory function. At one end of the
spectrum at which LRRK2 exerts a maximal
enhancing pro-inflammatory effect, LRRK2 muta-
tions/polymorphisms may cause neurodegeneration
in the absence of a-synuclein aggregation and a-
synucleinopathy; this could explain the existence of
the appreciable percentage of patients bearing LRRK?2
mutations that lack Lewy body pathology at autopsy
[89]. This is not in conflict with, and could in fact
explain, the clinical observation that PD associated
with LRRK2 mutations is somewhat milder than idio-
pathic PD [90] since LRRK2-driven PD under these
circumstances may induce neurodegeneration in the
absence of other pathological mechanisms that, when
operative, intensify disease. At the other end of the
spectrum at which LRRK?2 polymorphisms exert min-
imal enhancing pro-inflammatory effects, LRRK2
abnormalities may give rise to generally milder neu-
rodegeneration; this would provide a second reason
that LRRK2-driven PD is less severe than idio-
pathic PD. Importantly, the above proposed spectrum

applies to gain-of-function LRRK?2 genetic abnor-
malities that lead to neurodegeneration. However, as
noted above, there are protective LRRK2 polymor-
phisms (located in the RocCOR domain of LRRK?2)
that have been shown to cause increased GTPase
and Wnt activity [12, 14]. These polymorphisms
may be protective because they cause decreased
LRRK?2 kinase activity or because they have positive
effects that oppose neuron degeneration; however,
this remains to be demonstrated.

With respect to the role of gut inflammation as
an instigator of PD via its effect on intestinal cells
bearing activated LRRK?2 capable of migration to the
brain as suggested here, it is important to empha-
size that the GI symptoms and signs of inflammation
associated with or even preceding PD need not be
indicative of full-blown Crohn’s disease which in
any case may be difficult to define as present since
this disease is lacking a unique marker. The rather
convincing evidence that a sub-group of PD patients
have gut inflammation is sufficient basis of the gut
activation/migration concept whether or not Crohn’s
disease is present because it is safe to say that
the inflammation is associated with the secretion of
cytokines (such as IFN-v) that cause LRRK2 activa-
tion.

In future studies of the gut-brain axis in PD it is
critical to conduct a systematic comparative profiling
of the LRRK2 expression and activity along the entire
digestive tract and across the gastrointestinal wall, not
only in animal models but also in human biopsy tissue
samples from individuals with IBD, prodromal and
established PD, and well-matched controls. Ideally,
this would be coupled with comprehensive profiling
of ENS, including enteric neurons and enteric glial
cells using multi-omics approaches. In addition, as
shown in recent analyses of colonic biopsies obtained
during routine cancer screening such studies can be
utilized to correlate burden of PD markers with neu-
rological and gastrointestinal symptoms (reviewed in
Corbillé et al. [91]). Among the more pressing goals
of these biopsy-based studies is the need to determine
if ENS pathology can be used to diagnose and mon-
itor PD and if ENS is a valid therapeutic target in
PD, as it is currently considered in certain gastroin-
testinal diseases [92]. Additionally, it is imperative
to identify early signs of PD before disease onset,
especially in IBD patients who are at a higher risk of
PD. Finally, there is a need to determine whether cal-
protectin, alpha-1-antitrypsin and zonulin, or other
intestinal inflammatory biomarkers (e.g., lactoferrin
or lipocalin), can be used to stratify individuals at risk
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of PD, define PD subtypes and/or monitor the effect
of interventions in PD.
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