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The Parkinson’s disease-associated protein, Leucine-rich repeat kinase 2 (LRRK2), a 
known negative regulator of nuclear factor of activated T cells (NFAT), is expressed in 
myeloid cells such as macrophages and dendritic cells (DCs) and is involved in the host 
immune response against pathogens. Since, the Ca2+/NFAT/IL-2 axis has been previ-
ously found to regulate DC response to the fungus Aspergillus, we have investigated the 
role played by the kinase LRRK2 during fungal infection. Mechanistically, we found that 
in the early stages of the non-canonical autophagic response of DCs to the germinated 
spores of Aspergillus, LRRK2 undergoes progressive degradation and regulates NFAT 
translocation from the cytoplasm to the nucleus. Our results shed new light on the 
complexity of the Ca2+/NFAT/IL-2 pathway, where LRRK2 plays a role in controlling the 
immune response of DCs to Aspergillus.

Keywords: leucine-rich repeat kinase 2, nuclear factor of activated T  cells, nrOn, dendritic cell, Aspergillus, 
autophagy

inTrODUcTiOn

Leucine-rich repeat kinase 2 (LRRK2) was first discovered in genome-wide linkage studies of 
patients of Parkinson’s disease (1, 2). Since then, the majority of studies on LRRK2 have been focused 
on linking various point mutations in the various domains of LRRK2 with Parkinson’s disease (3), 
and the contribution of mutated LRRK2 protein to neuronal toxicity (4–6). Studies have also shown 
a possible involvement of the immune system in Parkinson’s disease pathogenesis. Inflammation is 
thought to lead to the neurodegeneration and neurotoxicity seen in Parkinson’s disease (7, 8). Also, 
it is known that patients of Parkinson’s disease are often hospitalized for various types of infections, 
such as urinary tract infection and pneumonia (9). The involvement of LRRK2 in response to inflam-
matory stimulus (10), as well as microbes, and pathogen-associated molecular patterns (PAMPs) 
(11–14), have also been seen in several studies.
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Leucine-rich repeat kinase 2 has been reported to nega-
tively regulate the nuclear factor of activated T cells (NFAT) 
pathway in bone marrow-derived macrophages (BMDMs) via 
the NRON complex. LRRK2 was found to bind 5 of the 11 pro-
teins associated with the NRON complex, and overexpression 
of LRRK2 increases binding of NFAT with NRON complex 
members, in particular IQGAP, chromosome segregation 
1-like (CSE1L), and transportin-1 (15). This regulation of 
NFAT by LRRK2 was found to be independent of its kinase 
function. Given the importance of the NFAT pathway in the 
regulation of T  cell development and function [as reviewed 
in Ref. (16)], it is of notice that LRRK2 expression is lower in 
T cells than in BMDMs and bone marrow-derived dendritic 
cells (BMDCs) (15), underlining a possible role of LRRK2 in 
innate immunity during infection as supported by other stud-
ies (10, 17).

It has been established that the Ca2+/NFAT/IL-2 pathway is 
activated in DCs in response to live Candida albicans and zymosan 
binding to Dectin-1 leading to the production of cytokines, 
including IL-2 (18). To this end, we have also shown that NFAT 
signaling regulates cytokine IL-2 expression in DCs stimulated 
in vitro with Saccharomyces cereviseae-derived whole glucan par-
ticles (19), and that DC-derived IL-2 expression in lung CD103+ 
DCs is important for eliciting the appropriate Th17 cell response 
to Aspergillus fumigatus infection (20). In this study, we report 
that LRRK2 localizes to lysosomic and endosomic structures in 
DCs at steady state, as well as after Aspergillus exposure, and that 
autophagy is able to influence LRRK2 expression, and subse-
quently, the activation of Ca2+/NFAT/IL-2 axis in DCs differently 
from the other NRON complex components. In conclusion, our 
findings suggest a role for LRRK2 and the NRON complex in the 
early phases of the immune response to Aspergillus.

MaTerials anD MeThODs

Mice
Eight-week-old wild-type C57BL/6 mice used for experiments 
were bred and kept under specific pathogen-free conditions in 
the Biomedical Resource Centre, Singapore. All experiments 
and procedures were approved by the Institutional Animal Care 
and Use Committee (IACUC) of A*STAR (Biopolis, Singapore) 
(Authorization No.: IACUC 110626) in accordance with the guide-
lines of the Agri-Food and Veterinary Authority (AVA) and the 
National Advisory Committee for Laboratory Animal Research 
(NACLAR) of Singapore. Z. Liu of Institute of Biophysics Chinese 
Academy of Sciences provided LRRK2 −/− mice bone marrows.

Fungal cells
Aspergillus fumigatus isolate AF293 (MYA-4609, ATCC, 
Manassas, VA, USA) was used for cultures. A. fumigatus was 
cultivated for 5 days on potato dextrose agar (Sigma-Aldrich, St. 
Louis, MO, USA) before conidia were harvested by washing with 
PBS 0.05% Tween 20. Swollen conidia were obtained by incubat-
ing conidia in liquid yeast extract peptone dextrose at 37°C for 
4 h on a rotary shaker at 300 rpm. In addition, a red fluorescent 
protein (RFP)-expressing A. fumigatus AF293 strain used in this 

study was obtained from Prof. Eric Pearlman (Case Western 
Reserve University, Cleaveland, OH, USA).

cell cultures
Bone marrow-derived dendritic cells were generated by cul-
turing mouse bone marrow extracted by flushing the femurs 
and tibias. The collected bone marrow was treated with 
ammonium-chloride-potassium lysing buffer. The remain-
ing cells post-lysis were cultured in suspension plates with 
Iscove’s Modified Dulbeccos Medium (IMDM) (HyClone, 
Thermo Fisher Scientific, Waltham, MA, USA) containing 
10% fetal bovine serum (FBS) (Euroclone, Milan, Italy), 2 mM 
L-glutamine (Gibco, Life Technologies, Carlsbad, CA, USA), 
100  U/mL Penicillin/Streptomycin (Gibco, Life Technologies, 
Carlsbad, CA, USA), supplemented with 10% supernatant from 
a GM-CSF-producing B16 melanoma cell line to a final concen-
tration of 20 ng/mL GM-CSF to generate BMDCs.

The long-term GM-CSF cytokine-dependent DC cell line, D1 
(21), was grown in suspension plates with IMDM containing 10% 
FBS (Australian origin, Gibco, Life Technologies, Carlsbad, CA, 
USA) 2 mM L-glutamine, 100 U/mL Penicillin/Streptomycin, and 
55 µM β-mercaptoethanol (Gibco, Life Technologies, Carlsbad, 
CA, USA), supplemented with 30% supernatant from NIH/3T3 
cells transfected to produce GM-CSF to a final concentration of 
10 ng/mL.

In all stimulation experiments, cells were stimulated with 
A. fumigatus swollen conidia in a 1:10 (fungi:cell) ratio. 
Pharmaceuticals used in these experiments include 3-methylad-
enine (3MA) (Sigma-Aldrich, St. Louis, MO, USA), Bafilomycin 
A (Baf) from Streptomyces griseus (Calbiochem, Merck Millipore, 
Billerica, MA, USA), Cytochalasin D (CytoD) (Sigma-Aldrich, 
St. Louis, MO, USA), leupeptin hemisulfate (Sigma-Aldrich, 
St. Louis, MO, USA), and ammonium chloride (Leu/A) (Sigma-
Aldrich, St. Louis, MO, USA).

nFaT nuclear Translocation
D1 nuclear factor of activated T  cells translocation-firefly 
luciferase reporter cells were generated by transducing the D1 
cells with Cignal Lenti NFAT Reporter with firefly luciferase 
(SABiosciences, Qiagen, Venlo, Limburg, Netherlands). NFAT 
nuclear translocation was detected by ONE-Glo™ Luciferase 
assay System (Promega, Madison, WI, USA) and the lumines-
cence signal quantified with the GloMax®-Multi Detection 
System Luminometer module (Promega, Madison, WI, USA).

shrna Knockdown
MISSION® Lentiviral Particles (Sigma-Aldrich, St. Louis, MO, 
USA) with the pLKO.1-puro vector containing shRNA sequences 
targeting NRON, CSE1L, sperm-associated antigen 9 (SPAG9), 
LRRK2 shRNA, PPP2R1A were used.

Below details includes the gene reference identification num-
ber (NM ID) and The RNAi Consortium (TRC) clone identifica-
tion number (clone ID) for the shRNA-lentiviral particles for 
targeting these genes (Table 1).

NRON shRNA lentiviral particles were custom designed and 
packaged into lentiviral particles (ACGGTGGGTTTATGACAA 
ATT and ACGGGTGCTGGATGACATATT) by Sigma-Aldrich 
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Table 1 | Details of commercially purchased MISSION® lentiviral particles.

gene target nM iD The rnai consortium  
(Trc) clone iD

Chromosome segregation 1-like NM_023565 TRCN0000174506
TRCN0000174691

Sperm-associated antigen 9 NM_027569 TRCN0000176696
TRCN0000177089

Ppp2r1a NM_016891 TRCN0000012624
TRCN0000012626

Leucine-rich repeat kinase 2 NM_025730 TRCN0000022656
TRCN0000022657
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(St. Louis, MO, USA). MISSION® pLKO.1-puro non-target 
shRNA control transduction particles (Sigma-Aldrich, St. Louis, 
MO, USA) were used as a transduction control.

For the transduction, D1 cells were seeded and rested over-
night in antibiotic-free D1 medium. The next day, the medium 
was replaced with antibiotic-free D1 medium containing 2 µg/mL  
SureEntry™ transduction reagent (SABiosciences, Qiagen, Venlo, 
Limburg, Netherlands). The D1 cells were then transduced with 
MISSION® lentiviral particles at multiplicity of infection (MOI) 
10 and allowed to incubate for 20 h at 37°C in 5% CO2. After 20 h 
incubation, the medium containing the lentivirus particles was 
aspirated out, replaced with complete D1 medium, and allowed 
to rest for 48 h at 37°C in 5% CO2. After being allowed to rest, 
successfully transduced cells were selected 4  days by replacing 
the medium with D1 medium containing 0.5 µg/mL of puromy-
cin dihydrochloride (Calbiochem, Merck Millipore, Billerica,  
MA, USA).

For in  vitro silencing of Rubcn, Nox2, and Atg7, D1 were 
transfected with 40 nM of the following siRNAs: Rubcn (Duplex 
name mm.Ri.1700021K19Rik.13.1; sense, 5′-GUACUUGACC 
GCUAGUAAAAUCATT-3′; antisense, 5′-GACAUGAACUGGC 
GAUCAUUUUAGUAA-3′), Nox2 (Duplex name mm.Ri.Cybb.13.1;  
sense, 5′-GUUCAAGGUCAGUUUAUUGAAUGAA-3′; antisense,  
5′-CACAAGUUCCAGUCAAAUAACUUACUU-3’), Atg7 (Duplex  
name mm.Ri.Atg7.13.1; sense, 5′CUUGAUCAGUACGAGCGA 
GAAGGAT-3′; antisense, 5′-AAGAACUAGUCAUGCUCGCU 
CUUCCUA-3′) (all from IDT). Silencing was performed using 
TransIT-TKO® Transfection Reagent (Mirus) and incubated for 
24 h (as indicated by preliminary experiments performed at 12, 
24, or 48 h) at 37°C in 5% CO2. Transfected cells were exposed 
to A-sw.

cytotoxicity assay
The sensitivity of cells to different inhibitors was determined  
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide  
(MTT; Trevigen) assay. Briefly, 2,500 D1 cells were seeded 
in 180  µL medium in quadruplicate in 96-well tissue culture 
plates and following overnight incubation with A-sw in a 1:10 
(fungi:cell) ratio with or without inhibitors. After 24 h MTT was 
added and the absorbance of the formazan product was meas-
ured on a microplate reader TECAN infinite m200 together 
with the i-control™ software (Mannedorf, Switzerland) at 
600 nm.

lysosome isolation
Lysosomes were isolated from D1 cells as described by Graham 
(22). Briefly, D1 cells were harvested from suspension plates and 
washed with PBS. The cell pellet was then resuspended in ice cold 
homogenization medium (0.25 M sucrose, 1 mM EDTA, 10 mM 
HEPES, pH 7) and homogenized in a Wheaton type Dounce 
tissue grinder (Wheaton, Millville, NJ, USA) on ice until above 
90% cell breakage was observed under the microscope by staining 
with PBS containing 0.04% v/v Tryphan blue (Sigma-Aldrich, St. 
Louis, MO, USA). The homogenate was then centrifuged at 800 g 
for 10 min to pellet nuclei and cell debris. The resulting supernatant 
from the centrifuge was mixed with bovine serum albumin (final 
proportion of 4% v/v) and Percoll (final proportion of 22% v/v). 
The mixture was then ultracentrifuged for 30 min at 36,000 × g  
without brake activation. After centrifugation, a visible band of 
the enriched lysosomes was seen near the bottom of the tube. 
400  µL fractions, containing the enriched lysosomes were col-
lected, and Igepal CA-630 (final proportion of 0.5% v/v) was 
used to solubilize the lysosome membranes. Solubilized fractions 
were centrifuged at 100,000 × g for 2 h to pellet the Percoll, and 
the resulting supernatants were obtained for analysis by western 
blotting.

cytokine Detection
Cell culture medium was assayed for cytokine production by 
sandwich enzyme-linked immunosorbent assay (ELISA) for 
IL-2, IL-12/IL-23p40, and IL-23. IL-2 and IL-12/IL-23p40 were 
assayed using commercially available antibody pairs and stand-
ards from BioLegend (San Diego, CA, USA) and eBioscience 
(San Diego, CA, USA), respectively. Measurements were detected 
using the TECAN infinite m200 together with the i-control™ 
software (Mannedorf, Switzerland; measurement wavelength 
450 nm, reference wavelength 570 nm). IL-23 was assayed using 
mouse IL-23 ELISA Ready-SET-Go!® (Second-generation assay) 
(Affymetric eBioscience, San Diego, CA, USA) according to 
manufacturer’s instructions. In addition, selected supernatant 
samples were analyzed using the Milliplex Multi Analyte Panels 
Mouse TH17 Magnetic Bead Panel Immunology Multiplex assay 
(MTH17MAG-47K) in conjunction with the Luminex MAGPIX® 
system (Merck Millipore, Billerica, MA, USA).

Western blot
Whole cell lysates were obtained by lysing cells in radioimmu-
noprecipitation assay buffer containing 1× cOmplete, EDTA-
free Protease Inhibitor Cocktail (Roche, Basel, Switzerland), 
1× PhosSTOP Phosphatase Inhibitor Cocktail (Roche, Basel, 
Switzerland), and 1  mM phenylmethanesulfonylfluoride. The 
protein concentration in the cell lysates were measured using the 
Pierce™ 660 nm Protein assay kit (Thermo Scientific, Waltham, 
MA, USA), and colorimetric readings were obtained by measur-
ing the wavelength at 660 nm using the TECAN infinite m200 
together with the i-control™ software (Mannedorf, Switzerland). 
Protein lysates were diluted with Laemmli buffer containing 2.5% 
v/v β-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA) and 
heated at 95°C for 10 min prior to separation on sodium dodecyl 
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) in 
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Table 2 | List of real-time quantitative PCR primers.

gene Forward primer (5′–3′) reverse primer (5′–3′)

Chromosome segregation 1-like GTGGGAAAGGACAGGAAACA AAACCTTGGTGATCGTTTGC
Gapdh TTGAGGTCAATGAAGGGGTC TCGTCCCGTAGACAAAATGG
Leucine-rich repeat kinase 2 GATGTCAGTACGCCCCTGAT CTGCCAGCGCTATGATGTTA
Nron CAGTAAAGGAGCAGTAGTGGAAACAG TGGGGGGAGCGAATGGCATCGGGAAC
Ppp2r1a CAACCTGGATTGGTGGAACG GATCCACTAGCCAGGCCATA
Sperm-associated antigen 9 AAACCTCAGGGACTCCAGGT CCCCACCACTGCTACTTTGT
Rubcn GUACUUGACCGCUAGUAAAAUCATT GACAUGAACUGGCGAUCAUUUUAGUAA
Atg7 CUUGAUCAGUACGAGCGAGAAGGAT AAGAACUAGUCAUGCUCGCUCUUCCUA
Nox2 GUUCAAGGUCAGUUUAUUGAAUGAA CACAAGUUCCAGUCAAAUAACUUACUU
Dapk1 CGAGUUUGGAUAUGACAAGGAUACA UGUAUCCUUGUCAUAUCCAAACUCGCC
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Tris-glycine-SDS buffer, along side the Precision Plus Protein 
Dual Color standards protein ladder (Bio-Rad, Hercules, CA, 
USA). Up to 50  µg of protein was loaded into each well for 
separation. The SDS-PAGE gel was run at 60 V till all samples 
entered the resolving gel, before increasing the running voltage 
to 110 V until the dye front had traveled to the end of the gel. 
The separated proteins were then transferred to polyvinylidene 
fluoride membrane in Tris-glycine buffer containing 10% 
v/v methanol at either 240 mA for 2 h or 200 mA for 4 h. For 
LRRK2, lysates were first concentrated using the Vivaspin 500 
molecular weight cut off 100,000 columns (Sartorius, Goettingen, 
Germany), and the NuPAGE® large protein analysis system (Life 
Technologies, Carlsbad, CA, USA) was adopted. Antibodies used 
for western blot include: LRRK2 rabbit monoclonal antibody, 
clone: MJFF2 (Epitomics, Abcam, Cambridge, UK), LC3B anti-
body (cell Signaling Technology, Danvers, MA, USA), Purified 
anti-mouse CD107a (LAMP-1), clone: 1D4B (Biolegend, San 
Diego, CA, USA), anti-TATA binding protein (TBP), clone: 
1TBP18 (Abcam, Cambridge, UK), Rab5 (C8B1) Rabbit mAb 
(cell Signaling Technology, Danvers, MA, USA), JIP4/SPAG9 
(D72F4) XP® Rabbit mAb (cell Signaling Technology, Danvers, 
MA, USA), Anti-PPP2R1A antibody [6F9] (Abcam, Cambridge, 
UK), GAPDH antibody, clone: 6C5 (Merck Millipore, Billerica, 
MA, USA), DAPK1 mouse polyclonal antibody, clone: RB3033 
(antibodies-online.com). For DAPK1, normalization was 
performed by probing the membrane with mouse monoclonal 
β-actin antibody, clone: AC-40 (Sigma-Aldrich). Band pixel den-
sity was analyzed from the film scans by ImageJ software (NIH, 
Bethesda, MD, USA).

rna extraction, real-time  
Quantitative Pcr
Cells were lysed with 1  mL of TRIzol® reagent (Ambion, Life 
Technologies, Carlsbad, CA, USA) and flash frozen on dry ice 
prior to storage at −80°C. To extract RNA, 200 µL (20% v/v) of 
chloroform (Merck, Kenilworth, NJ, USA) was added to each 
sample. Each sample was then shaken vigorously, and then cen-
trifuged at 15,000 rpm, 4°C for 15 min. This separated the sample 
into a top organic phase containing the RNA, a thin interface 
containing DNA and a bottom organic phase containing protein. 
The top supernatant was aspirated and transferred to a new tube. 
An equal volume of 70% v/v ethanol was added and mixed to the 
sample. RNA was extracted from this mixture using the RNeasy 

mini kit (Qiagen, Venlo, Limburg, Netherlands) according to 
the manufacturer’s instructions. Extracted RNA samples were 
then treated with DNase using the TURBO DNA-free™ kit 
(Ambion, Life Technologies, Carlsbad, CA, USA) according to 
manufacturer’s instructions. The RNA content of each sample was 
then quantified using the Nanodrop™ 1000 (Thermo Scientific, 
Waltham, MA, USA). 2  µg of RNA was retro-transcribed into 
cDNA using the High Capacity Reverse Transcription Kit 
(Applied Biosystems, Life Technologies, Carlsbad, CA, USA) 
according to manufacturer’s instruction. The obtained cDNA was 
then used for real-time quantitative PCR. The Brilliant SYBR® 
Green QPCR Mastermix and Reference Dye (Stratagene, Agilent 
Technologies, Santa Clara, CA, USA) was used to set up the real-
time quantitative PCR reaction, and the samples were run in the 
MX3000P instrument (Stratagene, Agilent Technologies, Santa 
Clara, CA, USA). Gene expression data was analyzed using the 
MxPro QPCR software (Stratagene, Agilent Technologies, Santa 
Clara, CA, USA). Primer sequences targeting mouse genes used 
in this study are listed in Table 2.

immunofluorescence confocal 
Microscopy
D1 cells were seeded and stimulated in μ-slide 8-well chambers 
(Ibidi, Martinsried, Germany). Post-stimulation cells were fixed in 
2% paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA), and 
permeabilized in PBS containing 0.1% saponin (Sigma-Aldrich, 
St. Louis, MO, USA), 0.2% gelatin (Fluka Analytical, Sigma-
Aldrich, St. Louis, MO, USA), and 5% bovine serum albumin 
(Merck Millipore, Darmstadt, Germany). Cells were stained and 
washed using PBS containing 0.01% saponin and 0.2% gelatin. 
Cells were stained with a primary LC3B antibody (Cell Signaling 
Technology, Danvers, MA, USA) and a secondary goat α-rabbit 
IgG antibody conjugated to Alexa Fluor® 488 (Invitrogen, Life 
Technologies, Carlsbad, CA, USA). In addition, 4’,6-diamidino-
2-phenylindole (Invitrogen, Life Technologies, Carlsbad, CA, 
USA) was used to stain the cell nuclei. Images were acquired on 
an Olympus FV1000 confocal microscope in conjunction with 
the Fluorview FV1000 software (Olympus, Tokyo, Japan).

For DAPK1 staining, DAPK1 mouse polyclonal antibody, 
clone: RB3033 (antibodies-online.com) and Alexa Fluor® 488 
phalloidin was used for selective labeling of F-actin. After over-
night staining with primary antibody, slides were washed and 
incubated with Rabbit IgG-TRITC antibody (Sigma-Aldrich). 
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Images were acquired using a Zeiss Axio Observer. Z1 inverted 
microscope, equipped with Apotome filter and Axiocam MRm 
camera detection system Zeiss using a 63×/1.25 oil Plan/neofluar 
objective.

Transmission electron Microscopy
Stimulated D1 cells were harvested from the suspension plate 
with 2  mM EDTA in PBS and washed with 0.2  M sodium 
cacodylate buffer (pH 7.4). Cells were then fixed in cacodylate 
fixative buffer (0.1  M sodium cacodylate, 2% paraformal-
dehyde, and 3% gluteraldehyde) overnight at 4°C. The cells 
were then washed with 0.2  M sodium cacodylate buffer and 
dehydrated on an alcohol series (30, 50, 70, 80, 90, and 100%) 
for 15 min each. Specimens were then embedded into acrylic 
resin. Ultrafine sections were obtained by cutting into the 
resin specimens with a glass blade on an ultramicrotome, and 
mounted on nickel grids. The grids were then washed with PBS 
and then stained with antibodies LRRK2 rabbit monoclonal 
antibody clone: MJFF2 (Epitomics, Abcam, Cambridge, UK) 
and purified anti-mouse CD107a (LAMP-1) clone: 1D4B 
(Biolegend, San Diego, CA, USA), followed by secondary 
antibodies that have been conjugated with either 5 or 15 nm 
gold particles (Cytodiagnostics, Burlington, ON, Canada). All 
antibody incubations were done in PBS containing 1% bovine 
serum albumin. After antibody staining, grids were post-fixed 
with cacodylate fixative buffer for 15  min, and then stained 
with 2% uranyl acetate. Micrographs were taken with an EM 
208 transmission electron microscope (Phillips, Amsterdam, 
Netherlands).

graphs and statistics
Statistical significance of experiments was determined either 
by Student’s t-test, one-way ANOVA, or two-way ANOVA as 
indicated. For statistics generated by one-way ANOVA, the 
differences between individual groups were compared using 
the Bonferroni’s Multiple Comparison post-test. All graphs and 
statistics were generated using the Graphpad Prism® software 
version 6.0 (Graphpad Software, La Jolla, CA, USA).

Flow cytometry analysis
At 16 h post-silencing, BMDCs were treated with Aspergillus RFP 
swollen conidia (ratio of 1:1) for 1  h. BMDCs were collected, 
washed twice with FACS buffer, stained with CD11c-Alexa Fluor 
700® (BD) and analyzed by flow cytometry. Data (mean ± SD) 
represent three independent experiments in which technical 
triplicates of 100,000 cells per sample were acquired using a 
Fortessa cytometer (BD). Phagocytosis was calculated using 
flow cytometry analysis (described above). The percentage of 
phagocytosis equals the number of BMDCs that have engulfed 
RFP A. fumigatus.

Time lapse Video
Bone marrow-derived dendritic cells grown in 48-well plates 
were exposed with shRNA RUBICON or scramble overnight. 
Cells were then treated with Aspergillus swollen conidia for 1 h. 
Time-lapse imaging was performed over a period of 1  h with 
a 40× objective using the time-lapse function of the EVOS FL 

Auto Imaging System with the Invitrogen™ EVOS™ Onstage 
Incubator.

resUlTs

lrrK2 is expressed in Dcs and is 
regulated during A. fumigatus infection
Leucine-rich repeat kinase 2 is known to regulate NFAT 
translocation in response to TLR ligands (15). Since, we have 
previously shown that A. fumigatus swollen conidia, more than 
ungerminated conidia, induces Ca2+/NFAT/IL-2 pathway in DCs 
(20), here we went to study the regulation of LRRK2 in response 
to fungal infection. First, we measured LRRK2 expression at the 
mRNA and protein level in D1 cells at resting state as well as in 
D1 cells stimulated with swollen conidia. We found that at resting 
state, DCs express LRRK2 on both the mRNA (Figure 1A) and 
the protein level (Figure  1B). Upon stimulation with swollen 
conidia, LRRK2 levels were found to be downregulated on both 
the mRNA as well as the protein level. At 8 h post-stimulation, 
downregulation of LRRK2 on the gene level was found to be statis-
tically significant, while LRRK2 protein levels decreased further 
significantly (8 h 0.217 ± 0.1). The downregulation of LRRK2 was 
further maintained on protein level at 18 h (0.373 ± 0.2), and on 
gene expression at 24 h post-stimulation, showing that Aspergillus 
is able to influence Lrrk2 gene expression on both transcriptional 
and translational level. Interestingly, the downregulation of 
LRRK2 in DCs responding to Aspergillus swollen conidia cor-
responded to the upregulation of NFAT1 translocation (Figure 
S1A in Supplementary Material) and IL-2 production (Figure S1B 
in Supplementary Material).

lrrK2 intracellular localization
It has been reported that LRRK2 is degraded in lysosomes (23). 
In order to understand the subcellular localization of LRRK2 in 
DCs, lysosomes and early endosomes were enriched from D1 
cells by gradient centrifugation protocol (22), and the protein 
content of the fractions enriched with these organelles were 
analyzed by western blot (Figure  2A). Fraction (lane 1) was 
harvested and further centrifuged (lane 2), which was nega-
tive for the nuclear marker, TBP, indicating that there was no 
contamination with nuclear material. We found that LRRK2 
was present in fractions that expressed lysosomal-associated 
membrane protein 1 (LAMP-1) and Rab5, which are markers 
for lysosomes and early endosomes, respectively. This is in 
line with what was already reported (24, 25). In addition, by 
electron microscopy, lysosomes were LAMP-1 positive, spheri-
cal, enclosed by one membrane, with a diameter of 70–150 nm, 
homogenous and electron-dense interior. Endosomes were 
LAMP-1 negative and poorly electron-dense (Figure  2B). 
Interestingly, LRRK2 (Figure 2C) was found localized also on 
endosomic structures. In addition, as endosomes have been 
proposed to be signaling hubs, where components of signal-
ing pathways can localize and interact (26), the localization 
of LRRK2 on endosomes implies that the endosomes serve as 
a possible niche were NFAT signaling pathway is kept under 
control.
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FigUre 2 | Leucine-rich repeat kinase 2 (LRRK2) is localized on lysosomes 
and endosomes of dendritic cells. (a) Western blot analysis of presence of 
TATA binding protein, Rab5, LRRK2, and LAMP-1 in a representative protein 
fraction obtained from the enrichment of lysosomes from D1 cells. Lysate from 
the protein fraction was run on both sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (PAGE) and NuPAGE® to probe for the proteins indicated. 
Data are representative of three independent experiments (b–c), D1 cells 
were processed for immune-electron microscopy, stained for LAMP-1 or 
LRRK2, and labeled with appropriate secondary antibodies conjugated with 5 
or 15 nm gold particles (size of particles indicated in superscript). Lysosomic 
and endosomic structures are as indicated. Electron micrographs of D1 cells 
show LAMP-1 positive lysosome (b), as well as endosomic structures positive 
for LRRK2 (c). Size of scale bars are as indicated.

FigUre 1 | Leucine-rich repeat kinase 2 (LRRK2) is expressed in dendritic cells and is downregulated by Aspergillus fumigatus. (a) LRRK2 mRNA in D1 cells. Data 
is displayed as the mean gene expression ± SD of two biological replicates and normalized to the housekeeping protein, GAPDH. Differences found to be 
statistically significant by one-way ANOVA with Bonferonni’s Multiple Comparison post-test are indicated (NS, non-significant; ****, p < 0.0001). (b) Protein 
expression level of LRRK2 in whole cell lysates of D1 cells stimulated with A. fumigatus condia and swollen conidia. For densitometry analysis, band densities for 
LRRK2 were normalized to the band density of the housekeeping protein, GAPDH, after which the density of the LRRK2 band of the treated sample was compared 
with that of the untreated sample. Data is representative of three independent experiments. Abbreviations used: Untreated (Unt); A. fumigatus conidia (A-con);  
A. fumigatus swollen conidia (A-sw).
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A. fumigatus swollen conidia activate  
the non-canonical autophagic Pathway  
in Dcs
Lysosomes are known to be involved in the maturation of 
autophagic vesicles. Given that autophagy is activated by β-glucan 
(27) and A. fumigatus (28, 29), we investigated autophagy in D1 
cells stimulated with Aspergillus swollen conidia in order to 
establish a possible role of the autophagic response in the regula-
tion of the NFAT1 translocation. D1 cells stimulated with swollen 
conidia showed the formation of LC3-positive phagosomes [LC3 
associated phagocytosis (LAPosome)] (Figure 3A) similar to that 
induced by β-glucan (27) and A. fumigatus (30) in other studies, 
although germinated A-sw conidia were only partially engulfed. 
Indeeed, by electron microscopy, it was clear that the resulting 
membrane cupping was not formed by the double-membranes 
characteristic of classical autophagy (Figure  3B) as previously 
shown (30). Although images (Figure  3B) show partial fungal 
internalization, time-lapse imaging of DCs demonstrates 
the bright field on the EVOS FL Auto Cell Imaging System a 
complete process of phagocytosis (Supplementary Video S1 in 
Supplementary Material). Taken together, the observations from 
immunofluorescent staining of LC3 and electron microscopy 
indicate that the autophagic response induced by A. fumigatus 
swollen conidia in DCs is non-canonical, as reported for conidia 
(31). LC3-I to LC3-II conversion and higher LC3-II turnover 
was indeed observed in A. fumigatus-stimulated DCs, and p62 
was not degraded (Figure  3C; Figure S1C in Supplementary 
Material). Our results indicate that swollen conidia induce non-
canonical autophagy in DCs. In addition, we found that there 
was an increase of subcellular multivesicular structures present 
in DCs stimulated with swollen conidia as revealed by electron 
microscopy. Multivesicular structures express LAMP-1 as well as 
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FigUre 3 | Aspergillus fumigatus swollen conidia activate non-canonical autophagy and the formation of multivesicular bodies in dendritic cells. D1 cells were 
stimulated with A. fumigatus swollen conidia for 3 h. (a) Immunofluorescent staining of LC3 (red). Data is representative of two independent experiments.  
(b) Electron micrograph of Aspergillus cupping. The bottom panel is zoomed in from the area indicated in the top panel. Data is representative of two independent 
experiments. (c) Expression of LC3 and p62 proteins by western blot in whole cell lysates of D1 cells stimulated for 24 h with A. fumigatus swollen conidia. 
Densitometry for LC3 was performed on the LC3-II band to measure LC3-II turnover, while densitometry analysis of p62 was done on the upper band corresponding 
to its expected molecular weight of 60kD. Data is representative of two biological replicates. (D) Multilamellar bodies (encircled in yellow dashed lines) observed by 
electron microscopy in A. fumigatus swollen conidia-stimulated D1 cells and labeled for LAMP-1 or Leucine-rich repeat kinase 2 with 5 nm or 15 nm gold particles 
(size of particles indicated in superscript). Cells were incubated with fungi for 3 h. Size of scale bars are as indicated. Abbreviations: Untreated (Unt); A. fumigatus 
swollen conidia (A-sw).
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LRRK2 (Figure 3D). These structures are lysosomal organelles 
comprising of multiple concentric layers of membrane, that 
have been shown to require autophagy for its formation (32). 
Therefore, taking into account our findings, the germinated form 
of Aspergillus is able to trigger the non-canonical autophagic 
response together with formation of multivesicular structure 
formation LRRK2+ in DCs.

ca2+/nFaT/il-2 axis is affected by early 
autophagic events, Phagocytosis, and 
lysosomal Maturation
Based on the previous findings, two types of autophagy inhibitors, 
3MA and Baf were used to investigate whether NFAT1 transloca-
tion is mediated by the autophagic response to A. fumigatus. As 
the initiation of autophagosome formation requires Class III PI3 
kinase activity, 3MA, a PI3 kinase inhibitor, functions by inhibit-
ing autophagy in the early stages of its initiation. Baf inhibits the 
last step of autophagosome cargo degradation by preventing the 
autophagosome–lysosome fusion as well as lysosome acidification 
(33). We found that NFAT1 translocation and IL-2 cytokine pro-
duction in DCs stimulated with Aspergillus germinated conidia 
were significantly decreased upon inhibition of the early stages of 
autophagy by 3-MA, but not with an inhibitor of the late stage of 
autophagy, Baf (Figure 4A). In addition, NFAT pathway in stimu-
lated DCs was also significantly decreased when cells were treated 
with the phagocytosis inhibitor, CytoD (Figure 4B). DCs were also 
treated with a combination of Leupeptin and ammonium chloride 
(Leu/A) to inhibit lysosomal maturation by preventing acidifica-
tion, and it was observed that NFAT1 translocation increased, 
while IL-2 production unexpectedly decreased in drug-exposed 
DCs in response to fungi (Figure  4C). In order to understand 
whether those variations were due to a reduced cell viability, we 
performed the MTT proliferation assay on all the conditions 
tested above (Figure  4D). Pivotally, cells were not affected in 
terms of viability by the different treatments (Figure 4D).

Finally, since more recently, non-canonical autophagy, also 
defined as LAP, has been extensively described for infection with 
A. fumigatus (29, 31), we performed shRNA of the main key play-
ers (Rubicon, Nox2, Atg7) of LAP on D1 cells upon Aspergillus 
treatment and we went to analyze IL-2 transcription as a key 
response downstream of NFAT translocation (Figure 4E; Figure 
S2 in Supplementary Material). Results here indicate that shRNA 
of Rubicon and Nox2 mRNA, lead to a significant decrease of 
IL-2 transcription upon A-sw stimulation. Together, the results 
show that early events that occur after fungal stimulation, such 
as phagocytosis and the early part of the autophagy pathway, 

are important in the activation of the NFAT pathway, but not 
late-stage autophagy. Moreover, inhibition of LAP is particularly 
interfering NFAT translocation in DCs although shRNA of 
Rubicon is not affecting the phagocytosis process (Figure S3 in 
Supplementary Material). Thus, the induction of non-canonical 
autophagy as well as the downregulation of LRRK2 expression in 
A. fumigatus-stimulated DCs raises the possibility of autophagy 
being responsible for the degradation of LRRK2, resulting in the 
activation of NFAT1. This is further supported by the presence 
of LRRK2 in lysosomic-endosomic structures (Figure 2C) and 
multilamellar bodies (Figure 3D).

lrrK2 Deficiency in Dcs leads to 
increased nFaT/il-2 activation axis  
in response to A. fumigatus
Since LRRK2 has been reported as a negative regulator of the 
NFAT pathway (15), we used LRRK2 −/− BMDCs (Figure S4 in 
Supplementary Material) to measure IL-2 release as well as other 
two cytokine regulated by NFAT in DCs (34) upon Aspergillus 
germinated spore stimulation. LRRK2−/− BMDCs showed a 
significant increase in IL-2 production when stimulated with 
Aspergillus swollen conidia at 8, 18, and 24 h, while cytokine as 
IL-12/IL-23p40 was significantly increased only at 8 h and IL-23 
did not show significant changes (Figure 5A). More interestingly, 
stimulated NFAT-luciferase reporter D1 cells, upon silencing with 
LRRK2 shRNA and exposed to A-sw showed that NFAT nuclear 
translocation was also significantly increased (Figure  5B). In 
these settings, IL-2 was also increased upon A-sw stimulation 
(data not shown). Therefore, LRRK2 regulates the NFAT path-
way in response to the fungus Aspergillus. Consequently, LRRK2 
deficiency may disentangle a possible dysregulation of the NFAT/
IL-2 cascade in response to the germinated fungus Aspergillus.

The independent role of lrrK2  
in regulating the nFaT/il-2 axis  
in Aspergillus-stimulated Dcs
It has been reported that LRRK2 physically associates with the 
NRON complex, and that NRON was important for mediating 
the regulation of NFAT1 nuclear translocation by LRRK2 (15), 
hence the expression of four members of the NRON complex; 
NRON, PPP2R1A, CSE1L, and SPAG9 was investigated in DCs in 
response to Aspergillus swollen conidia. Gene expression analysis 
shows that components of the NRON complex are expressed in 
DCs, and are negatively regulated by fungal exposure (Figure S5A 
in Supplementary Material). On the protein level, the expression 
of the NRON complex components, including PPP2R1A, CSE1L 
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FigUre 4 | Ca2+-NFAT-IL-2 axis is affected by early autophagic events, phagocytosis and LAP. nuclear factor of activated T cells translocation and IL-2 production 
of NFAT-luciferase reporter D1 cells that have been stimulated with A-sw for 6 h in the presence and absence of drugs inhibiting specific cellular processes.  
(a) Fungus-stimulated D1 cells in the presence and absence of the type III Phosphatidylinositol 3-kinase inhibitor 3MA, 10 mM, or the vacuolar H + ATPase inhibitor, 
Baf (50 nM), which inhibits the early and late stage of autophagy respectively. (b) Fungus-stimulated D1 cells in the presence or absence of the phagocytosis 
inhibitor, CytoD (2 µg/mL). (c) D1 cells stimulated with fungi in the presence or absence of the lysosomal acidification inhibiting combination of Leu/A. Data is 
displayed as the mean ± SD of five (in the case of Leu/A) or eight biological replicates. (D) Viability of D1 cells treated with fungus, drugs, or a combination of the 
both. (e) mRNA expression of IL-2 in D1 cells silenced for various mRNA regulating LAP in the presence or absence of A. fumigatus swollen conidia. Data is 
displayed as means ± SD of three biological replicates. Differences found to be statistically significant by one-way ANOVA with Bonferroni’s Multiple Comparison 
post-test are indicated (NS, non-significant; ***, p < 0.001; ****, p < 0.0001). Abbreviations: Untreated (Unt); A. fumigatus swollen conidia (A-sw); Vehicle non-
treated control (NT); 3-methyladenine (3MA); Bafilomycin (Baf); Cytochalasin D (CytoD), combination of Leupeptin and ammonium chloride (Leu/A).
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and SPAG9, could also be detected at basal level. Interestingly, 
Aspergillus-stimulated D1 cells showed marked downregulation 
of the PPP2R1A protein (Figure S5B in Supplementary Material). 
Altogether, this shows that Aspergillus by inducing phagocytosis 
and LAP may also influence the expression of other compo-
nents of the NRON complex as for LRRK2 in DCs. In order to 
investigate whether the NRON complex in DCs was affecting 

the NFAT/IL-2 axis as shown for LRRK2, D1 cells were knocked 
down for NRON, IQGAP, CSE1L, and PPP2R1A (a subunit of the 
PPP2RA protein), or SPAG9 using shRNA-containing lentiviral 
particles. Silencing efficiency was investigated and the DC clone 
was selected accordingly (Figure S6 in Supplementary Material).

Surprisingly, no increase in IL-2 release in response to 
Aspergillus stimulation from silenced D1 cells was observed as we 
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FigUre 6 | Regulation of IL-2 by NRON complex components. IL-2 cytokine 
production at 8 h post-exposure from A-sw stimulated D1 cells that were 
knocked down for NRON, sperm-associated antigen 9, PPP2R1A, or 
chromosome segregation 1-like through the use of shRNA-lentiviral particles. 
Data are displayed as the mean ± SD of three replicates. Differences 
between Aspergillus-stimulated cells found to be statistically significant  
by one-way ANOVA with Bonferroni’s Multiple Comparison post-test are 
indicated (NS, non-significant; ***, p < 0.001). Abbreviations: Untreated  
(Unt); A. fumigatus swollen conidia (A-sw).

FigUre 5 | Leucine-rich repeat kinase 2 (LRRK2) deficiency in dendritic cells 
(DCs) leads to increased IL-2 production and nuclear factor of activated 
T cells (NFAT) translocation in response to Aspergillus fumigatus. (a) IL-2, 
IL-12/IL-23p40, and IL-23 cytokine production of wild-type (closed circles) 
and LRRK2−/− (open circles) bone marrow-derived DCs in response to fungal 
stimulation with A. fumigatus swollen conidia. Data is displayed as the mean 
cytokine concentration ± SD of two biological replicates and statistical 
significance determined by one-way ANOVA with Bonferroni’s Multiple 
Comparison post-test. (b) NFAT translocation measured by luminescence 
signal in A-sw-stimulated NFAT-luciferase reporter D1 cells upon LRRK2 
silencing. Data is displayed as the mean luminescence signal ± SD of three 
biological replicates and statistical significance determined by Student’s 
t-test. Differences found to be statistically significant are indicated  
(*, p < 0.05; **, p < 0.01; ****, p < 0.0001). Abbreviations: Untreated (Unt);  
A. fumigatus swollen conidia (A-sw).
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found in LRRK2 deficiency. Interestingly, other cytokines involved 
in DC response to infections as IL-1β, IL-6, IL12/IL-23p40, IL-22, 
IL-23, and TNFα are differently affected by silencing the NRON 
complex components (Figure S7 in Supplementary Material). 
Regarding IL-2, only knocking down of SPAG9 led to a decrease 
of IL-2 production by DCs (Figure 6).

Finally, since recently, a mechanism by which inflammation 
is regulated during LAP through the death-associated protein 
kinase 1 (DAPK1) has been described in macrophages (31), 
we investigated a possible cross-regulation between these two 
proteins during LAP. Moreover, Dapk1 and Lrrk2 are both 
target genes of IFN-γ in myeloid cells (10, 35). Therefore, we 
have analyzed DAPK1 expression in DCs (Figures  7A,B), and 
we found that DAPK1 protein level increases in response to 
A-sw (Figure 7A) differently from LRRK2 in DCs (Figure 1A). 
However, DCs treated with LRRK2 shRNA (Figure 7C), do not 
show any significant differential expression of Dapk1 (Figure 7D) 
as well as DAPK1 shRNA treated DCs show similar Lrrk2 expres-
sion than Ctrl shRNA (data not shown). In conclusion, our results 
underline a more prominent and independent (from NRON 
components) role of LRRK2 in regulating the NFAT1 transloca-
tion to the nucleus and in regulating IL-2 cytokine release in DCs 
(Figure S8 in Supplementary Material).

DiscUssiOn

Leucine-rich repeat kinase 2 was first discovered to play a role in 
Parkinson’s disease (2), and it has been shown to be involved in 
various signaling pathways and cellular processes. In addition, 
LRRK2 is genetically associated with other inflammatory diseases 

(15, 36, 37) and modulated in inflammation by PAMPs (10, 15). 
Also, LRRK2 was reported to be a negative regulator of the NFAT 
pathway in BMDMs (15), activated downstream of Dectin-1 by 
fungi (18). Interestingly, LRRK2 has been investigated recently 
in immune response to pathogens (10, 17). However, as of now 
the role of LRRK2 protein in fungal immunity has not been 
explored.

In support of the observations of Liu et al. (15), our study here 
demonstrates that LRRK2 is indeed involved as a negative regula-
tor of the NFAT pathway in DC response to fungi.

At resting state in DCs, we found that LRRK2 localizes 
to endosomes, accordingly to recent studies, where LRRK2 
interaction with the endocytic network have been recently 
demonstrated (24, 38, 39). Liu et al. (15) reported LRRK2 to be 
bound to 5 of the 11 proteins of the NRON complex. In view of 
these reports, the localization of LRRK2 and possibly also other 
NRON complex components to endosomes at steady state could 
serve to regulate NFAT, and this is possibly accomplished by 
sequestering it at the endosomal membrane.

In this study, four components, including NRON, PPP2R1A, 
CSE1L, and SPAG9 of the NRON complex were also investigated, 
and it was found that expression levels of NRON and PPP2R1A in 
particular, were downregulated in DCs in response to Aspergillus 
stimulation as LRRK2. This is in line with what has been reported 
that the NRON complex, together with LRRK2, mediates NFAT 
translocation regulation (15) since a downregulation of NRON 
complex components would likely lead to a dissociation of this 
regulatory complex. A knockdown of these components was 
carried out to investigate whether other than LRRK2 other com-
ponents may affect NFAT nuclear translocation in DCs. IL-2 pro-
duction from Aspergillus-stimulated DCs knocked down for any 
of these components was found not to be significantly affected, 
or was decreased as in the case when SPAG9 was knocked down. 
This indicates that perhaps NRON, PPP2R1A, and CSE1L alone 
are not sufficient to regulate the NFAT/IL-2 axis. SPAG9, on the 
other hand, individually could be positively regulating the NFAT/
IL-2 axis, rather than inhibiting it.
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FigUre 7 | Death-associated protein kinase 1 (DAPK1) expression during LAP is not controlled by Leucine-rich repeat kinase 2 (LRRK2). (a) Protein expression of 
DAPK1 in A. fumigatus swollen conidia-stimulated D1 cells. For densitometry analysis, band densities for DAPK1 were normalized to the band density of the 
housekeeping protein, β-actin, after which the density of the DAPK1 band of the treated sample was compared with that of the untreated sample. Data are 
representative of three independent experiments. (b) Immunofluorescent stanining of DAPK1 and brightfield microscopy of Aspergillus fumigatus swollen 
conidia-stimulated D1 cells. Signal intensity of the DAPK1 was quantified and displayed as mean fluorescence signal ± SD of three biological replicates. Brightfield 
imaging of the same cell is displayed with arrows indicating the presence of A. fumigatus swollen conidia in the cell. (c) Knockdown of LRRK2 in D1 cells was 
assessed by western blot. Data are represented as mean ± SD of three biological replicates and statistical significance determined by two way ANOVA (D) mRNA 
expression of DAPK1 in fungal-treated D1 cells that have been silenced for LRRK2. Data are displayed as the mean mRNA expression ± SD of three biological 
replicates and statistical significance determined by two way ANOVA. Differences found to be statistically significant are indicated (*, p < 0.05; **, p < 0.01). 
Abbreviations: A. fumigatus swollen conidia (A-sw); Untreated (Unt); D1 cells transduced with non-targeting control shRNA (Ctrl).
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More interestingly, the individual components of the NRON 
complex were regulating DC cytokine response differently, 
implying that they may not work in concert.

For SPAG9, CSE1L, and PPP2R1A, besides being known 
to be part of the NRON complex (15, 40), their reported 
functions were not originally concerning the immune system. 
SPAG9 has been proposed as a biomarker for diagnosis in 
carcinoma of the breast (41), endometrium (42), cervix (43), 
thyroid (44), and colon (45), and has been proposed to be 
involved in the tumorogenesis and growth. CSE1L is a nuclear 

exportin protein that is involved in the cell cycle, and SPAG9 
has also been associated with various carcinomas [as reviewed 
in Behrens et al. (46)]. PPP2R1A is a subunit of protein phos-
phatase 2A (PP2A). PP2A has been implicated in meiosis and 
mitosis in numerous studies (47, 48) and is currently being 
explored as a treatment target for pancreatic cancer (49). 
More related to the context of this study, PP2A proteins have 
been shown to interact with signaling pathways, such as the 
TLR-TRIF signaling (50), Ras signaling (51), as well as Ca2+/
Calmodulin-dependent protein kinase B/Akt (52). In relation 
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to neurological disorders, PP2A has been suggested as a pos-
sible treatment target for neurological disorders Alzheimer’s 
disease (53) and has been recently implicated in Tau pathology 
of Parkinson’s disease (54). This study hints that the function 
of SPAG9, CSE1L, and PPP2R1A may also be related to the 
immune response to pathogens.

It has been shown that LRRK2 localizes to lysosomes and 
can be degraded by CMA in neurons (23). In a similar way, this 
study here shows that LRRK2 is localized to endosomes and lys-
osomes in steady state DCs, and that Aspergillus is able to induce 
a non-canonical type of autophagy in DCs that is reminiscent of 
LC3-positive phagosomes, previously reported (27, 30, 31, 55).

The use of transmission electron microscopy allowed the 
observation of LRRK2-positive multilamellar body formation in 
Aspergillus-stimulated DCs, further strengthening the connection 
of LRRK2 with lysosomes and autophagy. Multilamellar bodies 
are reported to be part of the lysosomal pathway and its formation 
is dependent on autophagy and lysosomal degradation (32), and 
the localization of LRRK2 to these structures is supported by what 
has been previously reported in cultured human cells (25).

Interestingly, GSK3-β, a protein involved in phosphorylating 
NFAT, has also been shown to localize to the endosomal mem-
brane and this is thought to serve to isolate it from interaction 
with other signaling components (26).

How the NFAT pathway is influenced by the events following 
the engagement of Dectin-1 by Aspergillus in DCs was also inves-
tigated here. The dependency of phagocytosis on IL-2 production 
in response to particulate β-glucan in DCs has been previously 
demonstrated (19), hence in this study the finding that the NFAT/
IL-2 axis in response to Aspergillus is also dependent on this cel-
lular process was expected. What was interesting was that early, 
but not late autophagic events are also required to activate the 
NFAT/IL-2 pathway.

Autophagy also occurs in macrophages, and with this respect 
Ma et  al. (27) and Kyrmizi et  al. (30) have both demonstrated 
that the formation of LC3-positive phagosomes also occur in 
macrophages incubated with fungi, and that the recruitment 
of LC3 is important for macrophage signaling and function in 
response to fungi. In particular, Kyrmizi, Gresnigt (30) show that 
the recruitment of LC3 is needed for macrophage ROS produc-
tion and killing of Aspergillus spores.

In this study, we have also evaluated whether DAPK1 may 
contribute to regulating LRRK2 function (and vice  versa), since 
both are regulated during LAP and concur to the regulation of the 
inflammatory response during fungal LAP. To this purpose, we have 
resorted to shRNA of LRRK2 and analyzed DAPK1 expression.

To conclude, our study has shown that DCs express LRRK2 
and that it negatively regulates the NFAT pathway activated in 
response to Aspergillus. Upon Aspergillus binding to Dectin-1 
in DCs, non-canonical autophagy, as well as multilamellar body 
formation is triggered. Taking into account the findings of pre-
viously published reports, the sequestration of LRRK2 in the 
multilamellar bodies could lead to the dissociation of the NRON 
complex. Therefore, the role of the NRON complex in immune 
response of DCs to Aspergillus has been shown to be more com-
plex than previously thought, and their interaction with other 
signaling pathways activated in the immune response will add 

a new dimension to their currently known cellular functions. 
Given that DCs have an important role in the immune system as 
antigen presenting cells and initiating the appropriate adaptive 
immune response, future in  vivo studies could elucidate better 
the immunological function of LRRK2 and the NRON complex 
eventually in T cell priming. The knowledge obtained from such 
studies not only sheds light on the control of the NFAT pathway, 
but also could have implications in other diseases associated with 
LRRK2, such as Crohn’s disease, IBD, and Parkinson’s disease.
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