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Abstract

Mutations in Leucine-rich repeat kinase 2 (LRRK2) are strongly associated with familial
Parkinson’s disease (PD). High expression levels in immune cells suggest a role of LRRK2
in regulating the immune system. In this study, we investigated the effect of the LRRK2
(G2019S) mutation in monocytes, using a human stem cell-derived model expressing
LRRK2 at endogenous levels. We discovered alterations in the differentiation pattern of
LRRK2 mutant, compared to non-mutant isogenic controls, leading to accelerated mono-
cyte production and a reduction in the non-classical CD14+CD16+ monocyte subpopula-
tion in the LRRK2 mutant cells. LPS-treatment of the iPSC-derived monocytes significantly
increased the release of pro-inflammatory cytokines, demonstrating a functional response
without revealing any significant differences between the genotypes. Assessment of the
migrational capacity of the differentiated monocytes revealed moderate deficits in LRRK2
mutant cells, compared to their respective controls. Our findings indicate a pivotal role of
LRRK2 in hematopoietic fate decision, endorsing the involvement of the immune system in
the development of PD.

Introduction

Mutations in leucine-rich repeat kinase 2 (LRRK2) are strongly associated with Parkinson’s dis-
ease (PD), the second most prevalent neurodegenerative disorder [1-4]. LRRK2 is a 286 kDa,
multidomain and multifunctional protein [5]. Its most frequent mutation, G2019S, accounts
for 1% of sporadic and 5% of familial PD cases in Caucasians. The mutation is located in the
kinase domain and increases kinase activity of LRRK2 [5-9]. However, the pathomechanisms
linking LRRK2 (G2019S) function to Parkinson’s disease are not yet fully understood.

One hallmark of PD is neuroinflammation. Consequently, various studies have investigated
a possible link between LRRK2 and inflammation [10-12]. Upregulation of LRRK2 in response
to pathogenic stimuli [13-17] and increased pro-inflammatory activity has been observed in

PLOS ONE | DOI:10.1371/journal.pone.0165949 November 3, 2016

1/19


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0165949&domain=pdf
http://creativecommons.org/licenses/by/4.0/

@° PLOS | ONE

LRRK2 Influence on iPSC-Derived Monocyte Differentiation

Competing Interests: Anna Speidel, Sandra Felk
and Frank Gillardon are employed by Boehringer
Ingelheim Pharma GmbH & Co. KG. This does
neither constitute conflicts of interest regarding the
present study nor does it alter the authors’
adherence to PLOS ONE policies on sharing data
and materials.

primary LRRK2 mutant immune cells [13,18,19]. LRRK2 knockdown and pharmacological
inhibition of LRRK2 alleviated these enhanced inflammatory responses [15,16,20], indicating a
pivotal role of the kinase in the immune response.

Within the innate immune response, circulating blood monocytes play an important role.
Upon activation, monocytes release a variety of effector molecules, amongst them cytokines
and chemokines, to fight pathogenic insults [21]. In the human body three functional subsets
of monocytes are known, defined by their expression of CD14 and CD16 (CD14++CD16-,
CD14++CD16+ and CD14+CD16+) [22-24]. Recent studies have reported alterations in the
distribution of the so-called classical CD14+CD16- and non-classical CD14+CD16+ monocyte
subpopulations in peripheral blood samples of PD patients [25,26]. High LRRK2 protein levels,
in the CD14+CD16+, compared to the CD14+CD16-, monocyte subpopulation isolated from
healthy donors, led to the suggestion of LRRK2 playing a role in activation/maturation of
peripheral blood cells [27].

In this study, we differentiated human induced pluripotent stem cells (iPSCs) into mono-
cytes to further investigate perturbations in the immune system associated with mutant
LRRK2, which might contribute to the development of PD. Using isogenic cell lines, we estab-
lished a cellular model, displaying the same genetic and epigenetic background in both LRRK2
mutant and control lines, allowing for direct comparison of gene mutation effects. Addition-
ally, mimicking monocyte development in the dish, the model allowed for studying early phe-
notypic changes and associated pathological mechanisms, helping to shed light on disease
initiation and progression.

Materials and Methods
Induced pluripotent stem cells

The LRRK2 (G2019S) patient-derived iPS cells line, the zinc finger nuclease-mediated gene-
corrected isogenic control iPSC line, the non-mutant control iPSC line, and the LRRK2
(G2019S) knock-in isogenic iPSC line were generated and extensively characterized previously
[28]. Informed consent was obtained from all patients prior to cell donation. The Ethics Com-
mittee of the Medical Faculty and the University Hospital Tuebingen previously approved this
consent form. Karyotypical integrity of the reprogrammed cell lines was validated using an Illu-
mina HumanCytoSNP-12v2 array and the results have been deposited in Gene Expression
Omnibus (GEO) under accession number: GSE87462. The analyzed cell lines did not show
signs of significant abnormalities.

iPSC culture and differentiation into monocytes

All cell lines were cultured at 37°C and 5% CO,. The cells were maintained in mTeSR-1 (Stem
Cell Technologies, Kéln, Germany) on hESC-qualified Matrigel-coated dishes (BD Biosciences,
Heidelberg, Germany). Passaging was performed upon confluency using 0.02% EDTA (Sigma,
Munich, Germany) and cell clumps were replated at a dilution of 1:3 to 1:6.

Differentiation of iPSCs was performed based on a previously published protocol [29]. In
brief, embryoid bodies (EBs) were formed in AggreWell ™800 plates (Stemcell Technologies)
for 4 days with daily changes of mTeSR-1 supplemented with 10 pM Y-27632 (Tocris, Bristol,
UK), 50 ng/ml BMP4 (Peprotech, Hamburg, Germany), 20 ng/ml SCF (MACS Milteny Bio-
tech, Bergisch Gladbach, Germany) and 50 ng/ml VEGF (Peprotech). For differentiation into
monocytes, EBs were collected in X-VIVO 15 medium (Lonza, Basel, Switzerland), containing
1% GlutaMax (Life Technologies, Darmstadt, Germany), 50 uM 2-Mercaptoethanol (Life
Technologies), 100 ng/ml M-CSF (Life Technologies), 25 ng/ml IL-3 (R&D Systems, Abing-
don, UK) and 1% Antibiotic- Antimycotic (Life Technologies) and transferred to tissue culture
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treated 6-well plates (Thermo Scientific, Darmstadt, Germany). Three 6-well plates of each cell
line, containing 10-12 EBs per well, were used for differentiation. A 50% medium change was
performed every 5-7 days. Monocytes were harvested weekly from the supernatant.

qRT-PCR

iPSC-derived monocytes were lyzed in RLT buffer (Qiagen, Hilden, Germany) containing 1%
B-mercaptoethanol (Roth, Karlsruhe, Germany). RNA was isolated using the RNeasy mini kit
in combination with QIAshredder columns and the RNase-free DNAse set (all Qiagen) accord-
ing to the manufacturer’s protocol. RNA concentration was measured using a NanoDrop 1000
spectrophotometer (Thermo Scientific, Wilmington, USA). Each cDNA synthesis was per-
formed with 1.4 ug RNA sample, using the SuperScript VILO cDNA synthesis kit (Thermo
Fisher Scientific, Schwerte, Germany) according to the manufacturer’s protocol. cDNA synthe-
sis was verified by measuring the concentration using the NanoDrop 1000 spectrophotometer.
RT-PCR was then performed in triplicates, using 40 ng cDNA per reaction, the TagMan Quan-
tiFast Probe PCR Kit (Qiagen) and the human LRRK2 Assay-On-Demand (Hs00968209_m1)
as well as the human RNA polymerase II Assay-On-Demand (Hs01558819_m1; both Thermo
Fisher Scientific). The following cycling conditions were used: 2 min at 50°C, 2 min at 95°C, 15
sec at 95°C and 1 min at 60°C with 40 repeats of the last two steps (7900HT Sequence detection
system, ABI Prism, Foster City, USA). LRRK2 expression levels relative to RNA polymerase I
expression were determined using the 2(-Delta Delta C(T)) Method [30].

Gel electrophoresis and immunoblotting

iPSC-derived monocytes were lyzed in RIPA-2 buffer (Alfa Aesar, Karlsruhe, Germany) sup-
plemented with Protease Inhibitor Cocktail and Phosphatase Inhibitor Cocktail 2 (both 1:100,
Sigma). Proteins were resolved by electrophoresis on 4 to 12% NuPAGE Bis-Tris gradient gels
according to the manufacturer’s protocol, using NuPAGE MOPS running buffer (Life Technol-
ogies). The proteins were blotted onto nitrocellulose membranes (Life Technologies), followed
by incubation in blocking buffer (5% skimmed milk powder in Tris-buffered saline containing
0.1% Tween-20) for 1 hour at room temperature. The membranes were then incubated with
antibodies against LRRK2 (Rb mAB MJFF2 (c41-2), #ab133474, Abcam, Cambridge, UK),
pLRRK2(Ser935) (Rb mAB UDD 10(12)](phosphoS935), #ab133450, Abcam), pLRRK2
(S1292) (Rb mAB MJFR-19-7-8, #ab203181, Abcam) or B-Actin (clone AC-74, #A5316,
Sigma) overnight at 4°C. Horseradish peroxidase-conjugated secondary antibody and
enhanced chemiluminescence reagents were used for detection (Western Lightning Plus-ECL
Kit, Perkin Elmer, Walluf, Germany). Protein transfer and comparable protein load was veri-
fied using a protein staining kit (MemCode, Thermo Scientific). Densitometric analysis of the
immunoblots was performed using Quantity One software (Biorad, Munich, Germany).

Leukocyte differential analysis

iPSC-derived monocytes were collected and analyzed in triplicates within their conditioned
medium using an Advial20 Hematology system (Siemens Healthcare, Erlangen, Germany), a
flow-cytometry-basedhematology instrument using two distinct methods to analyze whole
blood samples. In the peroxidase channel, peroxidase-positive cells (neutrophils, eosinophils
and monocytes) were distinguished from peroxidase-negative cells (lymphocytes and baso-
phils). In the peroxidase cytogram, cell size was plotted against peroxidase activity. In the baso-
phil channel, cells were stripped and classified according to size and nuclear density which was
then plotted against each other in the basophil cytogram. Proportions of detected cell types
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were calculated by means of a probe-specific calibration factor followed by cluster analysis.
Gates were set based on tentative calculations executed by the software.

Flow Cytometry

Flow cytometric analysis was performed based on manufacturer’s instructions and previously
published protocols (http://static.bdbiosciences.com/documents/BD_

Protocol_CellSurface_Staining_StemCell.pdf?_ga=1.233729431.884400444.1467102281;
http://www.bdbiosciences.com/us/resources/s/cellsurface; [31,32]). In brief, iPSC-derived
monocytes were harvested, resuspended in PBS supplemented with 1.5% ES-qualified FCS to
block unspecific binding and stained for 30 min at 4°C with specific antibodies. In addition to
unstained controls, the respective isotype-matched antibodies were used to control for nonspe-
cific binding [32]. Cells were washed, resuspended in PBS with ES-FCS and phenotypically
analyzed on a LSR II flow cytometer (Beckton Dickinson, Heidelberg, Germany). The following
monoclonal anti-human antibodies were used: CD14-APC, CD14-FITC, CD16-FITC and
CD45-PerCP-Cy5.5 (BD Pharmingen, Heidelberg, Germany). Gates determining the mono-
cyte population were defined within the CD45+ and CD14+ scatter plot, respectively. The posi-
tive cell populations were then identified in the forward (FSC) versus side (SSC) scatter plot
and confirmed by back-gating CD14+CD45+ events into the scatter plot. Applying this strat-
egy, a monocyte gate based on morphology (size, granularity) could be determined, excluding
autofluorescent dead cells and cell debris. A minimum of 5 x 10* gated events were acquired
per sample. Within this population, percentages of cells, which stained positive for the respec-
tive markers, as well as mean fluorescent intensities were determined. For sorting experiments,
harvested monocytes were stained with FITC-conjugated anti-human CD14 antibody (BD
Pharmingen) as described above. Immunolabeled cells were sorted on a FACS Aria IT instru-
ment (Becton Dickinson) within a monocyte gate defined in the scatter plot. A minimum of 1
x 10* events were recorded in parallel for analysis of mean fluorescence intensities and percent-
ages of the monocyte population.

Data analysis was performed using FACSDiva Software (Becton Dickinson) and Flowing
Software v2.5.1 (University of Turku, Finland).

Gene expression analysis

Gene expression analysis of FACS-sorted, CD14+ iPSC-derived monocytes (16-19 weeks of
differentiation) was performed as published previously [33]. In brief, cells were lyzed in RLT
buffer containing 1% B-mercaptoethanol and RNA was isolated in replicates of four, using the
RNeasy Micro Kit (Qiagen) according to the manufacturer’s instructions. Preparation of the
mRNA sequencing library was conducted using the TrueSeq RNA Sample Preparation Kit v2
(RS-122-2002, Illumina Inc, San Diego, USA) and sequencing was performed using the TruSeq
SBS Kit HS e v3 (FC-401-3002, Illumina Inc.) on an Illumina HiSeq2000 instrument. The crite-
ria used to identify genes which were expressed in iPSC-derived monocytes were mean reads
per kilo base per million (RPKM) > 5.

Cytokine release assay

FACS-sorted, CD14+ iPSC-derived monocytes were plated in triplicates in 96-well plates at a
density of 2.5 x 10* cells per well. At day 7, the cells were treated with 100 ng/ml LPS (Sigma)
as previously described [13,34,35], a concentration which has been shown to increase LRRK2
protein levels [15]. After 6 hours, a time point of substantially increased release of the relevant
cytokines [15,34,35] but before maximal release [36-38], cell culture supernatants were col-
lected, avoiding a ceiling effect. IFNy, IL-1f, IL-6 and TNFa levels in biological triplicates of
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treated samples and controls were quantified using an electrochemiluminescenceimmunoas-
say (Meso Scale Discovery, Gaithersburg, USA) as previously described [13].

Transwell migration assay

FACS-sorted, CD14+ iPSC-derived monocytes were plated in triplicates in the upper wells of a
96-well Transwell plate with a pore size of 8.0 um (Corning, Munich, Germany) at a density of
2.5x 10* cells per well. The cells were allowed to rest for 30 min. Titration of both ADP and
ATP concentrations identified 100 uM ATP as reliable stimulus causing migration of iPSC-
derived monocytes when supplemented into the monocyte maintenance medium in the bot-
tom wells. Based on the Transwell Cell Migration, Chemotaxis and Invasion Assay Protocol
(Corning; http://csmedia2.corning.com/LifeSciences/media/pdf/protocol CLS AN_211_
CellMigration_Chemotaxis_InvasionAssay Using_Staining.pdf), the cells were allowed to
migrate for 24 hours. Thereafter, cells, which have not migrated were removed from the inserts
and migrated cells, which were still attached to the bottom side of the membrane were dissoci-
ated into the medium of the lower well. All migrated cells in the lower wells were stained with
Calcein AM (Life Technologies). After incubation for 30 min at RT in the dark, the Calcein sig-
nal of all migrated cells was measured using an EnVision Multilabel Plate Reader (Perkin
Elmer). The migration factor was calculated in relation to the mean migration of non-mutant
control cells without the chemotactic stimulus ATP.

Statistical analysis

Statistical analysis was performed using Graph Pad Prism software version 6.01 for Windows.
All values are presented as mean + SEM unless stated otherwise. Statistical significance was
determined using the appropriate two-tailed ¢-test or analysis of variance (ANOVA), respec-
tively. Statistical significance was set at p < 0.05.

Results

LRRK2 (G2019S) accelerates differentiation of human iPS cells towards
monocytes

Interested in LRRK2-mediated immune pathomechanisms, we differentiated in parallel iPS
cells reprogrammed from PD patient fibroblasts containing the LRRK2 (G2019S) mutation,
iPS cells containing a ZFN-mediated LRRK2 (G2019S) knockin, and the corresponding iso-
genic control cell lines, into monocytes. The differentiated cells were collected from the super-
natant of the differentiation cultures and their cellular identity was analyzed using flow
cytometry.

After four weeks of differentiation, cells were harvested from the differentiation cultures for
the first time. Surface expression of the hematopoietic lineage marker CD45 and the monocyte
marker CD14 [22,39] confirmed successful differentiation of the iPS cells (Fig 1A and 1B). The
monocyte population was determined based on the cellular morphology of the recorded iPSC-
derived cells, according to their distribution in the scatter plot confirmed by subsequent back-
gating (S1A Fig). The average monocyte proportion in the recorded LRRK2 (G2019S) mutant
cells was twice as high as in the respective isogenic control cells (‘monocytes’; LRRK2 patient
cell line: 8.0% vs. gene-corrected control: 3.0% and LRRK2 (G2019S) knock-in: 30.2% vs. con-
trol cell line: 14.7%; Fig 1B). Within the monocyte population, significantly more (p < 0.001)
LRRK2 mutant patient cells expressed the surface marker CD45, compared to the gene-cor-
rected isogenic control (93.3% vs. 75.2%; Fig 1B, right panel). Similarly, the LRRK2 (G2019S)
knock-in cells expressed more CD45 than the healthy control cell line (88.8% vs. 74.2%;
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Fig 1. Accelerated differentiation towards the monocytic lineage in LRRK2(G2019S) iPS cells compared to non-
mutant controls. (A) Representative peaks of flow cytometry analysis of the hematopoietic lineage marker CD45 and the
monocyte marker CD14 reveal monocyte identity of the iPSC-derived cells after 4 weeks of differentiation in both LRRK2
(G2019S) mutant (GS) and non-mutant control (WT) cell lines. Histograms represent specific surface marker staining
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(shaded grey) compared to unstained (dashed line) and isotype-matched (solid line) controls. Representative CD45 vs.

CD14 scatter plots illustrate the distribution of the gated monocyte population. The respective monocyte yields (differentiation
efficiency) are given in boxes. (B) After 4 weeks of differentiation, more LRRK2 (G2019S) mutant cells (GS; left panel: 30.2%,
right panel: 8.0%) differentiated into monocytes compared to non-mutant controls (WT; left panel: 14.7%, right panel: 3.0%).
The percentage of CD45+ and CD14+ cells within the monocyte population is significantly higher in LRRK2 (G2019S) patient
(GS) cells compared to the gene-corrected control (WT) (CD45: p <0.001, CD14: p < 0.001; right panel). Similarly,
comparison of the LRRK2 (G2019S) knock-in (GS) and the control cell line (WT) revealed increased CD45 and CD14
expression (CD45: p > 0.05, CD14: p <0,05) (C) Analysis of the efficiency of monocyte differentiation over time revealed
significant differences during early differentiation in both groups followed by comparable monocyte yields starting from week
6-9. (D) Representative Pappenheim stainings of iPSC-derived monocytes show no morphological difference between
LRRK2(G2019S) (GS; right panel) and non-mutant cells (WT; left panel). Pooled data of 2-5 independent experiments is
shown in box plots (min to max), error bars represent mean +SEM, *p<0.05, **p>0.01, ***p<0.001. For each cell line, three
6-well plates, with each well containing 10—12 monocyte producing cell clusters, were set up for differentiation and analyzed
in independent experiments.

doi:10.1371/journal.pone.0165949.g001

p < 0.05; Fig 1B, left panel). The difference in CD45 mean fluorescent intensities reached sig-
nificance in all cell lines (p < 0.01 and p < 0.001, respectively; S1B Fig). Furthermore, the pro-
nounced differences in both percentages of CD14+ cells (LRRK2 patient cell line: 93.0% vs.
gene-corrected control: 66.8% and LRRK2 (G2019S) knock-in: 88.8% vs. control cell line:
74.2%; p < 0.05 and. p < 0.001, respectively; Fig 1B) and CD14 mean fluorescent intensities

(p < 0.01 and. p < 0.001, respectively; S1B Fig) suggested differences in the differentiation pat-
tern between both genotypes at early time points.

FACS analysis revealed that the iPSC-derived cellular population harvested after four weeks
of differentiation represented a heterogeneous population consisting of cells of different sizes
and morphologies. Concluding that the protocol did not generate iPSC-derived monocytes
exclusively, we asked whether the harvested cell population mainly consisted of immature pre-
cursor cells rather than cells displaying mature monocyte identity. To answer this question, the
differentiation cultures were assessed over time and iPSC-derived cell populations were har-
vested at different time points.

FACS analysis of cell samples harvested after six weeks of differentiation time indicated that
the cultures increased their efficiency in producing monocytes with longer differentiation time.
Fig 1C shows the higher proportion of monocytes in LRRK2 mutant lines at early differentia-
tion time points, whereas in all lines monocyte production increased to a similar plateau after
about 9 weeks and the differentiation cultures reliably generated about 80% monocytes over a
time period of 8-10 weeks.

Pappenheim staining exhibited comparable morphologies with a high cytoplasm-to-nucleus
ratio in both genotypes, confirming published data from iPSC-derived monocytes [29,40] (Fig
1D). In addition to characterization based on cellular morphology and surface marker expres-
sion, myeloid cells (including stem cell-derived myeloid cells) are classified using peroxidase
staining [31,41]. Using an Advial20 Hematology system, leukocyte differential analysis was
performed on harvested cells, confirming both monocyte identity and an accelerated differenti-
ation pattern of LRRK2 mutant cells (S2A and S2B Fig). Due to the fact that iPSC-derived
monocytes may differ from natural peripheral blood leukocytes, which may lead to categoriza-
tion problems performing automated leukocyte differential analysis, we additionally investi-
gated gene expression of the differentiated monocytes focussing on genes which are known to
identify monocytes, but also neutrophils, T and B cells. In addition to CD45 and CD14, which
have been investigated in the FACS analysis experiments, specific monocyte markers, like
CD163, a receptor involved in clearance of haemoglobin and regulation of cytokine production
[42], the macrophage colony-stimulating factor receptor (CSFR1), the transmembrane receptor
CD33, the toll-like receptor 4 (TLR4) and the low affinity IgG Fc region marker CD16 were
expressed in the iPSC-derived monocytes after 16-19 weeks of differentiation (S2C Fig).
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Furthermore, the HLA class II histocompatibility antigen subunit genes HLA-DRA,
HLA-DRBI and HLA-DRBG6 were detected. Further, CD4 mRNA, expressed by monocytes,
granulocytes and T cells was detected whereas the T cell markers CD3 and CD8 were not
expressed. Genes characterizing B cells (CD19, CD20) or neutrophils (CD16b, CD177,
CD203c) were not expressed (RPKM < 5; markers reviewed by the HLDA workshops (www.
hcdm.org) and described in www.bdbiosciences.com/documents/cd_marker_handbook), indi-
cating monocytes being the prevalent population after 16-19 weeks.

Taken together, we could observe small, but consistent phenotypic differences during the
differentiation of iPS cells, with LRRK2 (G2019S) mutant cells differentiating faster towards
the monocyte lineage during the early differentiation phase, compared to their respective iso-
genic controls.

Monocyte subpopulations differ between LRRK2 (G2019S) mutants and
controls

In the human body, monocytes differentiate into various subtypes, which can be distinguished
according to their surface receptor expression [22]. The CD14+CD16+ non-classical mono-
cytes subpopulation is reduced in peripheral blood samples of PD patients, whereas CD14
+CD16- classical monocytes are enriched compared to healthy controls [25]. Thus, we sought
to characterize these subpopulations within our iPSC-derived monocytes. Flow cytometry
analysis of the LPS co-receptor CD14 and the low affinity IgG Fc region marker CD16 after 9
weeks of differentiation, revealed no differences in expression levels of CD14 or CD16 in the
LRRK2 (G2019S) patient (CD14: 90.7%, CD16: 24.5%) versus the isogenic gene-corrected cell
line (CD14: 90.4%, CD16: 28.4%; p > 0.05; Fig 2A, WT (gene-corrected) and GS (patient cell
line) and Fig 2C, right panel). After 12 weeks, when monocyte yields were similar in differenti-
ation cultures of the respective LRRK2 mutant and non-isogenic control cell lines (Fig 1C),
LRRK2 (G2019S) patient monocytes showed significantly lower (p < 0.01) expression of CD16
(38.25%) compared to the gene-corrected controls (57.7%) (Fig 2B, WT (gene-corrected) and
GS (patient cell line) and Fig 2C, right panel). Having observed that the LRRK2 (G2019S)
knock-in and the respective isogenic control cell line differentiate faster towards monocytes
(Fig 1C), monocytes derived from these lines were analyzed at earlier time points. After 8
weeks of differentiation, 23.7% of non-mutant control monocytes expressed CD16, whereas
LRRK2 (G2019S) knock-in cells expressed significantly less CD16 (18.25%; Fig 2A, WT (con-
trol cell line) and GS (knock-in) and Fig 2C, left panel). Analysis of the cells after 10 weeks of
differentiation revealed significantly lower (p < 0.01) CD16 expression in LRRK2 (G2019S)
knock-in monocytes (36.0%) compared to non-mutant control cells (57.0%), similar to what
has been observed in the other two cell lines (Fig 2B and 2C). Due to our gating strategy, that
enabled us to only analyze the monocyte population, and due to the fact that all CD16+ cells
were CD14+, CD16 expression could be attributed solely to CD14+CD16+ monocytes. Thus,
our findings are consistent with the abovementioned data from blood samples of sporadic PD
patients [25]. Harvested cells were analyzed also at later time points (S3 Fig), however, at that
time, the monocyte yield from our differentiation cultures decreased and the monocyte pro-
ducing cell clusters showed morphological signs of degeneration, precluding meaningful
analysis.

iPSC-derived monocytes display similar LRRK2 levels in LRRK2
(G2019S) mutants and controls

Using isogenic cell lines in this study, we precluded genetic and epigenetic differences to
account for the observed phenotype during the differentiation of iPS cells towards monocytes.
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Fig 2. Differences in monocyte subtype ratios between iPSC-derived monocytes. Representative peaks of flow cytometric analysis
of the LPS receptor CD14 and the low affinity IgG Fc region marker CD16 in both non-mutant control (WT) and isogenic LRRK2 (G2019S)
mutant (GS) cells after 8—9 weeks (A) and 10—12 weeks (B) of differentiation. Histograms represent specific surface staining (shaded grey)
compared to unstained (dashed line) and isotype-matched (solid line) controls. Representative CD16 vs. CD14 scatter plots illustrate the
distribution of the gated monocyte population. The respective monocyte yields (differentiation efficiency) are given in boxes. (C)
Percentage of CD14+ and CD16+ cells within the monocyte population of non-mutant control (WT) versus LRRK2 (G2019S) mutant (GS)
cells analyzed in week 8 and 10 (left panel) and 9 and 12 (right panel) of differentiation, respectively. CD16 surface expression is
significantly higher (p < 0.01) in non-mutant (WT) cells in week 10 and 12, compared to LRRK2 (G2019S) mutant (GS) cells. Error bars
represent mean +SEM; *p>0.05, **p<0.01. For each cell line, three 6-well plates, with each well containing 10—12 monocyte producing cell
clusters, were set up for differentiation and analyzed in two independent experiments.

doi:10.1371/journal.pone.0165949.9002

To ensure that the diverging differentiation pattern was related to the G2019S point mutation
in the LRRK2 gene, the expression pattern in iPSC-derived monocytes was examined at various
time points. Real-time quantitative PCR (qQRT-PCR) revealed similar expression levels of
LRRK2 mRNA in all cell lines used in this study, a representative example is shown in Fig 3A.
Western Blotting additionally confirmed LRRK2 expression on protein level. No significant
differences in total protein expression were found between both genotypes following normali-
zation to protein load (Fig 3B).

S935 is not an autophosphorylation site of LRRK2, however, autophosphorylation at $1292
has recently been demonstrated [43,44]. Using commercially available antibodies we detected
§1292 phosphorylation in LRRK2 overexpressing cells but not in lysates of iPSC-derived
monocytes (54 Fig).

Functional analysis of LRRK2 (G2019S) mutant iPSC-derived
monocytes

Finally, we investigated the functional consequences of the shift between the non-classical ver-
sus classical monocyte distribution in LRRK2 mutant iPSC-derived monocytes compared to
their respective non-mutant isogenic controls. In previous studies, we observed increased
release of pro-inflammatory cytokines from microglia and leukocytes isolated from LRRK2
mutant mice [13,18]. Additionally, upregulation of LRRK2 activity has been shown to be asso-
ciated with inflammatory responses in activated peritoneal mouse macrophages [19]. There-
fore, we characterized the release of pro-inflammatory cytokines from our iPSC-derived
monocytes using an enzyme-linked immunosorbent assay (ELISA) (Fig 4A). In absence of pro-
inflammatory stimuli, only low levels of IFNy, IL-1p, IL-6 and TNFo. with no differences
between the genotypes were measured. After exposing the cells to the CD14 ligand LPS (100
ng/ml) for 6 hours, a time span after which substantial responses were shown by others
[15,34,35] and a ceiling effect was avoided [36-38], the release of IFNy, IL-1B, IL-6 and TNFo.
increased (IL-1B: p < 0.05, IL-6: p < 0.01, TNFo.. p < 0.05, IFNYy: p > 0.05). Unexpectedly, no
difference in the LPS-induced inflammatory response of LRRK2 mutant (GS) compared to
non-mutant (WT) control cells was observed. Our gene expression analysis of TLR4 and
MyD88, implicated in LPS activated signaling [45], indicated unaltered mRNA levels compar-
ing the genotypes.

Immune cells are able to recognize foreign structures and injury sites by constantly surveil-
ling their environment [46,47]. Chemotactic agents, like ADP, ATP and UTP, released from
damaged cells, induce migration of the patrolling cells [47,48]. To assess the migration capacity
of our iPSC-derived monocytes, we tested concentrations ranging between 1-100 pM of ADP
and ATP for their suitability as chemotactic stimuli. 100 uM ATP moderately stimulated
migration of the iPSC-derived monocytes. Moreover, when combining the data from the two
LRRK2 (G2019S) mutant cell lines and the two control lines, respectively, LRRK2 mutant
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Fig 3. LRRK2 and phospho-LRRK2 levels in iPSC-derived monocytes. (A) LRRK2 mRNA expression relative
to RNA polymerase Il expression was determined using the 2(-Delta Delta C(T)) method. The relative expression
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is shown for non-mutant control (WT) and LRRK2 (G2019S) knock-in (GS) cells (n = 3). Data was normalized to
the non-mutant control in week 12. No differences between the isogenic cell lines were detected (p > 0.05). (B)
Densitometric analysis of immunoblots of three independent cultures per genotype reveal similar LRRK2 protein
expression levels (p > 0.05). Error bars represent mean +SEM, *p<0.05.

doi:10.1371/journal.pone.0165949.9003

monocytes showed a significant (p < 0.05), approximately 20% reduction of migration activity
at basal state. This trend did not reach significance upon exposure to 100 uM ATP (Fig 4B).

Discussion

Our data reveals accelerated differentiation towards monocytes in LRRK2 (G2019S) mutant iPS
cells compared to their non-mutant isogenic controls. The acceleration of fate decision is consis-
tent with prior findings from our lab, indicating a role of LRRK2 in mouse embryonic stem cell
differentiation [49]. Furthermore, the involvement of LRRK2 during early monocyte lineage
commitment in our in vitro study is consistent with the higher monocyte precursor percentage
found in peripheral blood samples of idiopathic and LRRK2 mutant PD patients [26]. Similar to
our cell culture study, these changes in blood monocytes in PD patients were caused by altered
differentiation rather than total numbers of mature monocytes. Moreover, in LRRK2 (G2019S)-
derived monocytes analyzed in the present study, a higher percentage of CD14+CD16- cells has
been observed, compared to the non-mutant isogenic controls. Similar observations recently
have been reported in blood samples from idiopathic PD patients [25]. The influence of LRRK2
activity on the different subtypes of blood monocytes has been characterized in ex vivo studies by
Thévenet and colleagues. Using non-specific small molecule LRRK2 inhibitors they linked higher
LRRK2 kinase activity to a shift towards the CD14+CD16+ population [27]. This seemingly con-
tradictory finding might be due to the transient effect exerted by LRRK2 during early cell fate
decision that has been observed by us and others [26].

CD16+ monocytes are the patrolling monocyte subpopulation in the human blood [50].
Thus, it could be hypothesized that diminished numbers in PD patients might lead to impaired
immune surveillance. In addition to less patrolling cells, deficits in migration activity in LRRK2
(G2019S) mutant mouse microglia, lead to impaired responses to injury [51]. Contradictory
findings were reported by Moehle and colleagues [19] showing increased chemotaxis in LRRK2
(G2019S) mutant peritoneal macrophages. It might be speculated that the influence of LRRK2
on cellular motility may differ dependent on cell type, the microenvironment and the migra-
tory stimulus. Several studies demonstrated that decreased recruitment of immune cells leads
to insufficient defense against intruding microbial and viral structures as well as insufficient
removal of detrimental, endogenous protein agglomerates and cell debris, ultimately releasing
neurotoxic substances into the microenvironment and contributing to neurodegeneration [51-
53].

Similar to findings by Moehle et al. in LRRK2 (G2019S) murine peritoneal macrophages
[19], we did not observe increased release of pro-inflammatory cytokines in human LRRK2
(G2019S) mutant iPSC-derived monocyte cultures. By contrast, LRRK2 is associated with acti-
vation of immune cells [14,54] and increased inflammatory responses have been found in
peripheral immune cells of LRRK2 mutant mice by us and others [13,15,18]. Several studies
linked LRRK2-deficiency or LRRK2 inhibition to decreased cytokine release from activated
mouse macrophages [55] and microglia [15,20,56,57], whereas Liu et al. [58] reported
increased cytokine release from activated bone marrow-derived macrophages isolated from
LRRK2-deficient mice. These studies, however, differed regarding the cell populations and
applied stimuli under investigation, indicating that LRRK2 possibly exerts different effects
under distinct experimental conditions.
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Fig 4. Functional analysis of iPSC-derived monocytes. (A) Release of the pro-inflammatory cytokine IFNy
showed a trend towards an increase after LPS stimulation (100 ng/ml for 6 hours) as measured by ELISA after 11
weeks of differentiation (n = 3). For IL-1B, IL-6 and TNFa the LPS-induced increase reached significance (IL-1p:
p <0.05; IL-6: p < 0.01; TNFa: p < 0.05). No difference was observed upon comparison of LRRK2 (G2019S)
mutant (GS) versus non-mutant control (WT) monocytes. (B) LRRK2(G2019S) cells (GS) monocytes showed
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significantly reduced (p < 0.05) basal migration compared to control (WT) after 11-18 weeks of differentiation. The
trend towards reduced migration upon exposure to the chemotactic stimulus 100 uM ATP did not reach
significance (p < 0.05; n = 3).

doi:10.1371/journal.pone.0165949.9004

In summary, our findings lead to the hypothesis that mutant LRRK2 may (transiently) affect
immune cell maturation and function in an early phase. Interestingly, increased microglial
activity in early PD patients was detected in two neuroimaging studies [59,60]. Longitudinal
imaging revealed no persistent increase during disease progression [60], indicating that tran-
sient alterations in the immune system might contribute to early disease development.

However, it should be kept in mind, that LRRK2 is implicated in other inflammatory disor-
ders and susceptibility to infections (reviewed by [61-63]) and further work is needed to corre-
late patient data to disease measures and clinical onset of disease. As pointed out previously
[28], using isogenic iPS cell lines favored detection of phenotypic differences in the present
study which may be masked by the heterogenous genetic background in studies using LRRK2
(G2019S) patient samples. It should be noted, though, that the kinetics and yield of myeloid dif-
ferentiation starting from iPS cells is affected by the genetic background as has been observed
in this study and has been reported by others [64]. Performing future patient studies, large
sample sizes will be needed to reveal phenotypic differences. A first attempt has been made to
compare peripheral blood samples of idiopathic and LRRK2 (G2019S) associated PD and
healthy controls in a comprehensive transcriptional profiling study [65]. Pathway analysis
revealed an upregulation of the complement pathway in blood cells from idiopathic and
LRRK2 mutant patients [65]. Interestingly, expression of complement genes (C1QA, C1QB,
C1QC) was also upregulated in our LRRK2 mutant iPSC-derived monocytes.

Thus, our human iPSC-derived monocyte model may be suitable to further investigate early
phenotypic changes of innate immune cells contributing to PD. These studies will not only
contribute to the understanding of the (patho)physiological role of LRRK2, but to PD in gen-
eral by using iPSC-derived monocytes from sporadic patients.

Supporting Information

S1 Fig. FACS analysis of iPSC-derived monocytes (4 weeks of differentiation time). (A)
Ilustration of the applied gating strategy to determine the monocyte population. All recorded
events were plotted in a CD14-FITC vs. CD45-PerCPCy5.5 dot plot (upper panels). Positive
populations were back-gated (illustrated using arrows) to a FSC/SSC dot plot (population
‘Monocytes, red). This was done for each staining separately (CD45: left column; CD14: mid-
dle column). The ‘Monocytes’ population (lower row panels) was selected from the FSC/SSC
dot plot (middle row), based on the previous back-gating and exclusion of autofluorescent
dead cells and cell debris. This selected population was the same for all samples. The ‘mono-
cyte’ population (without autofluorescent dead cells and cell debris) was displayed in the
respective histograms. (B) FACS analysis of the monocyte population after 4 weeks of differen-
tiation time. The mean fluorescent intensity of both CD45 and CD14 is significantly higher in
LRRK2 mutant cells compared to the gene-corrected controls (WT) (CD45: p < 0.0001 and

p < 0.01, respectively; CD14: p < 0.001 and p < 0.01, respectively). For each cell line, three
6-well plates, with each well containing 10-12 monocyte producing cell clusters, were set up
for differentiation and analyzed in independent experiments

(TIF)

S2 Fig. Leukocytedifferential analysis of iPSC-derived monocytes using the Advial20
Hematology analytical system. (A) ratios from white blood cell count (WBC) of the
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differentiated monocytes reveal a higher proportion of monocytes in LRRK2 (G2019S) (GS)
patient cell cultures compared to gene-corrected wild-type (WT) control cultures after 6 weeks
of differentiation (left panel; n = 3). After 9 weeks of differentiation, monocytes are the pre-
dominant cell type in cultures of both genotypes (right panel). Differences between genotypes
are no longer observed. (B) Representative peroxidase (left column) and basophil (right col-
umn) cytograms obtained from leukocyte differential analysis of iPSC-derived monocytes. N:
Neutrophils; L: Lymphocytes; M: Monocytes; E: Eosinophils; B: Basophils; LUC: large
unstained cells; MN: mononuclear cells; PMN: polymorphonuclear cells. (C) Gene expression
analysis of CD14+ FACS-sorted iPSC-derived monocytes after 16-19 weeks of differentiation.
Genes with mean reads per kilo base per million (RPKM) > 5 were considered being expressed
(n =4; +SEM).

(TIF)

S3 Fig. FACS analysis of iPSC-derived monocytes after 12 weeks of differentiation time.

(A) Representative peaks of flow cytometric analysis of CD14 and CD16 in LRRK2 (G2019S)
patient (GS) and gene-corrected control (WT) cells after 19 weeks of differentiation. Histo-
grams represent specific surface staining (shaded grey) compared to unstained (dashed line)
and isotype-matched (solid line) controls. Representative CD16 vs. CD14 scatter plots illustrate
the distribution of the gated monocyte population, the respective monocyte yields (differentia-
tion efficiency) are given in boxes. For each cell line, three 6-well plates, with each well contain-
ing 10-12 monocyte producing cell clusters, were set up for differentiation and analyzed in two
experiments.

(TIF)

S4 Fig. Phospho-LRRK2(51292) levels in iPSC-derived monocytes. Representative immuno-
blots of iPSC-derived monocyte and tagged LRRK2 overexpressing cell lysates showing total
LRRK?2 (upper lane) and phospho-LRRK2(S1292) (lower lane) protein expression. Similar pro-
tein load was verified using Memcode total protein staining. Phospho-LRRK2(S1292) did not
reveal any signal in iPSC-derived monocyte lysates.

(TIF)

Acknowledgments

We would like to thank Sabine Finger, Martin Krell, Margarete Schuler and Margareta Wolf
for excellent technical assistance, Tobias Hildebrandt for providing data on mRNA expression
of leukocyte marker genes and Astrid Kritzinger for providing LRRK2 overexpression control
lysates.

Author Contributions
Conceptualization: AS FG.
Formal analysis: AS SF FG.
Investigation: AS SE.
Methodology: AS FG.
Project administration: FG.
Resources: PR JS FG.

Supervision: FG.

PLOS ONE | DOI:10.1371/journal.pone.0165949 November 3, 2016 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0165949.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0165949.s004

@° PLOS | ONE

LRRK2 Influence on iPSC-Derived Monocyte Differentiation

Validation: AS SE.

Visualization: AS SF.

Writing - original draft: AS FG.

Writing - review & editing: AS SF PR JS FG.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Zimprich A, Biskup S, Leitner P, Lichtner P, Farrer M, Lincoln S, et al. (2004) Mutations in LRRK2
cause autosomal-dominant parkinsonism with pleomorphic pathology. Neuron 44: 601-607. doi: 10.
1016/j.neuron.2004.11.005 PMID: 15541309

Paisan-Ruiz C, Jain S, Evans EW, Gilks WP, Simon J, van der Brug M, et al. (2004) Cloning of the
gene containing mutations that cause PARK8-linked Parkinson’s disease. Neuron 44: 595-600. doi:
10.1016/j.neuron.2004.10.023 PMID: 15541308

Satake W, Nakabayashi Y, Mizuta |, Hirota Y, Ito C, Kubo M, et al. (2009) Genome-wide association
study identifies common variants at four loci as genetic risk factors for Parkinson’s disease. Nat Genet
41:1303-1307. doi: 10.1038/ng.485 PMID: 19915576

Nalls MA, Pankratz N, Lill CM, Do CB, Hernandez DG, Saad M, et al. (2014) Large-scale meta-analy-
sis of genome-wide association data identifies six new risk loci for Parkinson’s disease. Nat Genet 46:
989-993. doi: 10.1038/ng.3043 PMID: 25064009

Mata IF, Wedemeyer WJ, Farrer MJ, Taylor JP, Gallo KA (2006) LRRK2 in Parkinson’s disease: pro-
tein domains and functional insights. Trends Neurosci 29: 286-293. doi: 10.1016/j.tins.2006.03.006
PMID: 16616379

Goldwurm S, Di Fonzo A, Simons EJ, Rohe CF, Zini M, Canesi M, et al. (2005) The G6055A (G2019S)
mutation in LRRK2 is frequent in both early and late onset Parkinson’s disease and originates from a
common ancestor. J Med Genet 42: e65. doi: 10.1136/jmg.2005.035568 PMID: 16272257

West AB, Moore DJ, Choi C, Andrabi SA, Li X, Dikeman D, et al. (2007) Parkinson’s disease-associ-
ated mutations in LRRK2 link enhanced GTP-binding and kinase activities to neuronal toxicity. Hum
Mol Genet 16: 223-232. doi: 10.1093/hmg/ddl471 PMID: 17200152

Jaleel M, Nichols RJ, Deak M, Campbell DG, Gillardon F, Knebel A, et al. (2007) LRRK2 phosphory-
lates moesin at threonine-558: characterization of how Parkinson’s disease mutants affect kinase
activity. Biochem J 405: 307-317. doi: 10.1042/BJ20070209 PMID: 17447891

West AB, Moore DJ, Biskup S, Bugayenko A, Smith WW, Ross CA, et al. (2005) Parkinson’s disease-
associated mutations in leucine-rich repeat kinase 2 augment kinase activity. Proc Natl Acad SciU S A
102: 16842-16847. doi: 10.1073/pnas.0507360102 PMID: 16269541

Russo |, Bubacco L, Greggio E (2014) LRRK2 and neuroinflammation: partners in crime in Parkinson’s
disease? J Neuroinflammation 11: 52. doi: 10.1186/1742-2094-11-52 PMID: 24655756

Blesa J, Trigo-Damas |, Quiroga-Varela A, Jackson-Lewis VR (2015) Oxidative stress and Parkinson’s
disease. Front Neuroanat 9: 91. doi: 10.3389/fnana.2015.00091 PMID: 26217195

Greggio E (2012) Role of LRRK2 kinase activity in the pathogenesis of Parkinson’s disease. Biochem
Soc Trans 40: 1058—-1062. doi: 10.1042/BST20120054 PMID: 22988865

Gillardon F, Schmid R, Draheim H (2012) Parkinson’s disease-linked leucine-rich repeat kinase 2
(R1441G) mutation increases proinflammatory cytokine release from activated primary microglial cells
and resultant neurotoxicity. Neuroscience 208: 41-48. doi: 10.1016/j.neuroscience.2012.02.001
PMID: 22342962

Hakimi M, Selvanantham T, Swinton E, Padmore RF, Tong Y, Kabbach G, et al. (2011) Parkinson’s
disease-linked LRRK2 is expressed in circulating and tissue immune cells and upregulated following
recognition of microbial structures. J Neural Transm (Vienna) 118: 795-808.

Moehle MS, Webber PJ, Tse T, Sukar N, Standaert DG, DeSilva TM, et al. (2012) LRRK2 inhibition
attenuates microglial inflammatory responses. J Neurosci 32: 1602—-1611. doi: 10.1523/JNEUROSCI.
5601-11.2012 PMID: 22302802

Daher JP, Volpicelli-Daley LA, Blackburn JP, Moehle MS, West AB (2014) Abrogation of alpha-synu-
clein-mediated dopaminergic neurodegeneration in LRRK2-deficient rats. Proc Natl Acad SciU S A
111:9289-9294. doi: 10.1073/pnas.1403215111 PMID: 24927544

Gardet A, Benita Y, Li C, Sands BE, Ballester |, Stevens C, et al. (2010) LRRK2 is involved in the IFN-
gamma response and host response to pathogens. J Immunol 185: 5577-5585. doi: 10.4049/
jimmunol.1000548 PMID: 20921534

PLOS ONE | DOI:10.1371/journal.pone.0165949 November 3, 2016 16/19


http://dx.doi.org/10.1016/j.neuron.2004.11.005
http://dx.doi.org/10.1016/j.neuron.2004.11.005
http://www.ncbi.nlm.nih.gov/pubmed/15541309
http://dx.doi.org/10.1016/j.neuron.2004.10.023
http://www.ncbi.nlm.nih.gov/pubmed/15541308
http://dx.doi.org/10.1038/ng.485
http://www.ncbi.nlm.nih.gov/pubmed/19915576
http://dx.doi.org/10.1038/ng.3043
http://www.ncbi.nlm.nih.gov/pubmed/25064009
http://dx.doi.org/10.1016/j.tins.2006.03.006
http://www.ncbi.nlm.nih.gov/pubmed/16616379
http://dx.doi.org/10.1136/jmg.2005.035568
http://www.ncbi.nlm.nih.gov/pubmed/16272257
http://dx.doi.org/10.1093/hmg/ddl471
http://www.ncbi.nlm.nih.gov/pubmed/17200152
http://dx.doi.org/10.1042/BJ20070209
http://www.ncbi.nlm.nih.gov/pubmed/17447891
http://dx.doi.org/10.1073/pnas.0507360102
http://www.ncbi.nlm.nih.gov/pubmed/16269541
http://dx.doi.org/10.1186/1742-2094-11-52
http://www.ncbi.nlm.nih.gov/pubmed/24655756
http://dx.doi.org/10.3389/fnana.2015.00091
http://www.ncbi.nlm.nih.gov/pubmed/26217195
http://dx.doi.org/10.1042/BST20120054
http://www.ncbi.nlm.nih.gov/pubmed/22988865
http://dx.doi.org/10.1016/j.neuroscience.2012.02.001
http://www.ncbi.nlm.nih.gov/pubmed/22342962
http://dx.doi.org/10.1523/JNEUROSCI.5601-11.2012
http://dx.doi.org/10.1523/JNEUROSCI.5601-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22302802
http://dx.doi.org/10.1073/pnas.1403215111
http://www.ncbi.nlm.nih.gov/pubmed/24927544
http://dx.doi.org/10.4049/jimmunol.1000548
http://dx.doi.org/10.4049/jimmunol.1000548
http://www.ncbi.nlm.nih.gov/pubmed/20921534

@° PLOS | ONE

LRRK2 Influence on iPSC-Derived Monocyte Differentiation

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Caesar M, Felk S, Zach S, Bronstad G, Aasly JO, Gasser T, et al. (2014) Changes in matrix metallo-
protease activity and progranulin levels may contribute to the pathophysiological function of mutant
leucine-rich repeat kinase 2. Glia 62: 1075-1092. doi: 10.1002/glia.22663 PMID: 24652679

Moehle MS, Daher JP, Hull TD, Boddu R, Abdelmotilib HA, Mobley J, et al. (2015) The G2019S
LRRK2 mutation increases myeloid cell chemotactic responses and enhances LRRK2 binding to actin-
regulatory proteins. Hum Mol Genet 24: 4250-4267. doi: 10.1093/hmg/ddv157 PMID: 25926623

Kim B, Yang MS, Choi D, Kim JH, Kim HS, Seol W, et al. (2012) Impaired inflammatory responses in
murine Lrrk2-knockdown brain microglia. PLOS ONE 7: e34693. doi: 10.1371/journal.pone.0034693
PMID: 22496842

Serbina NV, Jia T, Hohl TM, Pamer EG (2008) Monocyte-mediated defense against microbial patho-
gens. Annu Rev Immunol 26: 421-452. doi: 10.1146/annurev.immunol.26.021607.090326 PMID:
18303997

Auffray C, Sieweke MH, Geissmann F (2009) Blood monocytes: development, heterogeneity, and rela-
tionship with dendritic cells. Annu Rev Immunol 27: 669-692. doi: 10.1146/annurev.immunol.021908.
132557 PMID: 19132917

Passlick B, Flieger D, Ziegler-Heitbrock HW (1989) Identification and characterization of a novel mono-
cyte subpopulation in human peripheral blood. Blood 74: 2527—2534. PMID: 2478233

Ziegler-Heitbrock HW (2000) Definition of human blood monocytes. J Leukoc Biol 67: 603—-606. PMID:
10810998

Grozdanov V, Bliederhaeuser C, Ruf WP, Roth V, Fundel-Clemens K, Zondler L, et al. (2014) Inflam-
matory dysregulation of blood monocytes in Parkinson’s disease patients. Acta Neuropathol 128:
651-663. doi: 10.1007/s00401-014-1345-4 PMID: 25284487

Funk N, Wieghofer P, Grimm S, Schaefer R, Buhring HJ, Gasser T, et al. (2013) Characterization of
peripheral hematopoietic stem cells and monocytes in Parkinson’s disease. Mov Disord 28: 392—-395.
doi: 10.1002/mds.25300 PMID: 23401086

Thevenet J, Pescini Gobert R, Hooft van Huijsduijnen R, Wiessner C, Sagot YJ (2011) Regulation of
LRRK2 expression points to a functional role in human monocyte maturation. PLOS ONE 6: e21519.
doi: 10.1371/journal.pone.0021519 PMID: 21738687

Reinhardt P, Schmid B, Burbulla LF, Schondorf DC, Wagner L, Glatza M, et al. (2013) Genetic correc-
tion of a LRRK2 mutation in human iPSCs links parkinsonian neurodegeneration to ERK-dependent
changes in gene expression. Cell Stem Cell 12: 354-367. doi: 10.1016/j.stem.2013.01.008 PMID:
23472874

van Wilgenburg B, Browne C, Vowles J, Cowley SA (2013) Efficient, long term production of mono-
cyte-derived macrophages from human pluripotent stem cells under partly-defined and fully-defined
conditions. PLOS ONE 8: €71098. doi: 10.1371/journal.pone.0071098 PMID: 23951090

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-time quantitative
PCR and the 2(-Delta Delta C(T)) Method. Methods 25: 402—-408. doi: 10.1006/meth.2001.1262
PMID: 11846609

Saeki K, Saeki K, Nakahara M, Matsuyama S, Nakamura N, Yogiashi Y, et al. (2009) A feeder-free
and efficient production of functional neutrophils from human embryonic stem cells. Stem Cells 27:
59-67. doi: 10.1634/stemcells.2007-0980 PMID: 18845766

Sgambato JA, Park TS, Miller D, Panicker LM, Sidransky E, Lun Y, et al. (2015) Gaucher Disease-
Induced Pluripotent Stem Cells Display Decreased Erythroid Potential and Aberrant Myelopoiesis.
Stem Cells Transl Med 4: 878-886. doi: 10.5966/sctm.2014-0213 PMID: 26062980

Azzinnari D, Sigrist H, Staehli S, Palme R, Hildebrandt T, Leparc G, et al. (2014) Mouse social stress
induces increased fear conditioning, helplessness and fatigue to physical challenge together with
markers of altered immune and dopamine function. Neuropharmacology 85: 328—-341. doi: 10.1016/j.
neuropharm.2014.05.039 PMID: 24907589

Panicker LM, Miller D, Awad O, Bose V, Lun Y, Park TS, et al. (2014) Gaucher iPSC-derived macro-
phages produce elevated levels of inflammatory mediators and serve as a new platform for therapeutic
development. Stem Cells 32: 2338—-2349. doi: 10.1002/stem.1732 PMID: 24801745

Sheng W, Zong Y, Mohammad A, Ajit D, Cui J, Han D, et al. (2011) Pro-inflammatory cytokines and
lipopolysaccharide induce changes in cell morphology, and upregulation of ERK1/2, iINOS and sPLA
(2)-11A expression in astrocytes and microglia. J Neuroinflammation 8: 121. doi: 10.1186/1742-2094-
8-121 PMID: 21943492

Menk M, Graw JA, von Haefen C, Sifringer M, Schwaiberger D, Unger T, et al. (2015) Stimulation of
the Angiotensin Il AT2 Receptor is Anti-inflammatory in Human Lipopolysaccharide-Activated Mono-
cytic Cells. Inflammation 38: 1690-1699. doi: 10.1007/s10753-015-0146-9 PMID: 25758542

PLOS ONE | DOI:10.1371/journal.pone.0165949 November 3, 2016 17/19


http://dx.doi.org/10.1002/glia.22663
http://www.ncbi.nlm.nih.gov/pubmed/24652679
http://dx.doi.org/10.1093/hmg/ddv157
http://www.ncbi.nlm.nih.gov/pubmed/25926623
http://dx.doi.org/10.1371/journal.pone.0034693
http://www.ncbi.nlm.nih.gov/pubmed/22496842
http://dx.doi.org/10.1146/annurev.immunol.26.021607.090326
http://www.ncbi.nlm.nih.gov/pubmed/18303997
http://dx.doi.org/10.1146/annurev.immunol.021908.132557
http://dx.doi.org/10.1146/annurev.immunol.021908.132557
http://www.ncbi.nlm.nih.gov/pubmed/19132917
http://www.ncbi.nlm.nih.gov/pubmed/2478233
http://www.ncbi.nlm.nih.gov/pubmed/10810998
http://dx.doi.org/10.1007/s00401-014-1345-4
http://www.ncbi.nlm.nih.gov/pubmed/25284487
http://dx.doi.org/10.1002/mds.25300
http://www.ncbi.nlm.nih.gov/pubmed/23401086
http://dx.doi.org/10.1371/journal.pone.0021519
http://www.ncbi.nlm.nih.gov/pubmed/21738687
http://dx.doi.org/10.1016/j.stem.2013.01.008
http://www.ncbi.nlm.nih.gov/pubmed/23472874
http://dx.doi.org/10.1371/journal.pone.0071098
http://www.ncbi.nlm.nih.gov/pubmed/23951090
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.1634/stemcells.2007-0980
http://www.ncbi.nlm.nih.gov/pubmed/18845766
http://dx.doi.org/10.5966/sctm.2014-0213
http://www.ncbi.nlm.nih.gov/pubmed/26062980
http://dx.doi.org/10.1016/j.neuropharm.2014.05.039
http://dx.doi.org/10.1016/j.neuropharm.2014.05.039
http://www.ncbi.nlm.nih.gov/pubmed/24907589
http://dx.doi.org/10.1002/stem.1732
http://www.ncbi.nlm.nih.gov/pubmed/24801745
http://dx.doi.org/10.1186/1742-2094-8-121
http://dx.doi.org/10.1186/1742-2094-8-121
http://www.ncbi.nlm.nih.gov/pubmed/21943492
http://dx.doi.org/10.1007/s10753-015-0146-9
http://www.ncbi.nlm.nih.gov/pubmed/25758542

@° PLOS | ONE

LRRK2 Influence on iPSC-Derived Monocyte Differentiation

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Gullo F, Amadeo A, Donvito G, Lecchi M, Costa B, Constanti A, et al. (2014) Atypical "seizure-like"
activity in cortical reverberating networks in vitro can be caused by LPS-induced inflammation: a multi-
electrode array study from a hundred neurons. Front Cell Neurosci 8: 361. doi: 10.3389/fncel.2014.
00361 PMID: 25404893

Liu X, Hu X, Zhang X, Li Z, Lu H (2013) Role of Rheum Polysaccharide in the cytokines produced by
peripheral blood monocytes in TLR4 mediated HLA-B27 associated AAU. Biomed Res Int 2013:
431232. doi: 10.1155/2013/431232 PMID: 24151602

Ackermann M, Liebhaber S, Klusmann JH, Lachmann N (2015) Lost in translation: pluripotent stem
cell-derived hematopoiesis. EMBO Mol Med 7: 1388—1402. doi: 10.15252/emmm.201505301 PMID:
26174486

Yanagimachi MD, Niwa A, Tanaka T, Honda-Ozaki F, Nishimoto S, Murata Y, et al. (2013) Robust and
highly-efficient differentiation of functional monocytic cells from human pluripotent stem cells under
serum- and feeder cell-free conditions. PLOS ONE 8: €59243. doi: 10.1371/journal.pone.0059243
PMID: 23573196

Niwa A, Heike T, Umeda K, Oshima K, Kato |, Sakai H, et al. (2011) A novel serum-free monolayer cul-
ture for orderly hematopoietic differentiation of human pluripotent cells via mesodermal progenitors.
PLOS ONE 6: €22261. doi: 10.1371/journal.pone.0022261 PMID: 21818303

Sulahian TH, Hintz KA, Wardwell K, Guyre PM (2001) Development of an ELISA to measure soluble
CD163 in biological fluids. J Immunol Methods 252: 25-31. PMID: 11334962

Reynolds A, Doggett EA, Riddle SM, Lebakken CS, Nichols RJ (2014) LRRK2 kinase activity and biol-
ogy are not uniformly predicted by its autophosphorylation and cellular phosphorylation site status.
Front Mol Neurosci 7: 54. doi: 10.3389/fnmol.2014.00054 PMID: 25009464

Sheng Z, Zhang S, Bustos D, Kleinheinz T, Le Pichon CE, Dominguez SL, et al. (2012) Ser1292 autop-
hosphorylation is an indicator of LRRK2 kinase activity and contributes to the cellular effects of PD
mutations. Sci Transl Med 4: 164ra161. doi: 10.1126/scitransimed.3004485 PMID: 23241745

Dzamko N, Halliday GM (2012) An emerging role for LRRK2 in the immune system. Biochem Soc
Trans 40: 1134-1139. doi: 10.1042/BST20120119 PMID: 22988878

Nimmerjahn A, Kirchhoff F, Helmchen F (2005) Resting microglial cells are highly dynamic surveillants
of brain parenchyma in vivo. Science 308: 1314-1318. doi: 10.1126/science.1110647 PMID:
15831717

Davalos D, Grutzendler J, Yang G, Kim JV, Zuo Y, Jung S, et al. (2005) ATP mediates rapid microglial
response to local brain injury in vivo. Nat Neurosci 8: 752—758. doi: 10.1038/nn1472 PMID: 15895084

Haynes SE, Hollopeter G, Yang G, Kurpius D, Dailey ME, Gan WB, et al. (2006) The P2Y12 receptor
regulates microglial activation by extracellular nucleotides. Nat Neurosci 9: 1512—-1519. doi: 10.1038/
nn1805 PMID: 17115040

Schulz C, Paus M, Frey K, Schmid R, Kohl Z, Mennerich D, et al. (2011) Leucine-rich repeat kinase 2
modulates retinoic acid-induced neuronal differentiation of murine embryonic stem cells. PLOS ONE
6: €20820. doi: 10.1371/journal.pone.0020820 PMID: 21695257

Waschbisch A, Schroder S, Schraudner D, Sammet L, Weksler B, Melms A, et al. (2016) Pivotal Role
for CD16+ Monocytes in Immune Surveillance of the Central Nervous System. J Immunol 196: 1558—
1567. doi: 10.4049/jimmunol. 1501960 PMID: 26746191

Choi I, Kim B, Byun JW, Baik SH, Huh YH, Kim JH, et al. (2015) LRRK2 G2019S mutation attenuates
microglial motility by inhibiting focal adhesion kinase. Nat Commun 6: 8255. doi: 10.1038/
ncomms9255 PMID: 26365310

El Khoury J, Toft M, Hickman SE, Means TK, Terada K, Geula C, et al. (2007) Ccr2 deficiency impairs
microglial accumulation and accelerates progression of Alzheimer-like disease. Nat Med 13: 432—
438. doi: 10.1038/nm1555 PMID: 17351623

Kwan W, Trager U, Davalos D, Chou A, Bouchard J, Andre R, et al. (2012) Mutant huntingtin impairs
immune cell migration in Huntington disease. J Clin Invest 122: 4737-4747. doi: 10.1172/JC164484
PMID: 23160193

Kubo M, Kamiya Y, Nagashima R, Maekawa T, Eshima K, Azuma S, et al. (2010) LRRK2 is expressed
in B-2 but not in B-1 B cells, and downregulated by cellular activation. J Neuroimmunol 229: 123-128.
doi: 10.1016/j.jneuroim.2010.07.021 PMID: 20728949

Wandu WS, Tan C, Ogbeifun O, Vistica BP, Shi G, Hinshaw SJ, et al. (2015) Leucine-Rich Repeat
Kinase 2 (Lrrk2) Deficiency Diminishes the Development of Experimental Autoimmune Uveitis (EAU)
and the Adaptive Immune Response. PLOS ONE 10: e0128906. doi: 10.1371/journal.pone.0128906
PMID: 26067490

PLOS ONE | DOI:10.1371/journal.pone.0165949 November 3, 2016 18/19


http://dx.doi.org/10.3389/fncel.2014.00361
http://dx.doi.org/10.3389/fncel.2014.00361
http://www.ncbi.nlm.nih.gov/pubmed/25404893
http://dx.doi.org/10.1155/2013/431232
http://www.ncbi.nlm.nih.gov/pubmed/24151602
http://dx.doi.org/10.15252/emmm.201505301
http://www.ncbi.nlm.nih.gov/pubmed/26174486
http://dx.doi.org/10.1371/journal.pone.0059243
http://www.ncbi.nlm.nih.gov/pubmed/23573196
http://dx.doi.org/10.1371/journal.pone.0022261
http://www.ncbi.nlm.nih.gov/pubmed/21818303
http://www.ncbi.nlm.nih.gov/pubmed/11334962
http://dx.doi.org/10.3389/fnmol.2014.00054
http://www.ncbi.nlm.nih.gov/pubmed/25009464
http://dx.doi.org/10.1126/scitranslmed.3004485
http://www.ncbi.nlm.nih.gov/pubmed/23241745
http://dx.doi.org/10.1042/BST20120119
http://www.ncbi.nlm.nih.gov/pubmed/22988878
http://dx.doi.org/10.1126/science.1110647
http://www.ncbi.nlm.nih.gov/pubmed/15831717
http://dx.doi.org/10.1038/nn1472
http://www.ncbi.nlm.nih.gov/pubmed/15895084
http://dx.doi.org/10.1038/nn1805
http://dx.doi.org/10.1038/nn1805
http://www.ncbi.nlm.nih.gov/pubmed/17115040
http://dx.doi.org/10.1371/journal.pone.0020820
http://www.ncbi.nlm.nih.gov/pubmed/21695257
http://dx.doi.org/10.4049/jimmunol.1501960
http://www.ncbi.nlm.nih.gov/pubmed/26746191
http://dx.doi.org/10.1038/ncomms9255
http://dx.doi.org/10.1038/ncomms9255
http://www.ncbi.nlm.nih.gov/pubmed/26365310
http://dx.doi.org/10.1038/nm1555
http://www.ncbi.nlm.nih.gov/pubmed/17351623
http://dx.doi.org/10.1172/JCI64484
http://www.ncbi.nlm.nih.gov/pubmed/23160193
http://dx.doi.org/10.1016/j.jneuroim.2010.07.021
http://www.ncbi.nlm.nih.gov/pubmed/20728949
http://dx.doi.org/10.1371/journal.pone.0128906
http://www.ncbi.nlm.nih.gov/pubmed/26067490

@° PLOS | ONE

LRRK2 Influence on iPSC-Derived Monocyte Differentiation

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Marker DF, Puccini JM, Mockus TE, Barbieri J, Lu SM, Gelbard HA (2012) LRRK2 kinase inhibition
prevents pathological microglial phagocytosis in response to HIV-1 Tat protein. J Neuroinflammation
9:261. doi: 10.1186/1742-2094-9-261 PMID: 23190742

Russo |, Berti G, Plotegher N, Bernardo G, Filograna R, Bubacco L, et al. (2015) Leucine-rich repeat
kinase 2 positively regulates inflammation and down-regulates NF-kappaB p50 signaling in cultured
microglia cells. J Neuroinflammation 12: 230. doi: 10.1186/s12974-015-0449-7 PMID: 26646749

Liu Z, Lee J, Krummey S, Lu W, Cai H, Lenardo MJ (2011) The kinase LRRK2 is a regulator of the tran-
scription factor NFAT that modulates the severity of inflammatory bowel disease. Nat Immunol 12:
1063-1070. doi: 10.1038/ni.2113 PMID: 21983832

Ouchi Y, Yoshikawa E, Sekine Y, Futatsubashi M, Kanno T, Ogusu T, et al. (2005) Microglial activation
and dopamine terminal loss in early Parkinson’s disease. Ann Neurol 57: 168—175. doi: 10.1002/ana.
20338 PMID: 15668962

Gerhard A, Pavese N, Hotton G, Turkheimer F, Es M, Hammers A, et al. (2006) In vivo imaging of
microglial activation with [11C](R)-PK11195 PET in idiopathic Parkinson’s disease. Neurobiol Dis 21:
404—-412. doi: 10.1016/j.nbd.2005.08.002 PMID: 16182554

Dzamko N, Geczy CL, Halliday GM (2015) Inflammation is genetically implicated in Parkinson’s dis-
ease. Neuroscience 302: 89—-102. doi: 10.1016/j.neuroscience.2014.10.028 PMID: 25450953

Lewis PA, Alessi DR (2012) Deciphering the function of leucine-rich repeat kinase 2 and targeting its
dysfunction in disease. Biochem Soc Trans 40: 1039-1041. doi: 10.1042/BST20120178 PMID:
22988861

Rideout HJ, Stefanis L (2014) The neurobiology of LRRK2 and its role in the pathogenesis of Parkin-
son’s disease. Neurochem Res 39: 576-592. doi: 10.1007/s11064-013-1073-5 PMID: 23729298

Muffat J, Li Y, Yuan B, Mitalipova M, Omer A, Corcoran S, et al. (2016) Efficient derivation of microglia-
like cells from human pluripotent stem cells. Nat Med.

Infante J, Prieto C, Sierra M, Sanchez-Juan P, Gonzalez-Aramburu |, Sanchez-Quintana C, et al.
(2016) Comparative blood transcriptome analysis in idiopathic and LRRK2 G2019S-associated Parkin-
son’s disease. Neurobiol Aging 38: 214 e211-215.

PLOS ONE | DOI:10.1371/journal.pone.0165949 November 3, 2016 19/19


http://dx.doi.org/10.1186/1742-2094-9-261
http://www.ncbi.nlm.nih.gov/pubmed/23190742
http://dx.doi.org/10.1186/s12974-015-0449-7
http://www.ncbi.nlm.nih.gov/pubmed/26646749
http://dx.doi.org/10.1038/ni.2113
http://www.ncbi.nlm.nih.gov/pubmed/21983832
http://dx.doi.org/10.1002/ana.20338
http://dx.doi.org/10.1002/ana.20338
http://www.ncbi.nlm.nih.gov/pubmed/15668962
http://dx.doi.org/10.1016/j.nbd.2005.08.002
http://www.ncbi.nlm.nih.gov/pubmed/16182554
http://dx.doi.org/10.1016/j.neuroscience.2014.10.028
http://www.ncbi.nlm.nih.gov/pubmed/25450953
http://dx.doi.org/10.1042/BST20120178
http://www.ncbi.nlm.nih.gov/pubmed/22988861
http://dx.doi.org/10.1007/s11064-013-1073-5
http://www.ncbi.nlm.nih.gov/pubmed/23729298

