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Abstract

Sequence variants at or near the leucine-rich repeat kinase 2 (LRRK2) locus have been associated
with susceptibility to three human conditions: Parkinson disease (PD), Crohn’s disease and
leprosy. Because all three disorders represent complex diseases with evidence of inflammation, we
hypothesized a role for LRRKZin immune cell functions.

Here, we report that full-length Lrrk2 is a relatively common constituent of human peripheral
blood mononuclear cells (PBMC) including affinity-isolated, CD14+ monocytes, CD19+ B-cells,
and CD4+ as well as CD8+ T-cells. Up to 25% of PBMC from healthy donors and up to 43% of
CD14+ monocytes were stained by anti-Lrrk2 antibodies using cell sorting. PBMC lysates
contained full-length (>260 kDa) and higher molecular weight Lrrk2 species. The expression of
LRRK2Zin circulating leukocytes was confirmed by microscopy of human blood smears and in
sections from normal midbrain and distal ileum. Lrrk2 reactivity was also detected in mesenteric
lymph nodes and spleen (including in dendritic cells), but was absent in splenic mononuclear cells
from /rrk2-null mice, as expected. In cultured bone marrow-derived macrophages (BMDM) from
mice we made three observations: (i) a predominance of higher molecular weight Irrk2; (ii) the
reduction of autophagy marker LC3-11 in R1441C|rrk2-mutant cells (=31%); and (iii) a significant
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up-regulation of /rrk2 mRNA (>4-fold) and protein after exposure to microbial structures
including bacterial lipopolysaccharide and to lentiviral particles.

We conclude that Lrrk2 is a constituent of many cell types in the immune system. Following the
recognition of microbial structures, stimulated macrophages respond with increased /rrk2 gene
expression. In the same cells, Irrk2 appears to co-regulate autophagy, which is reduced

in R1441C|rrk2-mutant mice. A pattern recognition receptor-type function for LRRK2 could
explain the locus association with Crohn’s disease and leprosy risk. We speculate that the role of
Lrrk2 in immune cells may also be of relevance for the susceptibility to develop PD or its
propagation.
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INTRODUCTION

Parkinson disease (PD) is a progressive, late-onset disorder of the nervous system of unclear
pathogenesis. Several loci, multiple genotypes and select environmental triggers have been
identified in the aetiology of this complex disorder (Klein and Schlossmacher 2007).
Previously published autopsy studies of brain from PD patients have provided evidence for
neuroinflammation (Hirsch and Hunot 2009; Simon-Sanchez et al. 2009; Reale et al. 2009),
including activation of microglia and infiltration of the midbrain by CD4+ and CD8+
lymphocytes (Brochard et al. 2009).

Heterozygous missense mutations of the LRRKZ2 gene represent a common cause of
sporadic and heritable PD (Mata et al. 2006; Greggio and Cookson 2009; Klein and
Schlossmacher 2007; Marin 2006; Taylor et al. 2006). Intriguingly, the G2019S variant of
Lrrk2 (the protein is also referred to as Dardarin) can be found in ~40% of all PD patients of
Arab background and in ~20% of PD subjects with Ashkenazi Jewish heritage (Klein and
Schlossmacher 2007). Depending on ethnicity and geography, the frequency of bona fide
mutations in the LRRKZ gene can vary considerably (Grimes et al. 2007). In contrast to
other genes linked to late-onset neurological disorders, the mean penetrance rate of
pathogenic LRRKZ2 mutations is relatively low (~30%). When taken together, these results
suggested that LRRK2 may act chiefly as a susceptibility gene, and that a “second hit” is
required to express the PD phenotype in an autosomal dominant-type manner (Klein and
Schlossmacher 2007).

In situ hybridization and Northern blotting results revealed surprisingly low signals for
LRRK2mRNA in mammalian brain with modest amounts found in the putamen and
caudate, and very low levels recorded in critical PD sites including the Substantia nigra of
human midbrain (Galter et al. 2006; Zimprich et al. 2004). In contrast, LRRKZ transcripts
are more abundant in kidney, lung, spleen and testis of mammals (eg, Maekawa et al. 2010).

In their first report on the discovery of LRRKZ, Zimprich et al. identified an unexpected
heterogeneity of neuropathological findings in several mutation-carrying patients. The post
mortem analysis of their initial cases and of subsequently examined material revealed three
distinct phenotypes: (i) brainstem synucleinopathy (=typical PD); (ii) diffuse Lewy body
pathology (=definite dementia with Lewy bodies); and (iii) nigral degeneration without a
distinctive histopathology. Rarely, a tangle-bearing, progressive supranuclear palsy-type
pathology was diagnosed (Zimprich et al. 2004; Marin 2006; Wider et al. 2010). This range
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of expressivity in neurodegeneration thus positioned LRRK2Z mutations farther away from
the dysregulation of a—synuclein (SNCA) metabolism than mutational events affecting the
SNCA gene and the GBA1 gene (Neumann et al. 2009; Cullen et al. 2011).

The LRRKZ2gene contains 51 exons that encode 2527 amino acid-long, >260 kDa-large
protein (Klein and Schlossmacher 2007). Full-length (FL) Lrrk2 contains a leucine-rich
repeat (LRR) domain, a Roc GTPase domain, a COR domain, a mitogen-activated protein
kinase (MAPK) domain, and a C-terminal WD40 domain (Mata et al. 2006; Greggio and
Cookson 2009; Klein and Schlossmacher 2007). Its LRR and WDA40 elements are thought to
be involved in interactions with negatively charged proteins, phospholipids or nucleic acids.
Lrrk2 protein is associated with the cytoplasm, the plasma membrane, autophagic vacuoles
and mitochondria (West et al. 2005; Alegre-Abarrategui et al. 2009; Melrose 2008). The
physiological and pathological substrates of Lrrk2’s MAPK-type activity are under intense
investigation (Mata et al. 2006; Greggio and Cookson 2009). Its GTPase function is thought
to control MAPK activity including auto-phosphorylation (Mata et al. 2006; Greggio and
Cookson 2009). Berger et al recently demonstrated that Lrrk2 multimers (eg, dimer and
trimer) are more likely to be associated with membrane structures, to show more efficient
binding of GTP, and to confer greater kinase activity (Berger et al. 2010).

Mutations in the GTPase domain (eg, R1441C) cause accumulation of autophagic vacuoles
with increased levels of p62 (Alegre-Abarrategui et al. 2009). Intriguingly, Tong et al
recently created knock-out mouse models of /rrk2, which —unexpectedly- revealed no
neurological or neurochemical defects, but showed impaired protein degradation via the
autophagy-lysosome pathway, in particular in both kidneys. Accumulation of lipofuscin, a
rise in ubiquitylated proteins, dysregulation of LC3-11 and p62, and up-regulation of pro-
inflammatory as well as pro-apoptotic proteins were recorded in 20 month-old /727~ mice
(Tong et al., 2010). These findings identified an essential role for Irrk2 in lysosomal
autophagy outside the nervous system, and -if confirmed by other /rrk2-null models- raise
further questions as to the precise mechanism(s) by which LRRK2 mutations confer
neurological disease in humans.

In a recently published genome-wide association study, single nucleotide polymorphisms at
the LRRKZ/MUC19locus were identified as modulators of Crohn’s disease (CD)
susceptibility (Barrett et al. 2008). CD is classified as an autoimmune disease where the
terminal ileum comes under attack by the host’s immune system in response to microbial
colonization and/or invasion, thereby resulting in chronic inflammation. To date, 30 distinct
loci have been involved in CD susceptibility including genes encoding innate pattern
recognition molecules, lymphocyte differentiation factors, autophagy components, and
regulators of secondary immune responses (van Limbergen et al. 2009). Among the group of
‘pattern recognition receptors’, mutations in the gene encoding nucleotide-binding domain-
contacting-2 (Nod?2) are strongly associated with CD risk (Stockton et al. 2004; Ogura et al.
2001; Maeda et al. 2005). Of note, the structure of Nod2 contains six LRRs. Nod2 is
predominantly expressed in peripheral leukocytes and is involved in the activation of
nuclear factor-xB (NF-xB) signaling following the recognition of bacterial
lipopolysaccharides (LPS).

In an unrelated genome-wide association study of leprosy susceptibility, Zhang et al
identified single-nucleotide polymorphisms at the LRRKZ locus as risk modifiers (Zhang et
al. 2009). Leprosy (aka Hansen’s disease) is caused by infection with Mycobacterium
leprae, which shows tropism for macrophages and Schwann cells (Schurr et al. 2006; Alcais
et al. 2005). The authors proposed a gene-interaction network involving multiple loci
including LRRKZthat when altered confers susceptibility to leprosy. Importantly, variations
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in several of the genes associated with leprosy risk were previously linked to inflammatory
bowel disease, including CD (Schurr and Gros 2009; Buschman and Skamene 2004).

Given the evidence reviewed above, we speculated that the function of endogenous Lrrk2
may: (i) be similar to a LRR domain-carrying member of the pattern recognition receptor
family (eg, Nod2); and (ii) play an important role in autophagy by cells of the innate or
adaptive immune system, or both. To date, three studies have provided evidence for a role of
Irrk2 in immune system function (Maekawa et al. 2010; Kubo et al. 2010). Maekawa et al
found high /rrk2 expression in one specific subtype of murine B-lymphocytes (ie, B1-cells).
The same group reported that /rrk2 mRNA and protein levels progressively decrease in
mouse spleen during ageing. This decline was not observed in kidneys, lungs or brain
(Maekawa et al. 2010; Kubo et al. 2010). More recently, Gardet et al identified several other
leukocyte populations with relevance to CD pathogenesis that expressed /rrk2and provided
evidence that the gene’s transcription is up-regulated through an interferon-gamma (IFN-vy)-
mediated signaling pathway (Gardet et al. 2010).

In this study, we extend these findings and show that full-length Lrrk2 is a constituent of
human peripheral blood mononuclear cells (PBMC) including monocytes, T-cells and B-
cells. We confirm the expression of LRRKZin circulating leukocytes by microscopy of
peripheral blood smears, in sections from normal midbrain and distal ileum, and by isolating
cells from organ homogenates of mesenteric lymph nodes and spleen. We also find that
cultured bone marrow-derived macrophages (BMDM) from mice show robust basal levels
of higher molecular weight (HMW) Irrk2; there, we also provide evidence for autophagy
dysregulation in R1441C|rrk2 mutant knock-in mice, and demonstrate the up-regulation of
Irrk2 MRNA and protein in BMDM after exposure to microbial pathogens.

MATERIALS AND METHODS

Human blood and tissue collection

Venous blood was collected by routine phlebotomy from healthy adult donors (n=10) at The
Ottawa Hospital using EDTA as an anticoagulant. Blood collection vacutainers were
purchased from Becton, Dickinson and Company (Franklin Lakes, NJ). Epstein-Barr Virus
(EBV)-transformed lymphoblasts generated from healthy control donors (n=4) and PD
subjects (n=2) were obtained from the Harvard NeuroDiscovery Center and Dr. I. Irrcher,
respectively (Aleyasin et al. 2010). Sections of formalin-fixed, paraffin-embedded human
tissues (encompassing midbrain, distal ileum, spleen, mesenteric lymph nodes; n=2 each)
were collected during routine autopsies from neurologically healthy subjects at The Ottawa
Hospital and kindly provided by Dr. J. Woulfe. Human specimens were collected according
to ethics board-approved institutional guidelines.

Animal models expressing mutant Irrk2 genotypes

The generation of /rrk2knock-in mice carrying the R1441C|rrk2 variant and of germ line
deleted /rrk27I~ mice (targeting the promoter and exon 1) were previously reported (Tong et
al. 2009, 2010; Tong and Shen 2009). These mice as well as human wild-type LRRK2
cDNA-transgenic flies and their littermates (carrying the same regulatory domains but
without LRRK2cDNA) were used as positive and negative controls in microscopic and
biochemical experiments. The generation and characterization of these flies were previously
reported (Venderova et al. 2009).

Sorting of leukocytes

Collection of PBMC from human donors (20-60 ml), their separation from red blood cells
and granulocytes using Ficoll gradients, and affinity-isolation of CD14+ monocytes, CD19+
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B-cells, and CD4+ as well as CD8+ T-cells were carried out, as described. Leukocyte
subtypes were magnetically labeled using Microbeads directed against cell surface markers
and processed by MACS® Separator. Selected cells were eluted, fixed, permeabilized,
stained with primary and secondary antibodies, and gated by FACS, as reported (Vranjkovic
et al. 2011). In related experiments, homogenates of select wild-type (WT) mouse organs
(age 13 weeks; C57BL/6 strain) were dissected; single cell suspensions were prepared by
mechanically passing tissue lysates through a sterile cell strainer (70 um nylon mesh) using
a pestle. Cells were then seeded in 96-well plates, and stained with anti-Irrk2 antibody
MJFF-1 (clone, C5-8) along with antibodies directed against various sub-populations of
leukocytes in each organ. Anti-mouse antibodies CD11b (PE) (a marker of macrophages),
CD45R (B220) APC-eFluor® 780 (a marker of B-cells ), TCRp APC-eFluor® 780 (a
marker of T-cells), Ly-6G (Gr-1) Cy5 (a marker of granulocytes) and CD11c PE-Cy7(a
marker of dendritic cells) were used to sort different cell types. Detection of Irrk2
intracellular staining was carried out by applying secondary antibody (anti-rabbit IgG (H+L)
Alexa Fluor ® 488) at optimized concentrations. Subsequent flow cytometry analysis
determined the relative expression levels of proteins of interest (Le Bourhis et al. 2009).

Bone marrow-derived macrophage cultures

Protocols for obtaining BMDM from mice were adapted from those by Werts et al. 2007.
Briefly, BMDM were cultured in RPMI 1640 medium, fetal calf serum (10% v/v), penicillin
(100 U/ml), streptomycin (100 pg/ml), sodium pyruvate (1 mM), non-essential amino acids
(0.1 mM), and supplemented with conditioned media of a macrophage colony-stimulating
factor (M-CSF)-expressing cell line (L929, 30% v/v). BMDM were plated and maintained at
5% CO» at 37°C, and stimulated on dayin-vitro (DIV) 7. A separate set of macrophages
were transduced with lentivirus. Recombinant viral particles were produced by co-
transfection of HEK293T cells with lentiviral vector (pHR-SINCSGWANotI-GFP-LC3,
from C. Miinz) and the helper plasmids pPCMV AR8.91 and pMDG. The supernatants of
HEK?293T cells that contained lentiviral particles were collected and added to BMDM. The
transduction medium contained polybrene (8 mg/ml). Macrophages were centrifuged at
2,000¢ for 90 minutes. After overnight incubation at 37 °C in 5% CO», fresh medium was
added to the cells and transduction was repeated after 24 hrs, as described by Travassos et
al. 2010.

Stimulants used to activate BMDM included C12-iE-DAP, L18-MDP (Nod1 and Nod?2
ligands, respectively; 50 pg/ml each), MDP (muramyldipeptide; 10 pg/ml), FK156 [o-lactyl-
c-alanyl-o-glutamyl-(L)-mesodiaminopimelyl-(.)-glycine; 10 pg/ml)], rapamycin (50 pg/ml);
LPS (lipopolysaccharide; 100 ng/ml), ATP (adenosine triphosphate; 5mM), or nigericin
(1-15 wM), heat-killed (HK) listeria (8x108 CFU/mI, MOI 25), CpG (synthetic
oligonuceotides with unmethylated CpG dinucleotides serving as TLR9 ligand; 1 uM). All
stimulants were purchased from Invivogen (San Diego, CA) except HK bacterial lysates,
which were prepared, as described (Travassos et al. 2004). Cells supernatants were collected
16 hrs after stimulation and analyzed using ELISA kits from R&D (Minneapolis, MN).

For quantification of mouse /rrkZ mRNA, BMDM were harvested from femur of WT mice
and differentiated in medium containing 10n/ml GM-CSF for 7 days. BMDM were
stimulated for 5 hrs with different Toll-like receptors (TLR) agonists: Pam3CSK4 (P3S; 5
pg/ml) targeting TLR2; Poly (I:C; PIC; 10 pg/ml) for TLR3; LPS (1 pg/ml) for TLR4;
R848 (4 pg/ml) for TLR7; and CpG (10pg/ml) for TLR9. Pam3Cys, poly(l:C), ultrapure
LPS, imiquimod (R837), and mouse CpG-B (ODN 1826) were purchased from InvivoGen
(San Diego, CA).
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Antibodies, immunoblotting and microscopy

Rabbit polyclonal antibodies to Lrrk2 (#NB300-268) and LC3 (#NB100-2220) were from
Novus Biol (Littleton, CO). Each of these two antibodies were used at a dilution of 1:3000
for Western blotting (WB). Five rabbit monoclonal antibodies to Lrrk2 (MJFF-1 to -5) were
provided by the Michael J. Fox Foundation (New York, NY). For WB, these antibodies
were used at a dilution of 1:1000; for FACS at 1:200. An affinity-purified rabbit polyclonal
anti-human Lrrk2 antibody (“HL-2") was prepared at OPEN Biosystems Inc (Huntsville,
AL.) against residues 2508-2527 and used at a dilution of 1:3000 for WB and 1:300-1:1000
in immunohistochemistry (IHC). SDS/PAGE, WB and IHC protocols were previously
described (Schlossmacher et al. 2002; Schlossmacher and Shimura 2005; Cullen et al. 2009).
Antibodies to CD4+, CD8+, CD14+ and CD19+ conjugated to microbeads were purchased
from Miltenyi Biotec (Auburn, CA) and used as per manufacturer’s protocol. Staining of
peripheral blood smears was carried out as per our IHC protocol using the avidin-biotin-
peroxidase (ABC) method and 3,3’ -diaminobenzidine substrate for color (brown)
visualization of antibody reactivity. The ABC kit was purchased from Vector Laboratories,
Inc. (Burlingame, CA). During fixation of smears, methanol was substituted for formalin.

RT- and qPCR to quantify mRNA

Human LRRK2 mRNA was isolated from EBV-transformed lymphoblasts and analyzed by
RT-PCR using three distinct pairs of primers: #1: AGGTGGGTTGGTCACTTCTG (forw.),
ATGAGTGCATGGCATCAAAA (rev.); #2: AGATGCCAATCAAGCAAAGG (forw.),
AAGGACCAAGCCAAGAAGGT (rev.); #3: TTCTTCCCCTGTGATTCTCG (forw.),
GCTGTCCAACAACAAGCTGA (rev.). Mouse mRNA was purified from BMDM using
RNeasy MiniKitCat# 74104 (Qiagen MA). Murine /rrk2 primers were:
TCTGGCTGGAACCCTGCTAT (forw.); and AACTGGCCATCTTCA TCTCC (rev.).
Quantification of MRNA was performed using the AACT method (relative to 18S RNA)
and compared to unstimulated controls.

Cytokine and chemokine quantification by ELISA

RESULTS

Cyto-/chemokine antibody kits were purchased from R&D Systems (Minneapolis, MN).
ELISA were used to measure the levels released into the conditioned media of BMDM from
genotyped mice. BMDM were stimulated with inflammatory reagents for 16 hrs prior to
collection of their supernatants. 96-well plates were coated with cyto-/chemokine antibodies
including keratinocyte-derived chemokine (KC) and IL-6.

Detection of Lrrk2 reactivity in circulating leukocytes

To screen for evidence of LRRKZ2expression in cells of the immune system, we first
examined peripheral blood smears from healthy adult controls by immunocytochemistry
using a panel of anti-Lrrk2 antibodies (Figure 1). There, affinity-purified polyclonal HL-2
reacted with cytoplasmic and membrane-associated structures in a subset of leukocytes that
were 10-12 mm in size and showed morphological characteristics of monocytes (Fig.1A).
Smaller cells that appeared lymphocytic in nature with a larger nucleus-to-cytoplasm ratio
stained infrequently (see also below). Longer development of sister slides generated an
occasional but faint HL-2 immunoreactivity in typical granulocytes, which we identified by
counterstaining with hematoxylin (Fig.1B); in contrast, erythrocytes and platelets, which
were readily detectable by anti-SNCA antibodies (Scherzer et al. 2008), were never stained
by anti-Lrrk2.

We next examined neural and gastrointestinal tissue sections for Lrrk2 reactivity by routine
IHC with anti-Lrrk2 (HL-2). Examining sections of distal ileum (Fig.1C), ascending colon
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and human midbrain (Fig.1D) from neurologically healthy donors, we detected occasional
intravascular leukocytes that stained for Lrrk2. Under these conditions, no HL-2 reactivity
was seen in enteric neurons of the submucosal and myenteric plexi or in any neuromelanin-
carrying cells of the S. nigra (Fig.1C-D). However, in parallel sections these ganglion cells
and neurons were labelled by anti-a-synuclein and anti-tyrosine hydroxylase antibodies,
respectively (not shown).

Given the controversy in the PD field regarding the specificity of many anti-Lrrk2
antibodies (Biskup et al. 2007), we validated the staining obtained by anti-Lrrk2 HL-2 using
sections of genotyped mouse spleens, which were processed like human tissue (above) and
by the same IHC protocol. There, HL-2 identified a subset of mononuclear splenic
leukocytes in WT mice (n=4; Fig.1E,F), but not in /rrkZ-null animals (n=4; Fig.1G,H). In
sections from Irrk2-deficient mice, only autofluorescent intracellular granules (representing
lipofuscin) were visible. Signals were also absent when the primary antibody was omitted,
as expected (Fig.1F,H). We concluded from these results that antibody HL-2 was specific
and that Lrrk2 reactivity is present in select populations of circulating leukocytes from
human blood, including in capillaries of tissues that are affected by the pathogenesis of CD
and PD.

Quantification of Lrrk2-expressing mononuclear cells from human blood

To better characterize the subpopulations of leukocytes that express Lrrk2, we first enriched
PBMC by routine Ficoll preparation, and then carried out fluorescence-based automated cell
sorting (FACS; see Materials and Methods) with anti-Lrrk2 antibodies (Figure 2). For the
purpose of optimizing conditions for anti-Lrrk2 to bind and capture permeabilized cells, we
also explored the use of several monoclonal rabbit antibodies, which recently became
available (MJFF 1-5; see below). Panels in Fig.2A1-4 show the successful gating of PBMC
from 0.58% (no anti-Lrrk2 antibody present) to a mean of 25.13% (range, 24.54-25.71%) by
anti-Lrrk2 MJFF-1. Panels in Fig.2B1-4 show the successful gating of a pool of specifically
isolated CD14+ monocytes from 0.81% (no anti-Lrrk2 antibody present) to a mean of 26.7%
(range, 10.31-43.17%) using anti-Lrrk2 MJFF-1. From these results we concluded that
~25% of all PBMC were Lrrk2-reactive, and that within the pool of CD14+ monocytes a
mean of 27% were Lrrk2-positive.

Detection of full-length Lrrk2 in monocytes, B-cells and T-cells

Detection of Lrrk2 in PBMC was further substantiated by SDS/PAGE and immunoblotting
by probing lysates with a panel of antibodies (Figure 3; Suppl. Figure 1A-D). There, we
specifically detected the presence of the FL-Lrrk2 monomer (>260 kDa) and of a 245-250
kDa variant in PBMC lysates, as detected by anti-Lrrk2, HL-2. No Lrrk2 signal was seen in
red blood cell (and granulocyte) lysates (Fig.3A). Monoclonal MJFF-1 confirmed these
findings (Fig.3B), and also clearly detected higher molecular weight (HMW) Lrrk2 species.
The specificity of our antibodies was confirmed in all WB experiments using lysates of fly
heads that were either transgenic for LRRKZ cDNA (tg) or from WT littermates (Fig.3A-F).
Four additional monoclonal rabbit antibodies to Lrrk2 produced identical results to those
shown in Fig.3A-B although with variable staining of HMW Lrrk2 (Suppl.Fig.1A-D).

Next, we confirmed the presence of endogenous Lrrk2 protein in peripheral monocytes,
which was suggested by our analysis of blood smears and FACS data (above). As shown in
Fig.3C, CD14+ monocytes isolated by magnetic beads contained FL-Lrrk2. The cellular
identity of sorted cells was further confirmed by the presence of the ~62 kDa acid-S-
glucosidase protein, a well established constituent of monocytes (lowest panel in Fig.3C)
and tissue macrophages (Cullen et al. 2011).
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Following affinity enrichment by magnetic beads, we also detected FL-Lrrk2 in CD8+ and
CD4+ T-cells as well as in CD19+ B-cells (a pan-B-cell marker; Fig.3D-E). In comparing
their adjusted signals, we found that members of the B-cell family consistently showed
higher Lrrk2-to-g-actin ratios than CD4+ or CD8+ T-cells in peripheral blood specimens
from healthy adults (examined under basal rates). The highest relative expression of
endogenous LRRKZin the myeloid lineage was recorded in EBV-transformed lymphoblasts
(Fig.3F; Suppl.Fig.1A). The expression of /rrk2in these different subpopulations of white
blood cells (monocytes/macrophages; B-cells; T-cells) was confirmed in leukocytes isolated
from tissue homogenates of WT mice, eg, mesenteric lymph nodes, spleen (Suppl.Fig.2A)
and Peyer’s patches (not shown). Lrrk2 signals in granulocytes varied greatly (see below).

Lrrk2 is expressed in macrophages, induced by pathogens and involved in autophagy

regulation

Given the robust expression of the LRRKZ gene in human monocytes, we next explored its
presence in tissue macrophages (Figure 4); the latter are derived from circulating monocytes
and play a key role in the pathogenesis of CD and leprosy. To this end, we isolated and
cultured primary BMDM from femurs and tibias of both WT mice and R144C|rrk2-mutant
animals (heterozygous and homozygous) using a published ‘macrophage colony stimulating
factor’-based protocol (see Materials and Methods). When probing BMDM cultures, which
were prepared in parallel from age-matched mice of three different genotypes, by SDS/
PAGE/WB, we found comparable and robust amounts of HMW Irrk2 in all lysates
examined (Fig.4A); when probing BMDM lysates from Irrk2-deficient mice we observed no
HMW Irrk2 signal, as expected (not shown). These results suggested two things: similar
expression and stability rates for the endogenous R1441C|rrk2 mutant protein when compared
with WT Irrk2; and a predominance of HMW Irrk2 (>290 kDa) in cultured murine
macrophages vs the FL Lrrk2 species seen in circulating human monocytes (>260 kDa)
(Berger et al., 2010).

When we probed BMDM with autophagy markers, we observed variable results for LC3-I
and p62 proteins in their lysates, but found a consistent reduction in LC3-11 levels in

all R1441C rrk2-expressing macrophages (Fig.4B). Quantifying the ratio of LC3-l1-to-B-actin
signals, we recorded a =31% reduction in R1441C|rrk2 mutant vs. WT cells. The expression
of endogenous Irrk2 in tissue macrophages was confirmed independently in cells isolated
from homogenates of spleen, lymph nodes (Suppl.Fig.2A) and Peyer’s patches (not shown).

Given the robust expression of Irrk2 in isolated macrophages from multiple murine tissues,
we next explored the possible induction of /rrk2transcription following the exposure of
BMDM to established inflammatory stimuli through *pattern recognition receptors’ (Fig.
4C). Using rt-gPCR, we recorded specific down- (rather than up)-regulation of /rrk2 mRNA
following the activation of Toll-like receptor (TLR)-2 by Pam3CSK4. However, in parallel
we recorded the specific and significant up-regulation of /rrk2 mRNA in BMDM that were
stimulated with ligands for TLR4 (ie, LPS); >4-fold], for TLR7 (with R837; >2-fold), and
for TLR9 [with CpG molecules; >3-fold] (Fig.4C). These transcriptional changes were
observed as early as 5 hours after the addition of stimulants signalling microbial invasion.

To determine whether viral transduction of BMDM also induced the transcription of /rrk2
and — if so - whether increased mRNA signals also translated into increased protein levels,
we next exposed cultured macrophages to eGFP cDNA-carrying lentiviral preparations.
When examining transduced BMDM vs virus-free sister cultures 16 hours later by SDS/
PAGE/WB with anti-Lrrk2 (and anti-g-actin), we consistently saw a rise in Irrk2 following
viral transduction (Fig.4D; compare lanes 2 and 10). The effect was the same

for R1441Cmytant and WT /rrk2-expressing alleles; furthermore, the Irrk2-to-S-actin ratio
remained elevated in all virally transduced BMDM irrespective of the nature of additional
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stimuli (Fig.4D; compare signals in lanes 2-9 vs. lane 10). We concluded from these results
that our mRNA and protein data in BMDM were consistent; they revealed a modest but
significant up-regulation of /rrk2following the recognition of microbial structures.

Lrrk2 expression does not control IL-6 and KC cytokine release by stimulated
macrophages

To investigate the involvement of Lrrk2 in cytokine production and/or release rates, we also
screened conditioned media of BMDM culture following the addition of C12 (a Nod1
ligand), L18 (Nod2 ligand), LPS, and heat-killed (HK) listeria. There, we focused on
interleukin-6 (IL-6) and keratinocyte chemokine (KC), two cytokines that have been
previously linked to macrophage function (Figure 5; Suppl.Fig.2A,B). When we first
compared the effect of R1441CIrrk2 mutant vs WTlrrk2-expressing cells, we saw some
variability but no consistent changes in IL-6 and KC concentrations in BMDM supernatants
(Suppl.Fig.2A,B). We next explored the effect of presence vs deficiency in Irrk2 (Fig.5).
There, we recorded the significant and multi-fold rise in IL-6 and KC concentrations in the
supernatants of stimulated BMDM 16 hours after exposure to LPS, HK listeria and LPS plus
nigericin (an NLRP3 inflammasome stimulator), as expected (Said-Sadier et al. 2010).
However, in parallel we did not detect a /rrk2 genotype-dependent difference in IL-6 and
KC levls (eg, compare bars for WT vs KO mice in Fig.5A,B). We concluded from these
cytokine screening experiments that the expression of WT (or mutant) Irrk2 did not
measurably alter the release of IL-6 and KC in these cells.

DISCUSSION

The pathogenetic mechanisms leading to typical PD remain unknown. Prevailing concepts
have favored either an environmental factor or genetic contributors as the primary event in
its aetiology, but few models have explored the impact of both in in vivo models (Aleyasin
et al. 2010). The discovery that late-onset PD could be caused by the inheritance of a
mutation in the LRRKZ2 gene leading to familial as well as sporadic forms has provided us
with an opportunity to explore the pathophysiological events underlying this complex
disease. However, as summarized in the introduction, more questions have arisen than been
answered surrounding the function(s) of LRRKZ2 (reviewed in: Cookson 2010); most
poignantly, to date no model has adequately explained how a gene, which is expressed at
exceedingly low levels in brain nuclei that are severely affected by the process that leads to
PD (eg, S. nigra), can promote a neurological disorder when mutated.

Here, we provided experimental evidence to support the following two conclusions: one,
Lrrk2 is a relatively abundant protein in mammalian leukocytes of circulating blood and
organs of the immune system; and two, /rrk2 expression is up-regulated in cultured
macrophages following their recognition of microbial structures. We arrived at these two
conclusions based on several, complementary approaches; our findings are in agreement
with the recently published, elegant study by Gardet et al. These authors demonstrated the
involvement of LRRKZin the IFN-y response after leukocyte invasion and pointed out how
it possibly relates to CD pathogenesis (Gardet et al. 2010). In their study, LRRK2was up-
regulated in intestinal tissues of CD patients with expression detected in macrophages, B-
cells and CD103+ dendritic cells of inflamed intestines. Gardet et al further showed that
exogenous expression of Lrrk2 promoted transcriptional activation of the NF-xB pathway,
and that its down-regulation facilitated enhanced bacterial survival in a S. typhimurium cell
infection assay (Gardet et al. 2010). However, we believe our data further expand on these
findings by adding three additional observations regarding Lrrk2 biology: one, we
demonstrated —to our knowledge for the first time- that the expression of R1441Cmutant Irrk2
in a primary, non-neural cell model (ie, BMDM) reveals an autophagy defect; two, we
showed that the up-regulation of /rrk2 also occurs in response to viral transduction of a host
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cell by lentiviral particles (and likely, in B-lymphocytes transformed by EBV); and three,
when screening for a /rrk2 genotype-dependent effect on IL-6 and KC cytokine release, we
found that these two signaling molecules are not regulated by leukocytic Irrk2.

Below, we mention five specific limitations of this study followed by a discussion of five
reasons why we consider our Lrrk2 findings relevant to the pathogenesis of PD. One,
although we consistently demonstrated the expression of LRRKZin CD19+ B-cells, CD4+
T-cells (in contrast to Gardet et al. 2010; Makaewa et al. 2010), CD8+ T-cells, CD14+
monocytes, macrophages and dendritic cells, we obtained highly variable -and thus,
inconclusive- results regarding granulocytes, which were: mostly negative in staining of
human blood smears; positive in cellular isolates from murine spleen and mesenteric lymph
nodes analyzed by FACS; and negative in genotyped spleen sections examined by IHC.
These differences may be due to low LRRKZ expression rates in healthy donors, species
differences in accessible epitopes of granulocytic Lrrk2, or subtle changes in the binding
strength of the antibodies used in our different protocols. In future work, we will revisit the
degree of LRRKZexpression in granulocytes focusing on mRNA-based techniques (eg, rt-
gqPCR).

Two, in our IHC work of brain tissue, where we used a protocol that includes formalin-
fixed, paraffin-embedded material that included two antigen retrieval steps, we have not yet
identified staining of microglia (or of any other glia) with our panel of anti-Lrrk2 antibodies,
in contrast to a report by Miklossy et al. 2006. As before, differences in antibody specificity
and antigen accessibility could account for this mismatch in results. To convincingly answer
the question of expression of /rrk2in resting or activated microglia, which are derived from
the monocytic lineage, and to exclude any false positive signals due to antibody cross-
reactivity, future studies will employ the induction of microglial activation in WT Irrk2
versus Irrk2-deficient mice using established inflammatory paradigms (Mount et al. 2007).

Three, although we recorded a mean, =31% reduction in basal LC3-11 (but not LC3-1) levels
in BMDM from R1441C|rrk2-expressing mice when compared with age-matched WT
littermates processed at the same time, more autophagy markers need to be examined in
primary cells (and tissue) using a larger series of animals and comparing unstimulated vs
stimulated conditions than we did here (mice, n=6). If our data were to be confirmed, ie,
reduced autophagy rates can be seen in R1441C|rrk2-expressing BMDM and tissue
homogenates as concluded from our LC3-11 results, then the effect of this point mutation
could be similar to the recently observed dysregulation of autophagy described by Tong et al
in Irrk2-deficient mice (Tong et al. 2010). Such a reduction in autophagic efficiency due to
the loss of dimeric WT Lrrk2 activity is principally consistent with the results of Gardet et
al., who recorded increased bacterial survival rates in macrophages after /rrk2 knock-down
(Gardet et al. 2010). Effective phagocytosis following pathogen opsonization requires intact
autophagy. In parallel, future studies need to systematically screen additional cytokines (and
signaling pathways) beyond those carried out so far to better define the full complement of
cellular changes downstream of /rrk2 gene expression in activated immune cells.

Four, in our work we have not yet defined the post-translational nature of the HMW Irrk2
band(s) seen with multiple specific antibodies in PBMC and, even more strikingly, in
BMDM. We performed our SDS/PAGE experiments under reducing and denaturing
conditions, thereby precluding dimer (or higher order multimer) stability. We predict that
the relative abundance of Lrrk2 protein in the monocyte/macrophage lineage will
significantly aid its biochemical dissection in the future, including the delineation of post-
translational modifications, of its still elusive binding partners, and of authentic substrates
for its kinase activity (Cookson 2010).
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Fifth, one could argue that the precise single nucleotide polymorphisms at or near the
LRRK?Z2locus, which were associated with CD and leprosy risk in genome-wide association
studies, have not yet been independently validated, thereby theoretically minimizing the
general applicability of our cellular studies. Intriguingly, most recently LRRKZ/MUC19was
identified as one of seven CD loci (out of 30 examined) that was positively associated with
risk modulation for yet another human condition, ie, ankylosing spondylitis, which often
occurs together with CD (Danoy et al. 2010). Importantly, the dysregulation of monocytes,
macrophages, B-cells and T-cells plays a pivotal role in the pathogenesis of CD, ankylosing
spondylitis and leprosy (Schurr and Gros 2009).

Importantly, five arguments can be made in favor of studying LRRKZbiology in leukocytes
as a suitable cell model for PD and to functionally compare it with other CD- and leprosy-
associated genes in suitable paradigms. One, in vivo studies and post-mortem analyses of
PD subjects have generated robust evidence from multiple centers in favor of ongoing
inflammation (Hirsch and Hunot 2009; Simon-Sanchez 2009; Reale et al. 2009).
Furthermore, the infiltration by CD4+ and CD8+ lymphocytes and the activation of
microglia in PD brain have been well documented (Brochard et al. 2009). In addition, the
analysis of peripheral cytokine concentrations in PD subjects has revealed abnormal levels
for MCP-1 (monocyte chemoattractant protein-1), MIP-1 (macrophage inflammatory
protein-1), IFN-y, IL-8, IL-1B, IL-6, and TNF-a (Reale et al. 2009; Chen et al. 2008)
among others, thereby justifying the systematic exploration as to the possible reason(s) for
their dysregulation in immune cells.

Two, the mammalian immune system undergoes significant changes during the process of
ageing including for example in the rate of /rrk2 expression (Maekawa et al. 2010) and by
inference, in WT Irrk2 activity, which could further influence the age-of-onset, the
expressivity of the PD phenotype, or its progression rate.

Three, the two central themes in the aetiology of typical, late-onset PD, which Jellinger
recently referred to as a “progressive multisystem (multiorgan) disorder” (Jellinger 2011),
have not yet been successfully integrated. However, its environmental and genetic
contributors are not mutually exclusive, but rather represent the foundation of many human
disorders (Klein and Schlossmacher 2007; Klein et al. 2011). The immune system governs
the host’s susceptibility to pathogen invasion (eg, viruses, bacteria, fungi etc.), controls its
tolerance of possible colonization, and determines the response mounted by the host to
eliminate any threat. Nucleotide exchange domain- and LRR domain-carrying proteins
(“NLR”) encoded by the genome play an evolutionarily conserved role in immune
surveillance from plants to mammals (reviewed in: Takken and Tameling 2009; Taxman et
al. 2010). Together with TLR proteins, NLR molecules are functionally understood as
pattern recognition receptors. NLR proteins oversee inflammasome assembly and control the
pathogen-induced regulation of cytokine release (Lamkanfi and Dixit 2010). Based on the
functional domain similarities between Nod2 and Lrrk2, we seek to further test the
hypothesis of a NLR-type function for Lrrk2.

Fourth, if established successfully, such a LRRK2-dependent regulation of immune cell
function during the interaction between host and environment would be expected to
significantly vary based on geography. This scenario —together with other factors- could
help explain several known, previously difficult to explain aspects of LRRK2-linked PD, eg,
variable rates of penetrance in carriers of the same mutation in different regions of the
world, differences in the phenolconversion rate among members of the same family,
variable rates of disease progression, and possibly, even the pleomorphic pathology
(zimprich et al, 2004) that could have been triggered by distinct agents in the environment.
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Lastly, and most compellingly, a primary role for Lrrk2 at the interface between host and
environment, which we propose here, could provide a new platform to revisit Braak’s
hypothesis as it relates to the pathogenesis of typical PD. Braak et al postulated that an
elusive environmental pathogen (microbial or otherwise) is essential for pathology to ensue
(Braak et al. 2003). At stage 0, these authors described the earliest signs of synucleinopathy
in the submucosal plexus of the gut and in the olfactory bulb, two structures in close
proximity to the environment. The convergence of several independent pieces of evidence
from the fields of CD pathogenesis, leprosy genetics and LRRKZresearch in leukocyte
function promises to bring together five previously irreconcilable elements in the aetiology
of PD: one, the importance of the environment; two, the evolution of its neuropathology;
three, the significance of genetic susceptibility; four, the role of the immune system; and
five, the progress of ageing in a long lived host.

Supplementary Material
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Figure 1. Lrrk2 reactivity in mammalian leukocytes using immunocytochemistry and
immunohistochemistry

(A-D) Lrrk2 reactivity was detected in select leukocytes of peripheral blood smears (A-B;
healthy controls; n=5), and in intravascular leukocytes of the submucosa in the distal ileum
(C; neurological controls; n=3) and human midbrain (D) from a Parkinson disease donor, as
denoted by large arrows. Small arrows point to unstained and poorly stained leukocytes;
open arrows identify autofluorescent neuromelanin in dopaminergic cells of the midbrain. V,
indicates vessel; L, lumen of the gut. Bar length equals 12 wm; original magnification, 60x.
Lrrk2 signal was detected by affinity-purified, polyclonal anti-Lrrk2 antibody [“HL-2"
raised against a synthetic peptide comprising residues 2508-2527 of the human, wild-type
Lrrk2 (Berger et al. 2010)].

(E-H) The specificity of the Lrrk2 antibody used in A-D was confirmed in spleen sections
from age-matched, wild-type (E-F) and /rrk2 knock-out (G-H) mice (n=4 each). Parallel
sections were developed with anti-Lrrk2 HL-2 as primary antibody (E; G) or without
primary antibody (F; H). Arrows depict Irrk2-immunoreactive leukocytes in the spleen; open
arrow heads show autofluorescent cytoplasmic granules seen irrespective of antibody use;
open asterisks denote groups of unstained leukocytes (E-H). Bar length equals 20 pm;
original magnification, 40x.
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Figure 2. Lrrk2 reactivity in human peripheral blood mononuclear cellsand isolated monocytes
(A-B) Lrrk2 reactivity was detected in peripheral blood mononuclear cells (PBMC) (A) and
anti-CD14+ monocytes (B) that were isolated by Ficoll separation and magnetic beads
(carrying anti-CD14 antibody), respectively, from healthy adult controls (n=3) (Vranjkovic
et al. 2011). FACS sorting of fixed and permeabilized cells was carried out using
monoclonal anti-Lrrk2 antibody MJFF-1(C5-8). In each panel, a selection of cells is made
by the forward and side scatter light properties (horizontal and vertical axis respectively in
the left diagram) and a histogram (left diagram, horizontal and vertical axis represent the
number of the cells counted and fluorescence respectively) of the fluorescence (IgG) profile
of the Lrrk2 is generated to show the degree of the antibody binding. Red vertical lines show
mean fluoresce of unstained cells. PBMC and monocytes were collected from two different
individuals. Note, only 0.58% of PBMC (A) and 0.81% of monocytes (B) were gated in the
absence of anti-Lrrk2 antibody. However, following the optimization of primary and
secondary antibody concentrations the percentage of Lrrk2-positive cells measured 19.04
(A2), 24.54 (A3), and 25.71 (A4) for PBMC; and 1.8 (B2), 10.31 (B3), and 43.17 (B4).
Thus, staining with anti-Lrrk2 revealed that <25.71% of all PBMC (A) and <43.17% of all
monocytes (B) were successfully gated.
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Figure 3. Detection of full-length Lrrk2 protein in isolated monocytes, B-cellsand T-cells

(A-F) Peripheral blood mononuclear cells (PBMC; A-B) were obtained by Ficoll separation
from healthy adult controls (n=5) and separated from erythrocytes (RBC) and granulocytes.
PBMC were further processed using antibodies to CD14 (monocyte marker; in C), CD4 and
CD8 (both T-cell markers; in panels D-E), and to CD19 (B-cell marker; E), which were
conjugated to and immobilized by magnetic beads (see Materials and Methods) (Vranjkovic
et al. 2011). Isolated subpopulations of leukocytes were lysed and then subjected to
denaturing SDS/PAGE under reducing conditions, followed by Western blotting. Transgenic
flies expressing full-length ALRRKZ cDNA (tg) and their wild-type, non-transgenic
littermates (wt) were used as positive and negative controls, respectively. EBV-transformed,
B-cell derived lymphoblasts from healthy control and Parkinson disease donors (n=5) were
run in parallel as additional controls (panel F). Immunoblot in A was probed with affinity-
purified, polyclonal anti-human Lrrk2 antibody (HL-2) raised against residues 2508-2527;
probing with a monoclonal rabbit anti-Lrrk2 antibody [MJFF-1] is shown in B. Note,
polyclonal anti-Lrrk2 antibody NB300-268 was used for membranes C to F. Anti-acid -
glucosidase was used as an independent marker of peripheral monocytes (see bottom panel
in C). All membranes were stripped and reprobed with anti--actin antibody as loading
control. Note, the robust and specific detection of endogenous, full-length Lrrk2 proteins
(245-260 kDa) and higher molecular weight (HMW) species thereof in human PBMC,
monocytes, B-cells and T-cells. There, CD19+ B-cells showed a slightly stronger signal for
Lrrk2 when compared to isolated CD4+ T-cells enriched from the same donor (E).
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Figure 4. A likely rolefor Lrrk2 during autophagy and pathogen response in macrophages
(A-B) SDS/PAGE under denaturing, reducing conditions followed by immunoblotting of
murine bone marrow-derived macrophages (BMDM) that were cultured for 48 hrs without
stimulation. Lysate of human EBV-transformed lymphoblasts from a control donor was
loaded as control. Lanes 2-4 show lysates of BMDM prepared in parallel from age-matched
mice of three distinct /rrk2 genotypes: wild type (WT); heterozygous (HET); and
homozygous knock-in (KI) mice expressing mutant R1441C|rrk2. Note, the robust expression
of HMW /rrk2in murine BMDM, as detected by monoclonal anti-Lrrk2 antibody [MJFF-4]
in A. Sister aliquots of the same lysates were probed with an antibody to autophagy markers
LC3-1 and LC3-I1 (B). All membranes were stripped and reprobed with anti-g-actin
antibody as loading control. Note, the reduction of LC3-11 levels in mutant R1441C]rrk2-
expressing BMDM compared to WT cells (=31%); see text for details).

(C) BMDM from WT mice were stimulated for 5 hrs with different Toll-like receptor (TLR)
agonists: Pam3CSK4 (P3S) for TLR2; Poly I:C (PIC) for TLR3; LPS for TLR4; R837 for
TLR7; and CpG for TLR9. Quantification of /rrk2 mRNA was performed using the AACT
method (relative to 18S) and compared to levels in unstimulated BMDM cells. * denotes
significant up-regulation (p<0.05 using ANOVA followed by Tukey test, n=3). For
comparison, 7NFa was upregulated in all samples >30-fold (hot shown).

(D) BMDM cultures from homozygous (R1441C / R1441C) and heterozygous (R1441C /
WT) mice were stimulated with different inflammatory stimulants. Macrophages were
transduced with a lentivirus expressing eGFP 48 hours prior to stimulations. Stimulants were
added 24hrs after plating of cells. Note, transduction by virus caused an upregulation in
Irrk2 protein levels when compared to the untransduced BMDM (compares lane 10 with
lanes 2). EBV-lymph and Rapa refer to EBV-transformed lymphoblast and treatment with
rapamycin, respectively. See Result section for further details.
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Figure5. Lrrk2 protein expression does not control IL-6 and KC cytokine signaling
(A-B) Screening of /rrk2 genotype-dependent cytokine signaling by cultured BMDM
following exposure to different stimulants was explored by probing the release of
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interleukin-6 (IL-6; pg/ml in A-B) and keratinocyte-derived chemokine (KC; pg/ml; Suppl.
Fig. 2) by ELISA. BMDM were isolated from /rrk2 knock-out (KO), and from age-matched,
wild-type (WT) littermates (12 weeks-old; n=2 for each genotype) and cultured for 16 hrs
(each supernatant analyzed in quadruplicates). Similarly, stimulants were added 24 hrs after
plating. No specific /rrk2 expression-associated differences were detected in the conditioned
media M for the production and release rate of KC and IL-6 (for additional genotypes, see

also Suppl. Fig.2).
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