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Abstract 
Translocation of gut bacteria into the pancreas promotes the development of severe acute pancreatitis (SAP). Recent clinical studies have also 
highlighted the association between fungal infections and SAP. The sensing of gut bacteria by pattern recognition receptors promotes the de-
velopment of SAP via the production of proinf lammatory cytokines; however, the mechanism by which gut fungi mediate SAP remains largely 
unknown. Leucine-rich repeat kinase 2 (LRRK2) is a multifunctional protein that regulates innate immunity against fungi via Dectin-1 activation. 
Here, we investigated the role of LRRK2 in SAP development and observed that administration of LRRK2 inhibitors attenuated SAP develop-
ment. The degree of SAP was greater in Lrrk2 transgenic (Tg) mice than in control mice and was accompanied by an increased production of 
nuclear factor-kappaB-dependent proinf lammatory cytokines. Ablation of the fungal mycobiome by anti-fungal drugs inhibited SAP development 
in Lrrk2 Tg mice, whereas the degree of SAP was comparable in Lrrk2 Tg mice with or without gut sterilization by a broad range of antibiotics. 
Pancreatic mononuclear cells from Lrrk2 Tg mice produced large amounts of IL-6 and TNF-α upon stimulation with Dectin-1 ligands, and inhibition 
of the Dectin-1 pathway by a spleen tyrosine kinase inhibitor protected Lrrk2 Tg mice from SAP. These data indicate that LRRK2 activation is 
involved in the development of SAP through proinf lammatory cytokine responses upon fungal exposure.
Keywords: LRRK2, dectin-1, acute pancreatitis, fungus, cytokines
Abbreviations: ABPC: ampicillin; BMT: bone marrow transplantation; DC: dendritic cell; ELISA: enzyme-linked immunosorbent assay; FITC: f luorescein 
isothiocyanate; H&E: hematoxylin and eosin; IP: intraperitoneal; ITS1: internal transcribed spacer 1; LRRK2: leucine-rich repeat kinase 2; KM: kanamycin; LPS: 
lipopolysaccharide; MNZ: metronidazole; NEO: neomycin; NF-κB: nuclear factor-kappaB; NOD1: nucleotide-binding oligomerization domain 1; PAM: Pam3CSK4; 
PCoA: Principal coordinate analysis; PE: phycoerythrin; PMNC: pancreatic mononuclear cell; SAP: severe acute pancreatitis; STAT3: signal transducer and 
activator of transcription 3; Syk: spleen tyrosine kinase; Tg: transgenic; TLR4: toll-like receptor 4; ZymD: zymosan depleted.

Introduction
Acute pancreatitis is one of the most common emerging 
gastrointestinal diseases, often requiring urgent admission to 
the hospital [1, 2]. Although most cases of acute pancreatitis 
are self-limiting, approximately 20%  of patients with acute 
pancreatitis develop severe acute pancreatitis (SAP) accom-
panied by necrosis of the pancreas and/or multiple organ 
failure. Intestinal barrier dysfunction following the onset of 
acute pancreatitis could increase the risk for SAP develop-
ment [3]. M oreover, bacterial infection in the necrotic pan-
creatic tissue is one of the major causes of morbidity and 
mortality in SAP [4, 5]. Recent studies have highlighted the 
importance of both bacterial and fungal infections in SAP de-
velopment [6–9]. Rasch et al. reported that candida-infected 
pancreatic necrosis was found in approximately 40%  of 
necrotizing acute pancreatitis cases and was associated with 
mortality [7]. Furthermore, multiple organ failure has been 
implicated as an indicator of prophylactic anti-fungal therapy 
in acute pancreatitis [9, 10]. Thus, fungal infections in pa-
tients with SAP are increasingly recognized as possible risk 

factors for increased lethality associated with SAP. However, 
the molecular mechanisms underlying the development of 
SAP by fungal infections remain poorly understood.

Intrapancreatic activation of trypsinogen followed by 
autodigestion of pancreatic tissue has been shown to underlie 
the pathogenesis of acute pancreatitis [3, 11]. This mechanism 
is supported by human studies in which gene mutations in-
volved in the activation of trypsinogen increased patient sen-
sitivity to pancreatitis [12]. Gain-of-function mutations in 
PRSS1, encoding trypsinogen, or loss-of-function mutations 
in serine protease inhibitor Kazal type I, encoding pancre-
atic secretory trypsin inhibitor, are associated with hereditary 
pancreatitis [12]. However, mice def icient in the T7 isoform of 
trypsinogen also experienced experimental acute and chronic 
pancreatitis even in the absence of trypsinogen [13, 14]. Thus, 
the pathogenesis of pancreatitis cannot be fully explained by 
intrapancreatic activation of trypsinogen alone. Recent studies 
have shown that proinf lammatory cytokine and chemokine 
responses against microorganisms promote the develop-
ment of experimental acute and chronic pancreatitis [15, 16]. 
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Intestinal barrier dysfunction followed by the translocation of 
gut bacteria into the pancreas activates innate immune cells 
residing in the pancreas to induce proinf lammatory cytokine 
responses [15, 16]. Indeed, mice def icient in Toll-like receptor 
4 (TLR4) and nucleotide-binding oligomerization domain 1 
(NO D1), both of which recognize components of gut bac-
teria, are resistant to experimental acute and chronic pancrea-
titis [15–17]. These studies support the involvement of innate 
immune responses against gut bacteria in the development of 
acute pancreatitis. Intestinal barrier dysfunction allows for 
the translocation of both bacteria and fungi into the pancreas; 
thus, innate immune responses against fungi could also be as-
sociated with the development of pancreatitis.

Leucine-rich repeat kinase 2 (LRRK2) is a multifunctional 
intracellular protein that induces autophagy and innate im-
mune responses [18–20], and mutations in Lrrk2 are associ-
ated with familial and sporadic Parkinson’s disease [18–20]. 
In addition to Parkinson’s disease, polymorphisms in Lrrk2 
are linked to the development of Crohn’s disease, tubercu-
losis, and leprosy [18–20]. Thus, polymorphism-induced 
LRRK2 dysfunction can contribute to chronic inf lamma-
tory disorders. H owever, the association between Lrrk2 
polymorphisms and pancreatitis is not clear. LRRK2 activa-
tion could be involved in the development of acute pancrea-
titis as excessive proinf lammatory cytokines and/or reduced 
autophagic responses are known to induce acute acinar in-
jury [3]. M oreover, the recognition of β-glucans derived from 

fungal wall components by Dectin-1 activates LRRK2 in 
myeloid and dendritic cells (DCs) to induce proinf lammatory 
cytokine responses [21, 22]. Therefore, sensing of fungi, 
which translocate into the pancreas in acute pancreatitis due 
to intestinal barrier dysfunction, might accelerate pancreatic 
injury through the activation of LRRK2. In this study, we 
aimed to investigate the role of LRRK2 in SAP development.

Materials and methods
Mice
BAC FLAG-L rrk 2 transgenic (Lrrk2 Tg) mice [21, 23] were 
obtained from Dr. T. Takagawa (Department of Inf lammatory 
Bowel Disease, H yogo College of Medicine). We used 
6–8-week-old wild-type C57BL/6 mice and Lrrk2 Tg mice. 
The mice were reared at the Animal Facility of the Kindai 
University Faculty of M edicine. All animal experiments were 
approved by the Review Board of the Kindai University 
Faculty of M edicine and adhered to the ARRIVE guidelines.

Induction of SAP
C57BL/6 mice and Lrrk 2 Tg mice at 6–8 weeks of age were 
treated with hourly intraperitoneal (IP) injections of cerulein 
(100 μg/kg, Sigma-Aldrich, St. Louis, MO, USA), as depicted 
in Fig. 1A. M ice received hourly injections of cerulein eight 
times over 2 consecutive days to induce SAP, in accord-
ance with previous reports [24]. In some experiments, mice 

Figure 1. Administration of LRRK2 inhibitor attenuates the development of severe acute pancreatitis. (A) Experimental protocol of severe acute 
pancreatitis by repeated injections of cerulein. C57BL/6 mice were treated w ith leucine-rich repeat kinase 2 (LRRK2) inhibitor (LRRK2-IN-1, 0.25 mg, 
n = 7) or DMSO (n = 7). Hematoxylin and eosin (H&E) staining and amylase expression of the pancreas. The degree of pancreatitis was lower in 
C57BL/6 mice treated w ith LRRK2 inhibitor than those w ith DMSO. Magnif ication, ×400 (B). Pathological scores for acute pancreatitis and positive 
areas for amylase staining (C). (D) Pancreatic accumulation of CD11b+ myeloid cells, CD11c+ dendritic cells, CD3+ T cells, and B220+ B cells was 
assessed by f low-cytometric analyses. The percentages and numbers of each cell population were calculated. (E) Expression of cytokines in the 
pancreas was measured by enzyme-linked immunosorbent assays. Results shown are combined data obtained from two independent experiments 
w ith similar results (DMSO-treated mice; n = 4 and n =  3, total n = 7, LRRK2-IN-1-treated mice; n = 5 and n = 2, total n = 7). Data are expressed as 
mean ±  SEM. *P < 0.05, **P < 0.01.
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received IP injections of LRRK2 inhibitor (LRRK2-IN -1, 
0.25 mg, Calbiochem, San Diego, CA, USA) [21], spleen tyro-
sine kinase (Syk) inhibitor (piceatannol, 1.25 mg, Abcam, 
Cambridge, MA, USA) [25], or DMSO prior to the initial in-
jection of cerulein each day.

Bone marrow transplantation
Bone marrow (BM ) transplantation (BMT) experiments were 
performed as previously described [15, 16]. Brief ly, recipient 
mice were irradiated with 10 Gy and received 2 × 106 BM 
cells from donor mice via the tail vein. BM chimeric mice 
were used to induce SAP 2 months after BMT.

Abrogation of fungal mycobiome or gut bacterial 
microbiota
Lrrk 2 Tg mice were treated with ampicillin (ABPC, 1 g/L), 
neomycin (NEO, 1 g/L), kanamycin (KM, 0.5 g/L), and 
metronidazole (MNZ , 1.0 g/L) in drinking water for 2 weeks 
prior to the induction of SAP to sterilize the gastrointestinal 
tract, as previously described [15]. Antibiotics were pur-
chased from Wako Chemical Industries (Osaka, Japan). Gut 
bacterial sterilization was continued during the experimental 
period. L rrk 2 Tg mice were treated with f luconazole (Sigma-
Aldrich, 0.5 mg/mL) in drinking water to deplete commensal 
fungi [26, 27]. Anti-fungal therapy was initiated 3 weeks be-
fore the induction of SAP and continued throughout the ex-
perimental period. In addition to f luconazole, amphotericin 
B (Sigma-Aldrich, 0.25 mg) was administered daily via the 
oral route to the mice, which was initiated 5 days before the 
induction of SAP.

Pathological analysis
The pancreatic tissues were f ixed in 10%  formalin and em-
bedded in paraff in. Sections of 5 μm thickness were sub-
jected to hematoxylin and eosin (H & E) staining. The degree 
of acute pancreatitis was semi-quantitatively determined as 
previously described [15, 24]. Brief ly, pancreatic morpho-
logical changes were graded using a scale of 0–4 based on 
the degree of edema, acinar necrosis, hemorrhage with fat 
necrosis, and inf iltration of immune cells. Total pathology 
score was given as the sum of each scale of edema, acinar 
necrosis, hemorrhage with fat necrosis, and inf iltration of 
immune cells.

Flow-cytometric analysis
Pancreatic mononuclear cells (PMNCs) were isolated as 
previously described [16, 28–31]. Brief ly, pancreatic tissues 
were cut into small pieces using scissors, washed with hanks’ 
balanced salt solution without Ca2+ and M g2+, and subjected 
to collagenase digestion at 37°C for 45 min as previously de-
scribed [16, 28–31]. After collagenase digestion, cell debris 
was eliminated by low-speed centrifugation (30 × g, 5 min, 
4°C). Ammonium-chloride-potassium lysis buffer was used 
for the lysis of red blood cells. PMN Cs were stained with 
f luorescein isothiocyanate (FITC)-conjugated CD11b or 
B220 antibodies (eBioscience, San Diego, CA, USA), in com-
bination with phycoerythrin (PE)-conjugated CD11c or CD3 
antibodies (eBioscience). In some experiments, PM NCs were 
stained with FITC-conjugated CD11b or CD11c antibodies 
(eBioscience) in combination with PE-conjugated Dectin-1 
antibody (BioLegend, San Diego, CA, USA). Flow-cytometric 
analysis was performed using an Accuri C6 f low cytometer 

(BD Biosciences, San Jose, CA, USA) and CFlow Plus software 
(BD Biosciences) [28, 29, 32].

Fungal mycobiome analyses
Fecal samples were prepared from C57BL/6 mice and Lrrk2 
Tg mice before SAP induction, and DNA was extracted using 
QIAamp stool knit (Q iagen, H ilden, Germany) as previously 
described [29, 33]. Nuclear ribosomal repeat gene prof iling 
with an Illumina library targeting the internal transcribed 
spacer 1 (ITS1) region was performed using DN A isolated 
from stool samples [34]. The MiSeq system was used for 
ITS1 sequencing. Sequence data were processed using the 
Trimmomatic, Cutadapt, and Fastq-join programs, and the 
obtained fungal sequences were clustered into operational 
taxonomic units. The resulting fungal sequences were aligned 
with the Greengenes microbial gene database with 97%  se-
quence similarity, using Q IIME (1.8.0). Species richness, 
alpha diversity, and beta diversity were calculated as previ-
ously described [29, 33]. Differences in beta diversity were 
visualized in three-dimensional plots obtained using principal 
coordinate analysis (PCoA). Differential abundance analysis 
at the genus and species levels was performed using R package 
ALDEx2. False discovery rate-corrected P-values were calcu-
lated as per the Benjamini–Hochberg procedure. The effect 
size was determined using the aldex. glm effect. P < 0.05 or 
effect size > 1 was considered signif icant in accordance with 
previous studies [35, 36].

Stimulation of PMNCs with Dectin-1 ligands
Isolated PMN Cs were stimulated with Pam3CSK4 (PAM, a 
TLR2 ligand, 10 μg/ml, InvivoGen, San Diego, CA, USA), 
lipopolysaccharide (LPS, a TLR4 ligand, 1 μg/ml, InvivoGen), 
Z ymosan (TLR2 and Dectin-1 ligands, InvivoGen, 10 μg/ml), 
and Zymosan Depleted (Z ymD, Z ymosan lacking TLR lig-
ands, a Dectin-1 ligand, InvivoGen, 100 μg/ml). ZymD, which 
was created by treating conventional Z ymosan with hot al-
kali to remove its TLR2-stimulating properties, is a Dectin-
1-specif ic ligand [37]. PMN Cs (2 × 106/mL) were cultured in 
complete RPMI medium for 24 h [16, 28].

Enzyme-linked immunosorbent assay
Pancreatic expression of the cytokines (IFN-γ, IL-6, 
IL-12/23p40, and TNF-α) was measured using enzyme-linked 
immunosorbent assay (ELISA) kits from eBioscience as previ-
ously described [16, 28–31, 38, 39]. Brief ly, pancreatic tissue 
was homogenized and whole pancreatic protein was extracted 
using a nuclear extraction kit (Active Motif, Carlsbad, CA, 
USA) according to the manufacturer’s instructions. Pancreatic 
protein extracts isolated from each mouse were applied to 
the wells for ELISA assays after the measurement of protein 
concentrations. IFN -β expression was determined using an 
ELISA kit from R& D Systems (Minneapolis, M N, USA) [16]

Immunohistochemical analyses
Deparaff inized pancreatic sections were incubated with 
rabbit anti-amylase (Sigma-Aldrich) or anti-LRRK2 anti-
bodies (GeneTex, Irvine, CA), and protein expression was 
visualized using the Dako Envision + system (DAKO, Tokyo, 
Japan) as previously described [16]. Intact pancreatic acinar 
cells are positive for cytoplasmic amylase staining. Induction 
of pancreatitis reduces the percentages of cells positive for 
cytoplasmic amylase staining due to acinar cell death and 
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thus the decrease in amylase positive areas ref lects the degree 
of acinar injury [3]. At least two images were taken from each 
slide, and areas positive for amylase were calculated using the 
hybrid cell count software (Keyence, Osaka, Japan) [28].

Transcription factor assay
N uclear extracts were isolated from the pancreas using a nu-
clear extraction kit (Active M otif). The binding activity of 
pancreatic nuclear extracts (10 μg) to the consensus promoter 
sequence of nuclear factor-κB (N F-κB) subunits and signal 
transducer and activator of transcription 3 (STAT3) was as-
sessed using a Transam kit (Active Motif) [32].

Statistical analysis
Statistical analyses were performed using GraphPad Prism 
(GraphPad Software, Inc., San Diego, CA, USA). Two-tailed 
Student’s t-tests were used, and a P-value of <0.05 was con-
sidered statistically signif icant.

Results
LRRK2 inhibitors attenuate the development of 
SAP
Although LRRK2 activation is involved in the development 
of experimental colitis and experimental autoimmune uveitis 
[21, 40, 41], the role of LRRK2 in the development of experi-
mental pancreatitis is poorly def ined. Given that bacterial and 
fungal infections are among the strongest risk factors for SAP 
[1], LRRK2-mediated innate immunity might be involved 
in SAP development. In this study, we investigated whether 
LRRK2 activation promoted SAP development by inducing 
SAP in C57BL/6 mice through eight hourly injections of 
supramaximal doses of cerulein for 2 consecutive days, as 
previously reported [24] (Fig. 1A). We examined the involve-
ment of LRRK2 activation by treating C57BL/6 mice with an 
LRRK2 inhibitor or DM SO  [21]. Pathological examinations 
revealed destruction of the pancreatic acinar architecture and 
inf iltration of immune cells in mice with induced SAP and 
DMSO  treatment (Fig. 1B). In contrast, treatment with the 
LRRK2 inhibitor attenuated pancreatic injury. M oreover, 
mice treated with the LRRK2 inhibitor showed lower patho-
logical scores of acute pancreatitis than those with DMSO  
treatment. Immunohistochemical analysis revealed that con-
sistent with reduced pathological scores, pancreatic expres-
sion of amylase was lower in mice treated with DMSO  than 
in those treated with the LRRK2 inhibitor, ref lecting the re-
lease of intracellular amylase due to the acinar cell death in 
the former mice (Fig. 1C).

Flow-cytometric analysis using PMNCs revealed that the 
percentages and numbers of CD11b+ myeloid cells, CD11c+ 
DCs, and CD3+ T cells were greater in the pancreas of mice 
treated with DMSO than in those treated with the LRRK2 
inhibitor (Fig. 1D). The numbers and percentages of CD11b+ 
myeloid cells, CD11c+ DCs, or CD3+ T cells were comparable 
in the pancreas of mice treated with DMSO  or the LRRK2-
inhibitor in the absence of SAP induction (Supplementary Fig. 
1A). Thus, activation of LRRK2 is necessary for the recruit-
ment of immune cells into the pancreas in response to SAP 
induction.

Experimental pancreatitis is characterized by 
proinf lammatory cytokine responses including TNF-α  
and IL-6 [3]. The expression of innate immunity cytokines 

produced by myeloid cells and DCs, such as IL-6, IL-12/23p40, 
and TNF-α, was signif icantly higher in the pancreas of mice 
treated with DMSO than in those treated with the LRRK2 
inhibitor (Fig. 1E). In addition, expression of IFN-γ, a proto-
typical T helper type 1 cytokine, was also higher in the pan-
creas of mice treated with DM SO  than in those treated with 
the LRRK2 inhibitor. In contrast, the expression of type I 
IFN (IFN-β) was comparable in these mice. We then analyzed 
serum cytokine responses in mice treated with DM SO or the 
LRRK2 inhibitor. Serum concentrations of IL-6 and TNF-α 
were signif icantly lower in mice treated with the LRRK2 in-
hibitor than in those treated with DMSO  (Supplementary Fig. 
1B). Thus, activation of LRRK2 induced both pancreatic and 
systemic inf lammatory responses. These data suggest that the 
activation of LRRK2 promotes SAP through the induction of 
proinf lammatory cytokine responses.

Lrrk2 Tg mice are susceptible to SAP
We next investigated whether Lrrk2 Tg mice were sensitive 
to SAP induction. As shown in Fig. 2A, Lrrk2 Tg mice dis-
played a higher degree of pancreatitis than that in littermate 
control mice (C57BL/6 mice). The pancreas of Lrrk2 Tg mice 
showed degraded acinar architecture and accumulation of 
immune cells. In contrast, amylase-positive areas were signif i-
cantly smaller in the pancreas of L rrk 2 Tg mice than in con-
trol C57BL/6 mice (Fig. 2B).

The percentage and number of pancreatic CD11b+ mye-
loid cells were signif icantly higher in Lrrk2 Tg mice than in 
control C57BL/6 mice (Fig. 2C). In addition, the numbers of 
pancreatic CD11c+ DCs and CD3+ T cells were higher in the 
pancreas of Lrrk2 Tg mice, although the difference was not 
statistically signif icant. Consistent with the pancreatic accu-
mulation of CD11b+ myeloid cells and CD3+ T cells, pancre-
atic expression of IL-6, IL-12/23p40, TNF-α, and IFN-γ, but 
not IFN-β, was signif icantly higher in the pancreas of Lrrk2 
Tg mice with induced SAP than in those of control C57BL/6 
mice (Fig. 2D).

The expression of proinf lammatory cytokines and the de-
velopment of experimental pancreatitis is regulated by the ac-
tivation of transcription factors including N F-κB and STAT3 
[3]. We determined NF-κB and STAT3 activation using a 
transfactor assay on pancreatic nuclear extracts. As shown in 
Fig. 2E, activation of NF-κB subunits p65, p50, and c-Rel, but 
not RelB or p52, was signif icantly higher in the pancreas of 
Lrrk2 Tg mice than in control C57BL/6 mice, suggesting that 
overexpression of LRRK2 induces SAP through the activation 
of canonical NF-κB signaling pathways. M oreover, Lrrk2 Tg 
mice also displayed pancreatic STAT3 activation compared 
with control C57BL/6 mice. Collectively, these results suggest 
that overexpression of LRRK2 induces SAP through N F-κB-
mediated proinf lammatory cytokine responses.

LRRK2 expressed in hematopoietic cells mediates 
SAP
We next determined the type of cells overexpressing LRRK2 
by analyzing pancreatic tissues obtained from Lrrk 2 Tg 
mice and control C57BL/6 mice challenged with SAP and 
then subjected to immunohistochemical analyses. As shown 
in Supplementary Fig. 2, endogenous expression of LRRK2 
was observed in both immune cells and acinar cells in the 
pancreas of control C57BL/6 mice. H owever, LRRK2 ex-
pression was higher in pancreatic immune cells and acinar 
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cells in L rrk 2 Tg mice than in control C57BL/6 mice. Thus, 
consistent with previous reports [22, 40, 42], LRRK2 was 
expressed in both hematopoietic and non-hematopoietic 
cells.

Lrrk2 Tg mice overexpress LRRK2 in both hematopoietic 
and non-hematopoietic cells; thus, the cellular contribution 
of LRRK2 in SAP induction remains unknown. Therefore, we 
created BM chimeric mice to determine the type of LRRK2-
overexpressing cells responsible for SAP development. Two 
types of BM chimeric mice were generated: irradiated con-
trol C57BL/6 mice transplanted with BM cells from control 
C57BL/6 mice (C57BL/6 > C57BL/6 mice) and irradiated 
C57BL/6 mice transplanted with BM  cells from Lrrk 2 Tg 
mice (L rrk 2 Tg > C57BL/6 mice). As shown in Fig. 3A, the 
degree of acute pancreatitis was signif icantly greater in Lrrk2 
Tg > C57BL/6 mice than in C57BL/6 > C57BL/6 mice. The 
pancreas of L rrk2 Tg > C57BL/6 mice displayed signif icantly 
degraded acinar architecture and accumulation of immune 
cells. Moreover, amylase-positive areas were signif icantly 
smaller in the pancreas of Lrrk2 Tg > C57BL/6 mice than in 
C57BL/6 > C57BL/6 mice (Fig. 3B).

The percentages of CD11b+ myeloid cells, CD11c+ DCs, and 
CD3+ T cells were signif icantly higher in the pancreas of Lrrk2 
Tg > C57BL/6 mice than in C57BL/6 > C57BL/6 mice (Fig. 
3C). Furthermore, the pancreatic expression of IL-12/23p40, 
TNF-α , and IFN-γ was markedly higher in the pancreas of 
Lrrk 2 Tg > C57BL/6 mice than in C57BL/6 > C57BL/6 mice 
(Fig. 3D). These f indings support the idea that LRRK2 ex-
pressed in hematopoietic cells, but not in acinar cells, 

mediates the development of SAP through the induction of 
proinf lammatory cytokine responses.

LRRK2 expressed in non-hematopoietic cells does 
not aggravate acute pancreatitis
To clarify roles played by LRRK2 in non-hematopoietic cells, 
we created two types of BM chimeric mice: irradiated con-
trol C57BL/6 mice transplanted with BM cells from Lrrk2 
Tg mice (Lrrk2 Tg > C57BL/6 mice) and irradiated Lrrk2 
Tg mice transplanted with BM cells from Lrrk2 Tg mice 
(Lrrk2 Tg > Lrrk2 Tg mice). As shown in Fig. 4A and B, the 
degree of acute pancreatitis was comparable between Lrrk 2 
Tg > C57BL/6 mice and L rrk2 Tg > Lrrk2 Tg mice as assessed 
by pathological analyses. No signif icant differences were ob-
served in the percentages or numbers of CD11b+ myeloid 
cells, CD11c+ DCs, and CD3+ T cells in the pancreas of Lrrk2 
Tg > C57BL/6 mice and Lrrk2 Tg > Lrrk2 Tg mice (Fig. 4C). 
Furthermore, the pancreatic expression of proinf lammatory 
cytokines including IL-6, IL-12/23p40, TN F-α , IFN-β, and 
IFN-γ was comparable between the two types of BM  chi-
meric mice (Fig. 4D). These f indings from BM chimeric mice 
strongly support the idea that LRRK2 expressed in hem-
atopoietic cells, but not in acinar cells, mediates the devel-
opment of SAP through the induction of proinf lammatory 
cytokine responses. Further, these observations suggest that 
SAP development can be achieved in the presence of LRRK2 
overexpression in immune cells and that synergistic effects of 
LRRK2 expression in both immune and acinar cells are un-
likely to be operating.

Figure 2. Lrrk2 Tg mice are susceptible to severe acute pancreatit is. Leucine-rich repeat kinase 2 transgenic (Lrrk2 Tg) mice (n = 6) and littermate 
control C57BL/6 mice (n = 7) were subjected to cerulein-induced severe acute pancreatit is protocols. Hematoxylin and eosin staining of the pancreas. 
The degree of pancreatitis was greater in Lrrk2 Tg mice than in C57BL/6 mice. Magnif ication, ×400 (A). Pathological scores for acute pancreatitis and 
positive areas for amylase staining (B). (C) Pancreatic accumulation of CD11b+ myeloid cells, CD11c+ dendritic cells, CD3+ T cells, and B220+ B cells 
was assessed by f low-cytometric analyses. The percentages and numbers of each cell population were calculated. (D) Expression of cytokines in the 
pancreas was measured by enzyme-linked immunosorbent assays. (E) Activation of transcription factors was assessed by transfactor assays. Results 
are combined data obtained from three independent experiments w ith similar results (Lrrk2 Tg mice; n = 2, n = 3, n = 1, total n = 6, C57BL/6 mice; 
n =  2, n = 3, n = 2, total n = 7). Data are expressed as mean ±  SEM. *P < 0.05, **P < 0.01.
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Depletion of gut microbiota does not affect the 
development of SAP
Bacteria and fungi sensing by TLRs and/or Dectin-1 induce 
proinf lammatory cytokine responses via activation of LRRK2 
[21, 43, 44]. We next examined whether overexpression of 
LRRK2 in myeloid cells alters the sensitivity to SAP through 
recognition of bacteria and/or fungi. We initially examined 
the involvement of immune responses against gut bacteria in 
the development of SAP in L rrk2 Tg mice by depleting gut 
bacteria via the administration of a broad range of antibiotics 
(ABPC/N EO/KM/M NZ ), as previously described [15] (Fig. 
5A). Bowel sterilization by antibiotics did not alter the se-
verity of acute pancreatitis in Lrrk2 Tg mice, as assessed by 
semiquantitative analyses of the pathology score and amylase+ 
areas (Fig. 5B and C). In addition, no signif icant difference in 
the number of immune cells or expression of proinf lammatory 
cytokines was observed in Lrrk2 Tg mice irrespective of anti-
biotic treatment (Fig. 5D and E). Thus, SAP development in 
Lrrk2 Tg mice does not require proinf lammatory cytokine re-
sponses driven by intestinal bacteria.

Ablation of fungal mycobiome inhibits the 
development of SAP in Lrrk2 Tg mice
N ext, we addressed whether depletion of the gut mycobiome 
inhibited the development of SAP in L rrk 2 Tg mice by 
treating Lrrk2 Tg mice with anti-fungal agents, as previously 

described (Fig. 6A) [26, 27]. As shown in Fig. 6B and C, the 
severity of acute pancreatitis was signif icantly lower and 
amylase-positive areas were signif icantly higher in Lrrk2 Tg 
mice treated with anti-fungal agents than in untreated Lrrk 2 
Tg mice. Ablation of fungal mycobiome markedly decreased 
pancreatic accumulation of CD11b+ myeloid cells, CD11c+ 
DCs, and CD3+ T cells in SAP-induced Lrrk2 Tg mice com-
pared with untreated SAP-induced L rrk2 Tg mice (Fig. 6D). 
Attenuation of SAP by depletion of fungal mycobiome was 
accompanied by reduced production of proinf lammatory 
cytokines. Pancreatic expression of IL-6, IL-12/23p40, TNF-
α, and IFN-γ was markedly reduced in the pancreas of Lrrk2 
Tg mice treated with anti-fungal agents compared with those 
from untreated Lrrk2 Tg mice (Fig. 6E). Taken together, 
these data suggest that LRRK2 expressed in hematopoietic 
cells mediates the development of SAP through fungi-driven 
proinf lammatory cytokine responses.

Treatment with antimicrobials alone may exert some inf lu-
ence on host immune cells [45–47]. To exclude off-target ef-
fects mediated by antibiotics or anti-fungal agents, Lrrk2 Tg 
mice were treated with antibiotics or anti-fungal agents alone 
and pancreatic tissues were subjected to immune cell popu-
lation analysis. As shown in Supplementary Fig. 3, the num-
bers and percentages of CD11b+ myeloid cells, CD11c+ DCs, 
and CD3+ T cells were comparable in the pancreas of mice 
whether mice were treated with or without antimicrobials.

Figure 3. LRRK2 expressed in hematopoietic cells mediates severe acute pancreatitis. Bone marrow chimeric mice were generated by bone 
marrow transplantation. Irradiated control C57BL/6 mice received bone marrow cells from leucine-rich repeat kinase 2 transgenic (Lrrk2 Tg) mice 
(Lrrk2 Tg > C57BL/6, n = 6) or control mice (C57BL/6 > C57BL/6, n = 6) and then these mice were subjected to cerulein-induced severe acute 
pancreatitis protocols. Hematoxylin and eosin staining of the pancreas. The degree of pancreatitis was greater in Lrrk2 Tg > C57BL/6 mice than 
in C57BL/6 > C57BL/6 mice. Magnif ication, ×400 (A). Pathological scores for acute pancreatitis and positive areas for amylase staining (B). (C) 
Pancreatic accumulation of CD11b+ myeloid cells, CD11c+ dendritic cells, CD3+ T cells, and B220+ B cells was assessed by f low-cytometric analyses. 
The percentages and numbers of each cell population were calculated. (D) Expression of cytokines in the pancreas was measured by enzyme-linked 
immunosorbent assays. Results are expressed as mean ±  SEM. Results are combined data obtained from two independent experiments w ith 
similar results (Lrrk2 Tg > C57BL/6 mice; n = 3 and n = 3, total n = 6, C57BL/6 > C57BL/6 mice; n = 3 and n = 3, total n = 6). Data are expressed as 
mean ±  SEM. *P < 0.05, **P < 0.01.
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Fungal mycobiome composition is different in Lrrk2 
Tg and C57BL/6 mice
Inhibition of SAP by the administration of anti-fungal agents 
led us to examine whether alterations in fungal mycobiome 
components predispose mice to SAP susceptibility. We sub-
jected fecal samples from untreated control C57BL/6 mice 
and Lrrk 2 Tg mice to next-generation sequencing analyses 
targeting the fungal ITS1 region. We performed differen-
tial abundance analyses to identify the fungal species as-
sociated with the development of SAP in L rrk2 Tg mice. 
The R package ALDEx2 was used to determine the statis-
tical signif icance of fungal mycobiome composition in the 
stool of C57BL/6 and Lrrk2 Tg mice. Sequence read counts 
were comparable between C57BL/6 and L rrk 2 Tg mice al-
beit much lower compared with those in next-generation 
sequencing analyses targeting bacterial 16S ribosomal RNA 
[29, 33] (Supplementary Fig. 4A). Fungal mycobiome diver-
sity, as judged by the rare fraction analyses of alpha and beta 
diversity, showed no signif icant difference when the latter 
analysis was visualized using a three-dimensional scatter plot 
by PCoA (Supplementary Fig. 4B).

At the genus level, as judged by the effect size of ALDEx2, 
we identif ied fungi that were signif icantly increased or de-
creased in the stool of L rrk 2 Tg mice (Supplementary Fig. 
4C). The relative abundance of Inocybe species was signif i-
cantly greater in the stool of Lrrk 2 Tg mice than in that of 
C57BL/6 mice (Supplementary Fig. 4D). In contrast, coloniza-
tion by Claviceps and Pseudotom entella species was enriched 

in C57BL/6 mice. These data indicate that alterations in 
fungal mycobiome composition may be associated with in-
creased sensitivity to SAP. H owever, these data need careful 
interpretation as colonization differences have been observed 
in mushroom-forming Inocybe species and plant-derived 
Claviceps and Pseudotom entella species [48–50]. Thus, we 
have not identif ied commensal fungi species associated with 
the development of SAP in L rrk2 Tg mice.

Pancreatic myeloid cells from Lrrk2 Tg mice 
produce large amounts of proinf lammatory 
cytokines upon exposure to fungal zymosan
We hypothesized that proinf lammatory cytokine responses 
induced by sensing of fungal components mediate the devel-
opment of SAP in Lrrk2 Tg mice. β-glucan, a major cell wall 
component of fungi, is recognized by cell-surface Dectin-1 ex-
pressed in macrophages and DCs to induce proinf lammatory 
cytokine responses through the activation of NF-κB [51]. We 
examined the expression of Dectin-1 in CD11b+ myeloid cells 
and CD11c+ DCs in the pancreas and verif ied Dectin-1 ex-
pression in both pancreatic cell types in Lrrk2 Tg and control 
C57BL/6 mice with induced SAP. H owever, Dectin-1 expres-
sion tended to be higher in L rrk 2 Tg mice compared with 
control C57BL/6 mice (Fig. 7A, mean f luorescence intensity, 
Lrrk2 Tg mice vs. control C57BL/6 mice, CD11b+ myeloid 
cells; 630.85 vs. 313.26, CD11c+ DCs; 1816.99 vs. 1681.41).

We next used PM N Cs isolated from control C57BL/6 mice 
and Lrrk2 Tg mice with induced SAP and found that PMN Cs 

Figure 4. LRRK2 expressed in non-hematopoietic cells does not aggravate acute pancreatitis. Two types of bone marrow  (BM) chimeric mice, irradiated 
control C57BL/6 mice transplanted w ith BM cells from leucine-rich repeat kinase 2 transgenic mice (Lrrk2 Tg > C57BL/6 mice, n = 6) and irradiated 
Lrrk2 Tg mice transplanted w ith BM cells from Lrrk2 Tg mice (Lrrk2 Tg > Lrrk2 Tg mice, n = 6), were prepared. BM chimeric mice were subjected to 
cerulein-induced severe acute pancreatitis protocols. Hematoxylin and eosin staining of the pancreas. Magnif ication, ×400 (A). Pathological scores 
for acute pancreatit is (B). (C) Pancreatic accumulation of CD11b+ myeloid cells, CD11c+ dendritic cells, CD3+ T cells, and B220+ B cells was assessed 
by f low-cytometric analyses. The percentages and numbers of each cell population were calculated. (D) Expression of cytokines in the pancreas was 
measured by enzyme-linked immunosorbent assays. Results are combined data obtained from two independent experiments w ith similar results (Lrrk2 
Tg > C57BL/6 mice; n = 3 and n = 3, total n = 6, Lrrk2 Tg > Lrrk2 Tg mice mice; n = 3 and n = 3, total n = 6). Data are expressed as mean ±  SEM.
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isolated from Lrrk2 Tg mice produced large amounts of IL-6 
and TNF-α upon exposure to the Dectin-1 ligand (Zymosan 
and Z ymD) as compared with the cells from C57BL/6 mice 
(Fig. 7B). In contrast, comparable levels of proinf lammatory 
cytokine production were observed upon stimulation with 
TLR2 and TLR4 ligands (PAM, LPS) in PMNCs isolated 
from C57BL/6 or L rrk2 Tg mice. Conventional Z ymosan 
can activate both TLR2 and Dectin-1 whereas ZymD is a 
Dectin-1-specf ic ligand lacking TLR2-stimulating properties 
[37]. Thus, these data suggest that pancreatic CD11b+ mye-
loid cells and/or CD11c+ DCs exhibit enhanced sensitivity to 
Dectin-1 ligands, which are components of fungal cell walls, 
and that proinf lammatory cytokine responses to Dectin-1 lig-
ands might underlie SAP development in L rrk 2 Tg mice.

Inhibition of the Dectin-1–Syk pathway attenuates 
SAP development in Lrrk2 Tg mice
We next addressed whether inhibition of the Dectin-1 pathway 
would protect against SAP by treating Lrrk2 Tg mice with 
piceatannol, an inhibitor of Syk [25]. Ligation of Dectin-1 by 
β-glucans phospholylates Syk [25]. As shown in Fig. 8A and B, 
Syk inhibition resulted in the attenuation of SAP in Lrrk2 Tg 
mice, as judged by pathological scores. Amylase positive areas 
were greater in Lrrk 2 Tg mice treated with the Syk inhibitor 
than in those treated with DMSO (Fig. 8B). Inhibition of Syk 
signif icantly reduced the pancreatic accumulation of CD11b+ 
myeloid cells and CD3+ T cells in Lrrk 2 Tg mice compared 
to those treated with DMSO (Fig. 8C). Furthermore, the 

protection of Lrrk 2 Tg mice from SAP was accompanied by 
reduced proinf lammatory cytokine responses, including IL-6, 
TN F-α, IL-12/23p40, and IFN-γ (Fig. 8D). Thus, activation 
of the Dectin-1-Syk pathway triggered by the recognition of 
fungi may be involved in the development of SAP in L rrk 2 Tg 
mice. Taken together, these data support the idea that activa-
tion of LRRK2 upon sensing of fungal cell wall components 
mediates the development of SAP through the induction of 
proinf lammatory cytokine responses.

Discussion
In this study, we demonstrate that the activation of LRRK2 in 
myeloid cells mediates the development of experimental SAP 
through the induction of proinf lammatory cytokine responses 
triggered by the recognition of fungal cell wall components. 
Inhibition of LRRK2 by its specif ic inhibitor eff iciently pre-
vented the development of experimental SAP, which was ac-
companied by reduced proinf lammatory cytokine responses, 
including IL-6, IL-12/23p40, and TNF-α . Lrrk2 Tg mice were 
sensitive to an experimental SAP protocol and displayed a 
more severe form of acute pancreatitis than littermate con-
trol mice due to excessive production of proinf lammatory 
cytokines. Moreover, the degree of acute pancreatitis was 
greater in BM chimeric mice overexpressing LRRK2 in 
hematopoietic cells than in those expressing endogenous 
LRRK2 in hematopoietic cells whereas BM chimeric mice 
overexpressing LRRK2 in non-hematopoietic cells exhibited 

Figure 5. Depletion of gut microbiota does not prevent the development of severe acute pancreatitis in Lrrk2 Tg mice. (A) Experimental protocol. 
Leucine-rich repeat kinase 2 transgenic (Lrrk2 Tg) mice were untreated (n = 6, No Tx) or treated (n = 4, ABx) w ith a broad range of antibiotics (ampicillin, 
kanamycin, neomycin, and metronidazole). Lrrk2 Tg mice were subjected to cerulein-induced severe acute pancreatitis protocol. Hematoxylin and 
eosin staining of the pancreas. The degree of pancreatitis was comparable in Lrrk2 Tg mice treated w ith or w ithout antibiotics. Magnif ication, ×400 
(B). Pathological scores for acute pancreatitis and positive areas for amylase staining (C). (D) Pancreatic accumulation of CD11b+ myeloid cells, CD11c+ 
dendritic cells, CD3+ T cells, and B220+ B cells was assessed by f low-cytometric analyses. The percentages and numbers of each cell population were 
calculated. (E) Expression of cytokines in the pancreas was measured by enzyme-linked immunosorbent assays. Results are combined data obtained 
from two independent experiments w ith similar results (No Tx; n =  4 and n = 2, total n = 6, ABx; n = 3 and n = 1, total n = 4). Data are expressed as 
mean ±  SEM.
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a similar degree of acute pancreatitis as those expressing en-
dogenous LRRK2 in non-hematopoietic cells in the presence 
of LRRK2 overexpression in hematopoietic cells. In add-
ition, depletion of the gut fungal mycobiome, but not gut 
bacteria by anti-microbial agents, protected L rrk 2 Tg mice 
from the development of SAP, suggesting the involvement of 
fungi-driven excessive proinf lammatory cytokine responses 
in Lrrk2 Tg mice with induced SAP. Pancreatic CD11b+ and 
CD11c+ cells isolated from L rrk2 Tg mice displaying SAP 
produced large amounts of IL-6 and TN F-α  upon stimulation 
with zymosan and ZymD, both of which are major fungal 
cell wall components with the ability to stimulate Dectin-1. 
Finally, blockade of Dectin-1-mediated signaling pathways by 
a Syk inhibitor attenuated the development of SAP in Lrrk2 
Tg mice. Collectively, these data support the idea that the ac-
tivation of LRRK2 in myeloid cells mediates the development 
of SAP through proinf lammatory cytokine responses upon 
exposure to fungal cell wall components (Fig. 9).

Although most cases of acute pancreatitis are self-limiting, 
approximately20%  of patients with this disease develop life-
threating SAP [1, 9]. Patients with SAP usually manifest local 
and systemic complications, such as pancreatic necrosis and 
sepsis [52, 53]. Translocation of gut bacteria due to impaired 
intestinal barrier function leads to colonization of bacteria 
into necrotic pancreatic tissues and subsequent dissemination 
of the bacteria to systemic organs, leading to endotoxemia 

and multiple organ failure [52, 53]. In addition, the mor-
tality rate of SAP is much higher in patients with infection 
than in those without infection [54]. Recent experimental 
studies also support the idea that proinf lammatory cytokine 
responses caused by pancreatic infection with gut bacteria 
play critical roles in the development of SAP. Data obtained 
from experimental acute pancreatitis suggest the involvement 
of proinf lammatory cytokine responses induced by the recog-
nition of intestinal bacteria by NOD1 or TLR4, as shown by 
the fact that NO D1- or TLR4-def icient mice were resistant to 
pancreatitis induction due to diminished cytokine responses 
such as TN F-α  and IL-6 [15–17]. In addition to bacterial infec-
tion, fungal infection rates in patients with SAP are also high, 
ranging from 8%  to 57%  in patients with SAP exhibiting se-
vere pancreatic necrosis [7–9, 55, 56]. Thus, proinf lammatory 
cytokine responses upon pancreatic invasion by gut fungi 
as well as gut bacteria could drive the development of SAP. 
Although the administration of antibiotics has been shown 
to increase the risk of pancreatic colonization of fungi [9], 
host genetic factors that predispose to fungal infections have 
not been identif ied in patients with SAP. Here, we provide 
evidence that overexpression of LRRK2 in hematopoietic 
cells increases sensitivity to experimental acute pancreatitis 
through proinf lammatory cytokine responses via sensing of 
fungal components. O ur data suggest the possible involve-
ment of gain-of-function mutations in Lrrk 2 in patients with 

Figure 6. Ablation of fungal mycobiome inhibits the development of severe acute pancreatitis in Lrrk2 Tg mice. (A) Experimental protocol. Leucine-
rich repeat kinase 2 transgenic (Lrrk2 Tg) mice were untreated (n = 5, No Tx) or treated (n = 7, Anti-Fungus) w ith f luconazole in the drinking water. For 
the depletion of fungal mycobiome, Lrrk2 Tg mice were also treated w ith oral administration of Amphotericin B (AMFB). These mice were subjected 
to cerulein-induced severe acute pancreatitis protocol. Hematoxylin and eosin staining of the pancreas. The degree of pancreatitis was lower in Lrrk2 
Tg mice treated w ith anti-fungal agents than untreated mice. Magnif ication, ×400 (B). Pathological scores for acute pancreatitis and positive areas 
for amylase staining (C). (D) Pancreatic accumulation of CD11b+ myeloid cells, CD11c+ dendritic cells, CD3+ T cells, and B220+ B cells was assessed 
by f low-cytometric analyses. The percentages and numbers of each cell population were calculated. (E) Expression of cytokines in the pancreas was 
measured by enzyme-linked immunosorbent assays. Results are combined data obtained from two independent experiments w ith similar results (No 
Tx; n = 3 and n = 2, total n = 5, anti-fungal agents-treated mice; n = 3 and n = 4, total n = 7). Data are expressed as mean ±  SEM. Data are expressed 
as mean ±  SEM. *P < 0.05, **P < 0.01.
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SAP complicated by fungal infection. It would be intriguing to 
examine the association between Lrrk2 polymorphisms and 
SAP.

As mentioned above, clinicopathological analyses have 
implicated involvement of fungal infection in SAP [7–9, 55, 
56]. However, the molecular mechanisms underlying the 
relationship between SAP and fungi-induced immune re-
sponses are poorly def ined. In this study, we found that 
proinf lammatory cytokine responses against fungal compo-
nents are associated with the development of SAP through 
activation of LRRK2-mediated signaling pathways. This 
idea is supported by the f inding that PMN Cs overexpressing 
LRRK2 produced large amounts of TN F-α and IL-6 in re-
sponse to fungal cell wall components (Dectin-1 ligands) and 
that the development of SAP in Lrrk 2 Tg mice was mark-
edly attenuated upon depletion of the fungal mycobiome. 
Consistent with our data, siRNA-mediated knockdown of 
caspase recruitment domain-containing protein 9, a critical 
downstream signaling molecule for Dectin-1, has been shown 
to protect rats from experimental acute pancreatitis through 
downregulation of IL-6 and TNF-α expression [57, 58]. 
Thus, it is likely that enhanced sensitivity to fungal compo-
nents predisposes L rrk 2 Tg mice to pancreatic injury through 
proinf lammatory cytokine responses, even though the pan-
creatic burden of fungi is comparable between control mice 
and Lrrk2 Tg mice. Alternatively, fungal dysbiosis caused by 
LRRK2 activation may be associated with Dectin-1-mediated 
proinf lammatory cytokine release in Lrrk2 Tg mice. In this 
regard, no signif icant difference was observed in mycobiome 
diversity between control C57BL/6 mice and Lrrk 2 Tg mice, 

as assessed by alpha diversity or beta diversity. The relative 
abundance of several mushroom-forming or plant-derived 
fungi, including Claviceps, Pseudotomentella, and Inocybe 
species, was altered in the stool of Lrrk2 Tg mice compared 
with those of control C57BL/6 mice [48–50]. Given that dif-
ferences in relative abundance of fungal species are limited to 
mushroom-forming and plant-derived fungi, it is likely that 
consumption of a diet might have affected mycobiome dif-
ferences in the stool. Thus, we have not identif ied commensal 
fungi accounting for the development of SAP in Lrrk2 Tg 
mice. Further experiments would help to identify and quan-
tify fungal species translocated into the pancreas that cause 
proinf lammatory cytokine responses. To this end, commensal 
fungi-colonization model in combination with induction of 
SAP would be useful [59, 60].

LRRK2 is a multifunctional protein with the ability to 
induce autophagy and innate immunity [18, 21, 22, 40]. 
Although mutations in Lrrk2 are associated with familial 
cases of Parkinson’s disease, Crohn’s disease, and tubercu-
losis, their role in pancreatitis has not been examined. Given 
that impaired autophagic machinery and/or excessive innate 
immunity underlie the pathogenesis of pancreatitis, LRRK2 
may be involved in pancreatic injury [3]. In this study, we 
provide evidence that LRRK2 activation is linked to the se-
verity of acute pancreatitis. The development of SAP in Lrrk2 
Tg mice was accompanied by increased production of IL-6 
and TN F-α by PM NCs upon stimulation with fungal cell 
wall components. Thus, proinf lammatory cytokine responses 
against fungi are involved in the aggravation of acute pan-
creatitis in Lrrk2 Tg mice. Autophagy is a cellular machinery 

Figure 7. Pancreatic myeloid cells from Lrrk2 Tg mice produce large amounts of proinf lammatory cytokines upon exposure to Dectin-1 ligands. 
Pancreatic mononuclear cells (PMNCs) were isolated from leucine-rich repeat kinase 2 transgenic (Lrrk2 Tg, n = 4) and littermate control C57BL/6 
mice (n = 4) treated w ith cerulein-induced severe acute pancreatitis. (A) Expression of Dectin-1 in CD11b+ myeloid cells and CD11c+ dendritic cells was 
determined by f low cytometry. (B) PMNCs were stimulated w ith Pam3CSK4 (PAM), lipopolysaccharide (LPS), Zymosan and Zymosan depleted (ZymD) 
for 24 h. The culture supernatants were subjected to enzyme-linked immunosorbent assay to determine the levels of IL-6 and TNF-α. PMNCs isolated 
from each mouse were subjected to f low-cytometric and cytokine analyses. Results are expressed as mean ±  SEM. **P < 0.01.
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in which intracellular organelles, proteins, and microbial 
components are digested and degraded by autophagosomes 
[61]. A mechanistic link exists between autophagy defects and 
pancreatitis, as shown by the fact that impaired formation of 
autophagosomes in the absence of autophagy-related protein 
5 or 7 predisposes mice to the development of pancreatitis 
[3, 62, 63]. Membrane-associated LRRK2 colocalizes with 
autophagosome membranes and participates in autophagy 
upon exposure to microbial infection [64]. Takagawa et al. 
reported that DCs overexpressing LRRK2 produce large 
amounts of TNF-α upon stimulation with Dectin-1 ligands 
through the suppression of autophagy [21]. Therefore, it is 
possible that Lrrk2 Tg mice develop SAP through impaired 
autophagy and enhanced proinf lammatory cytokine re-
sponses upon exposure to Dectin-1 ligands. Whether suppres-
sion of autophagy is involved in severe pancreatic injury in 
Lrrk 2 Tg mice requires further investigation.

Retrograde migration of duodenal fungi into the pancreas 
via the papilla of Vater has been implicated in the pathogen-
esis of pancreatic cancer [27, 65]. Aykut et al. showed that 
Malassezia species preferentially colonized pancreatic tumors 
and promoted pancreatic cancer growth [27]. Such migra-
tion of gut fungi to pancreatic tumors promotes the gener-
ation of the tumor microenvironment through the activation 
of Dectin-1, followed by enhanced production of IL-33 [65]. 
Thus, alterations in the intratumoral pancreatic mycobiome 
may be a possible trigger for pancreatic cancer growth. It re-
mains unknown whether such retrograde migration of fungi 

into the pancreas is involved in SAP development in Lrrk2 
Tg mice. In this regard, relative abundance of Malassezia spe-
cies in the stool was comparable between wild-type mice and 
Lrrk2 Tg mice. To identify pathogenic or protective fungi as-
sociated with SAP in Lrrk 2 Tg mice, sequencing studies util-
izing pancreatic samples may be required. It should be noted, 
however, that pancreatic macrophages and DCs isolated from 
Lrrk2 Tg mice displaying SAP produced large amounts of 
IL-6 and TNF-α upon stimulation with fungal cell wall com-
ponents (Dectin-1 ligands), but not bacterial cell wall com-
ponents (TLR2 and TLR4 ligands), compared with wild-type 
mice subjected to the same SAP protocol. Thus, sensitivity to 
Dectin-1 ligands rather than the fungal mycobiome compos-
ition is likely to underlie the immunopathogenesis of SAP in 
Lrrk2 Tg mice. Collectively, our data support the idea that 
the presence of LRRK2-overexpressing macrophages and 
DCs with the ability to produce proinf lammatory cytokines 
upon sensing of fungal components is indispensable for the 
development of SAP.

Pancreatitis is unique in that inf lammation increases the 
permeability of the bowel wall and allows translocation 
of gut bacteria into the circulation, followed by coloniza-
tion into the pancreas [3]. In experimental cerulein-induced 
acute and chronic pancreatitis models, intestinal barrier 
dysfunction leads to translocation of commensal gut bac-
teria into the pancreas, and N OD1 expressed in pancre-
atic acinar cells recognizes translocated bacteria to induce 
proinf lammatory cytokine responses [15, 16]. Moreover, the 

Figure 8. Blockade of Dectin-1-mediated signaling pathways by Syk inhibitor reduces the degree of severe acute pancreatitis in Lrrk2 Tg mice. Leucine-
rich repeat kinase 2 transgenic (Lrrk2 Tg) mice were treated with spleen tyrosine kinase (Syk) inhibitor (Syk-i, piceatannol, 1.25 mg, n = 7) or DMSO 
(n = 7). These mice were subjected to cerulein-induced severe acute pancreatitis protocol. Hematoxylin and eosin staining of the pancreas. The degree 
of pancreatitis was smaller in Lrrk2 Tg mice treated w ith piceatannol than in those w ith DMSO. Magnif ication, ×400 (A). Pathological scores for acute 
pancreatitis and positive areas for amylase staining (B). (C) Pancreatic accumulation of CD11b+ myeloid cells, CD11c+ dendrit ic cells, CD3+ T cells, 
and B220+ B cells was assessed by f low-cytometric analyses. The percentages and numbers of each cell population were calculated. (D) Expression 
of cytokines in the pancreas was measured by enzyme-linked immunosorbent assays. Results are combined data obtained from two independent 
experiments with similar results (DMSO-treated mice; n = 4 and n = 3, total n = 7, Syk-i-treated mice; n = 3 and n = 4, total n = 7). Data are expressed 
as mean ±  SEM. *P < 0.05, **P < 0.01.
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association between the presence of bacteremia and the se-
verity of acute pancreatitis has been demonstrated in recent 
studies employing sequencing analyses targeting bacterial 16S 
ribosomal RNA [66]. In line with these human and experi-
mental SAP cases, we assume that pancreatic colonization of 
fungi is facilitated by increased intestinal permeability associ-
ated with the initiation of acute pancreatitis, as in the case of 
gut bacterial translocation [3]. Such pancreatic translocation 
of gut fungi may activate myeloid cells and DCs to induce 
proinf lammatory cytokine responses. H owever, we cannot ex-
clude the possibility of a retrograde pathway via the papilla 
Vater [27, 65]

NF-κB activation could be involved in the generation of 
proinf lammatory cytokine responses in LRRK2 pathway-
induced SAP development. Sensing of β-glucans by Dectin-1 
induces proinf lammatory cytokine production by myeloid 
cells through activation of N F-κB [51]. Nuclear translocation 
of the NF-κB subunits p65, p50, and c-Rel was observed in 
the pancreas of Lrrk2 Tg mice displaying SAP. Thus, the ac-
tivation of N F-κB is associated with increased production of 
TNF-α, IL-12/IL-23p40, and IL-6 in the pancreas, since the 
expression of these cytokines requires NF-κB transactivation 
[3]. Therefore, Dectin-1-mediated activation of N F-κB might 
be linked to proinf lammatory cytokine responses, leading to 
the development of SAP. Consistent with this idea, the deple-
tion of the fungal mycobiome and Dectin-1 ligands by anti-
fungal agents attenuated the severity of acute pancreatitis, 
which was accompanied by reduced proinf lammatory cyto-
kine responses in the pancreas. Collectively, the data presented 
in this study suggest that the activation of the LRRK2-NF-κB 

axis upon exposure to fungi plays pathogenic roles in severe 
pancreatic injury.

Pancreatic myeloid cells isolated from Lrrk2 Tg mice pro-
duced large amounts of proinf lammatory cytokines upon 
stimulation with fungal cell wall components, i.e. Dectin-1 
ligands. In addition, the blockade of Dectin-1-mediated 
signaling pathway by Syk inhibitor attenuated the develop-
ment of SAP in Lrrk2 Tg mice. These f indings together with 
the preventive effects of anti-fungal agents support the idea 
that enhanced sensitivity of Lrrk2 Tg mice to SAP depends on 
the activation of the Dectin-1-Syk pathway. O f note, however, 
Syk is a downstream signaling molecule not only for Dectin-1 
but also Dectin-2 and macrophage-inducible C type lectin 
[67, 68]. In addition to C-type lectins, integrins activates Syk 
[67, 68]. Therefore, it remains uncertain whether activation 
of the Dectin-1-Syk axis triggered by fungal sensing predis-
poses Lrrk2 Tg mice to SAP (Fig. 9). Dectin-1-def icient Lrrk2 
Tg mice would be useful to verify this hypothesis.

In conclusion, activation of LRRK2 upon fungal sensing 
mediates the development of SAP. The inhibition of the 
LRRK2 pathway may be a new therapeutic approach for pa-
tients with SAP. Further human studies addressing the rela-
tionship between the activation status of this pathway and 
the severity of acute pancreatitis would be useful to verify 
this idea.

Supplementary data
Supplementary data is available at Clinical and Experimental 
Immunology online.

Figure 9. Activation of LRRK2 mediates severe acute pancreatit is through sensing of fungal cell wall components. Leucine-rich repeat kinase 2 
transgenic (Lrrk2 Tg) mice were sensitive to cerulein-induced severe acute pancreatitis. Myeloid cells and dendritic cells overexpressing LRRK2 produce 
large amounts of proinf lammatory cytokines (IL-6, TNF-α, IL-12/23p40) upon sensing of fungal cell wall components. Dectin-1-spleen tyrosine kinase 
(Syk)-LRRK2-nuclear factor-kappa B (NF-κB) axis might be involved in the robust production of proinf lammatory cytokines in Lrrk2 Tg mice (right panel). 
Proinf lammatory cytokine responses upon sensing of fungal components are smaller in Lrrk2-intact mice than Lrrk2 Tg mice.

D
ow

nloaded from
 https://academ

ic.oup.com
/cei/advance-article/doi/10.1093/cei/uxad106/7286554 by 81027849 user on 17 O

ctober 2023

12



LRRK2 and severe acute pancreatitis,, 2023, Vol. XX, No. XX 13

Acknowledgement
The authors thank Ms. Yukiko Ueno for her secretarial sup-
port.

Ethical approval
All animal experiments were approved by the Review Board 
of the Kindai University Faculty of Medicine and adhered to 
the ARRIVE guidelines.

Conf lict of interests
The authors declare that they have no known competing f i-
nancial interests or personal relationships that could have in-
f luenced the work reported in this study.

Funding
This work was supported by Grants-in-Aid for Scientif ic 
Research (19K08455, 20K16975, 21K159857, 22K07996) 
from the Japan Society for the Promotion of Science, Takeda 
Science Foundation, Smoking Research Foundation, Yakult 
Bio-Science Foundation, SENSHIN Medical Research 
Foundation, and a 2022 Kindai University Research 
Enhancement Grant (KD2208).

Data availability
The data obtained in this study may be shared with other 
researchers upon reasonable request from the corresponding 
author.

Author contributions
Yasuo O tsuka: Conceptualization, Methodology, 
Investigation, Formal Analysis, Resources, Writing—Original 
Draft; Akane H ara, Kosuke M inaga, Ikue Sekai, M asayuki 
Kurimoto, Yasuhiro M asuta, Ryutaro Takada, Tomoe 
Yoshikawa, Ken Kamata; Investigation, Formal Analysis; 
M asatoshi Kudo: Study Supervision; Tomohiro Watanabe: 
Conceptualization, Methodology, Investigation, Formal 
Analysis; Resources, Writing—Original Draft; Writing—
Review &  Editing.

References
1. Boxhoorn L, Voermans RP, Bouwense SA, Bruno M J, Verdonk RC, 

Boermeester M A, et al. Acute pancreatitis. Lancet 2020, 396, 726–
34. doi:10.1016/S0140-6736(20)31310-6.

2. Schepers NJ, Bakker O J, Besselink M G, Ahmed Ali U, Bollen TL, 
Gooszen HG, et al. Impact of characteristics of organ failure and 
infected necrosis on mortality in necrotising pancreatitis. Gut  
2019, 68, 1044–51.

3. Watanabe T, Kudo M , Strober W. Immunopathogenesis of pan-
creatitis. M ucosal Immunol 2017, 10, 283–98. doi:10.1038/
mi.2016.101.

4. Beger HG, Bittner R, Block S, Buchler M . Bacterial contamination 
of pancreatic necrosis. A prospective clinical study. Gastroenter-
ology 1986, 91, 433–8. doi:10.1016/0016-5085(86)90579-2.

5. Buchler M W, Gloor B, M uller CA, Friess H , Seiler CA, Uhl W. Acute 
necrotizing pancreatitis: treatment strategy according to the status 
of infection. A nn Surg 2000, 232, 619–26. doi:10.1097/00000658-
200011000-00001.

6. Kochhar R, N oor M T, Wig J. Fungal infections in severe acute pan-
creatitis. J G astroenterol Hepatol 2011, 26, 952–9. doi:10.1111/
j.1440-1746.2011.06685.x.

7. Rasch S, M ayr U, Phillip V, Schmid RM , Huber W, Algul H , et al. 
Increased risk of candidemia in patients with necrotising pancrea-
titis infected with candida species. Pancreatology  2018, 18, 630–4. 
doi:10.1016/j.pan.2018.07.005.

8. Singh RR, M itchell W, David Y, Cheesman A, Dixon RE, Nagula S, 
et al. Pancreatic fungal infection in patients with necrotizing pancre-
atitis: a systematic review and meta-analysis. J Clin Gastroenterol 
2021, 55, 218–26. doi:10.1097/M CG.0000000000001467.

9. O tsuka Y, Kamata K, M inaga K, Watanabe T, Kudo M . Pancreatic 
colonization of fungi in the development of severe acute pancrea-
titis. Front Cell Infect M icrobiol 2022, 12, 940532. doi:10.3389/
fcimb.2022.940532.

10. N ing C, Z hu S, Z hou S, Lin C, Li J, Cao X, et al. M ultiple organ 
failure might be an indication for prophylactic antifungal therapy 
in acute pancreatitis. Infection 2021, 49, 769–74.

11. Saluja AK, Lerch M M , Phillips PA, Dudeja V. Why does pancreatic 
overstimulation cause pancreatitis?. A nnu R ev Physiol 2007, 69, 
249–69. doi:10.1146/annurev.physiol.69.031905.161253.

12. Whitcomb DC. Genetic aspects of pancreatitis. A nnu R ev M ed 
2010, 61, 413–24. doi:10.1146/annurev.med.041608.121416.

13. Dawra R, Sah RP, Dudeja V, Rishi L, Talukdar R, Garg P, et al. 
Intra-acinar trypsinogen activation mediates early stages of pan-
creatic injury but not inf lammation in mice with acute pancrea-
titis. Gastroenterology 2011, 141, 2210–2217.e2. doi:10.1053/j.
gastro.2011.08.033.

14. Sah RP, Dudeja V, Dawra RK, Saluja AK. Cerulein-induced 
chronic pancreatitis does not require intra-acinar activation of 
trypsinogen in mice. Gastroenterology  2013, 144, 1076–1085.e2. 
doi:10.1053/j.gastro.2013.01.041.

15. Tsuji Y, Watanabe T, Kudo M , Arai H , Strober W, Chiba T. Sensing 
of commensal organisms by the intracellular sensor NOD1 
mediates experimental pancreatitis. Immunity 2012, 37, 326–38. 
doi:10.1016/j.immuni.2012.05.024.

16. Watanabe T, Sadakane Y, Yagama N , Sakurai T, Ezoe H , Kudo M , 
et al. Nucleotide-binding oligomerization domain 1 acts in con-
cert with the cholecystokinin receptor agonist, cerulein, to induce 
IL-33-dependent chronic pancreatitis. M ucosal Im munol 2016, 9, 
1234–49. doi:10.1038/mi.2015.144.

17. Sharif R, Dawra R, Wasiluk K, Phillips P, Dudeja V, Kurt-Jones E, 
et al. Impact of toll-like receptor 4 on the severity of acute pancre-
atitis and pancreatitis-associated lung injury in mice. Gut  2009, 58, 
813–9. doi:10.1136/gut.2008.170423.

18. Wallings RL, Tansey M G. LRRK2 regulation of immune-pathways 
and inf lammatory disease. Biochem Soc Trans 2019, 47, 1581–95. 
doi:10.1042/BST20180463.

19. Taylor JP, M ata IF, Farrer M J. LRRK2: a common pathway for par-
kinsonism, pathogenesis and prevention?. Trends Mol M ed 2006, 
12, 76–82. doi:10.1016/j.molmed.2005.12.004.

20. M ata IF, Wedemeyer WJ, Farrer M J, Taylor JP, Gallo KA. LRRK2 in 
Parkinson’s disease: protein domains and functional insights. Trends 
N eurosci 2006, 29, 286–93. doi:10.1016/j.tins.2006.03.006.

21. Takagawa T, Kitani A, Fuss I, Levine B, Brant SR, Peter I, et al. 
An increase in LRRK2 suppresses autophagy and enhances Dectin-
1-induced immunity in a mouse model of colitis. Sci Transl M ed 
2018, 10, eaan8162. doi:10.1126/scitranslmed.aan8162.

22. Liu Z , Lee J, Krummey S, Lu W, Cai H , Lenardo M J. The ki-
nase LRRK2 is a regulator of the transcription factor N FAT 
that modulates the severity of inf lammatory bowel disease. N at 
Im munol 2011, 12, 1063–70. doi:10.1038/ni.2113.

23. Li X, Tan YC, Poulose S, O lanow CW, Huang XY, Yue Z . Leucine-
rich repeat kinase 2 (LRRK2)/PARK8 possesses GTPase ac-
tivity that is altered in familial Parkinson’s disease R1441C/G 
mutants. J N eurochem  2007, 103, 238–47. doi:10.1111/j.1471-
4159.2007.04743.x.

24. Sakuma Y, Kodama Y, Eguchi T, Uza N , Tsuji Y, Shiokawa M , et 
al. Chemokine CXCL16 mediates acinar cell necrosis in cerulein 

D
ow

nloaded from
 https://academ

ic.oup.com
/cei/advance-article/doi/10.1093/cei/uxad106/7286554 by 81027849 user on 17 O

ctober 2023

13



14 Otsuka et al.

induced acute pancreatitis in mice. Sci Rep  2018, 8, 8829. 
doi:10.1038/s41598-018-27200-y.

25. Daley D, M ani VR, M ohan N , Akkad N , Ochi A, Heindel DW, 
et al. Dectin 1 activation on macrophages by galectin 9 promotes 
pancreatic carcinoma and peritumoral immune tolerance. N at M ed  
2017, 23, 556–67. doi:10.1038/nm.4314.

26. Skalski JH , Limon JJ, Sharma P, Gargus M D, N guyen C, Tang J, 
et al. Expansion of commensal fungus Wallemia mellicola in the 
gastrointestinal mycobiota enhances the severity of allergic airway 
disease in mice. PL oS Pathog 2018, 14, e1007260. doi:10.1371/
journal.ppat.1007260.

27. Aykut B, Pushalkar S, Chen R, Li Q, Abengozar R, Kim JI, et al. 
The fungal mycobiome promotes pancreatic oncogenesis via ac-
tivation of M BL. N ature 2019, 574, 264–7. doi:10.1038/s41586-
019-1608-2.

28. Watanabe T, Yamashita K, Arai Y, M inaga K, Kamata K, Nagai T, et 
al. Chronic f ibro-inf lammatory responses in autoimmune pancre-
atitis depend on IFN-alpha and IL-33 produced by plasmacytoid 
dendritic cells. J Imm unol 2017, 198, 3886–96. doi:10.4049/
jimmunol.1700060.

29. Yoshikawa T, M inaga K, Hara A, Sekai I, Kurimoto M , M asuta Y, 
et al. Disruption of the intestinal barrier exacerbates experimental 
autoimmune pancreatitis by promoting the translocation of Staph-
ylococcus sciuri into the pancreas. Int Imm unol 2022, 34, 621–34. 
doi:10.1093/intimm/dxac039.

30. Kamata K, Hara A, M inaga K, Yoshikawa T, Kurimoto M , Sekai 
I, et al. Activation of the aryl hydrocarbon receptor inhibits the 
development of experimental autoimmune pancreatitis through 
IL-22-mediated signaling pathways. Clin Ex p Immunol 2023, 212, 
171–83. doi:10.1093/cei/uxad040.

31. M inaga K, Watanabe T, Kamata K, Kudo M , Strober W. A mouse 
model of acute and chronic pancreatitis. Curr Protoc 2022, 2, 
e422. doi:10.1002/cpz1.422.

32. Watanabe T, Asano N , M eng G, Yamashita K, Arai Y, Sakurai 
T, et  al. N O D2 downregulates colonic inf lammation  by IRF4-
mediated inhibition of K63-linked polyubiquitination of RICK 
and TRAF6. M ucosal Im m unol 2014, 7, 1312–25. doi:10.1038/
mi.2014.19 .

33. Kamata K, Watanabe T, M inaga K, H ara A, Yoshikawa T, Okamoto 
A, et al. Intestinal dysbiosis mediates experimental autoimmune 
pancreatitis via activation of plasmacytoid dendritic cells. Int 
Im munol 2019, 31, 795–809. doi:10.1093/intimm/dxz050.

34. Toju H , Tanabe AS, Yamamoto S, Sato H . H igh-coverage ITS 
primers for the DN A-based identif ication of ascomycetes and 
basidiomycetes in environmental samples. PL oS O ne 2012, 7, 
e40863. doi:10.1371/journal.pone.0040863.

35. Nearing JT, Douglas GM , H ayes M G, M acDonald J, Desai DK, 
Allward N , et al. M icrobiome differential abundance methods pro-
duce different results across 38 datasets. N at Com mun  2022, 13, 
342. doi:10.1038/s41467-022-28034-z.

36. Rubin IM C, M ollerup S, Broholm C, Knudsen SB, Baker A, Helms 
M , et al. No effect of Lactobacillus rhamnosus GG on eradication 
of colonization by vancomycin-resistant Enterococcus faecium 
or microbiome diversity in hospitalized adult patients. M icrobiol 
Spectr 2022, 10, e0234821. doi:10.1128/spectrum.02348-21.

37. Gantner BN , Simmons RM , Canavera SJ, Akira S, Underhill DM . 
Collaborative induction of inf lammatory responses by dectin-1 and 
toll-like receptor 2. J Ex p Med 2003, 197, 1107–17. doi:10.1084/
jem.20021787.

38. Watanabe T, Katsukura H , Shirai Y, Yamori M , N ishi T, Chiba T, 
et al. A liver tolerates a portal antigen by generating CD11c+ cells, 
which select Fas ligand+ Th2 cells via apoptosis. H epatology 2003, 
38, 403–12. doi:10.1053/jhep.2003.50343.

39. Chung H , Watanabe T, Kudo M , Chiba T. H epatitis C virus core 
protein induces homotolerance and cross-tolerance to toll-like 
receptor ligands by activation of toll-like receptor 2. J Infect D is 
2010, 202, 853–61. doi:10.1086/655812.

40. Larabi A, Barnich N , Nguyen H TT. N ew insights into the interplay 
between autophagy, gut microbiota and inf lammatory responses in 

IBD. Autophagy  2020, 16, 38–51. doi:10.1080/15548627.2019.16
35384.

41. Wandu WS, Tan C, Ogbeifun O, Vistica BP, Shi G, H inshaw SJ, 
et al. Leucine-rich repeat kinase 2 (Lrrk2) def iciency diminishes 
the development of experimental autoimmune uveitis (EAU) and 
the adaptive immune response. PLoS O ne 2015, 10, e0128906. 
doi:10.1371/journal.pone.0128906.

42. Hakimi M , Selvanantham T, Swinton E, Padmore RF, Tong Y, 
Kabbach G, et al. Parkinson’s disease-linked LRRK2 is expressed in 
circulating and tissue immune cells and upregulated following rec-
ognition of microbial structures. J N eural Transm (Vienna) 2011, 
118, 795–808. doi:10.1007/s00702-011-0653-2.

43. Ahmadi Rastegar D, Hughes LP, Perera G, Keshiya S, Z hong S, 
Gao J, et al. Effect of LRRK2 protein and activity on stimulated 
cytokines in human monocytes and macrophages. N PJ Park insons 
D is 2022, 8, 34. doi:10.1038/s41531-022-00297-9.

44. Dzamko N , Inesta-Vaquera F, Z hang J, Xie C, Cai H , Arthur S, 
et al. The IkappaB kinase family phosphorylates the Parkinson’s 
disease kinase LRRK2 at Ser935 and Ser910 during Toll-like re-
ceptor signaling. PLoS O ne 2012, 7, e39132. doi:10.1371/journal.
pone.0039132.

45. M iller M , Singer M . Do antibiotics cause mitochondrial and im-
mune cell dysfunction? A literature review. J A ntim icrob Chemother 
2022, 77, 1218–27. doi:10.1093/jac/dkac025.

46. Heng X, Jiang Y, Chu W. Inf luence of f luconazole administration on 
gut microbiome, intestinal barrier, and immune response in mice. 
Antim icrob A gents Chem other 2021, 65, e02552–20. doi:10.1128/
AAC.02552-20.

47. Sau K, M ambula SS, Latz E, Henneke P, Golenbock DT, Levitz 
SM . The antifungal drug amphotericin B promotes inf lammatory 
cytokine release by a Toll-like receptor- and CD14-dependent 
mechanism. J Biol Chem  2003, 278, 37561–8. doi:10.1074/jbc.
M 306137200.

48. M iedaner T, Geiger H H. Biology, genetics, and management of 
ergot (Claviceps spp.) in rye, sorghum, and pearl millet. Tox ins 
(Basel) 2015, 7, 659–78. doi:10.3390/toxins7030659.

49. Assress HA, Selvarajan R, Nyoni H , N tushelo K, M amba BB, 
M sagati TAM . Diversity, co-occurrence and implications of fungal 
communities in wastewater treatment plants. Sci R ep 2019, 9, 
14056. doi:10.1038/s41598-019-50624-z.

50. Patocka J, Wu R, Nepovimova E, Valis M , Wu W, Kuca K. Chem-
istry and toxicology of major bioactive substances in inocybe 
mushrooms. Int J M ol Sci  2021, 22, 2218. doi:10.3390/
ijms22042218.

51. Saijo S, Iwakura Y. Dectin-1 and Dectin-2 in innate immunity 
against fungi. Int Im munol 2011, 23, 467–72. doi:10.1093/intimm/
dxr046.

52. Frossard JL, Steer M L, Pastor CM . Acute pancreatitis. L ancet 
2008, 371, 143–52. doi:10.1016/S0140-6736(08)60107-5.

53. Lankisch PG, Apte M , Banks PA. Acute pancreatitis. Lancet 2015, 
386, 85–96. doi:10.1016/S0140-6736(14)60649-8.

54. Petrov M S, Shanbhag S, Chakraborty M , Phillips AR, Windsor JA. 
Organ failure and infection of pancreatic necrosis as determinants 
of mortality in patients with acute pancreatitis. Gastroenterology 
2010, 139, 813–20. doi:10.1053/j.gastro.2010.06.010.

55. Werge M , Roug S, Novovic S, Schmidt PN, Hansen EF, 
Knudsen JD. Fungal infections in patients with walled-off pan-
creatic necrosis. Pancreas 2016, 45, 1447–51. doi:10.1097/
M PA.0000000000000675.

56. Vege SS, Gardner TB, Chari ST, Baron TH, Clain JE, Pearson RK, 
et al. O utcomes of intra-abdominal fungal vs. bacterial infections in 
severe acute pancreatitis. Am J Gastroenterol 2009, 104, 2065–70. 
doi:10.1038/ajg.2009.280.

57. Yang Z W, M eng XX, Zhang C, Xu P. CARD9 gene silencing with 
siRN A protects rats against severe acute pancreatitis: CARD9-
dependent NF-kappaB and P38M APKs pathway. J Cell M ol M ed 
2017, 21, 1085–93. doi:10.1111/jcmm.13040.

58. Wang J, Tian J, He YH , Yang ZW, Wang L, Lai YX, et al. Role of 
CARD9 in inf lammatory signal pathway of peritoneal macrophages 

D
ow

nloaded from
 https://academ

ic.oup.com
/cei/advance-article/doi/10.1093/cei/uxad106/7286554 by 81027849 user on 17 O

ctober 2023

14



LRRK2 and severe acute pancreatitis,, 2023, Vol. XX, No. XX 15

in severe acute pancreatitis. J Cell M ol M ed 2020, 24, 9774–85. 
doi:10.1111/jcmm.15559.

59. M arakalala M J, Vautier S, Potrykus J, Walker LA, Shepardson KM , 
H opke A, et al. Differential adaptation of Candida albicans in vivo 
modulates immune recognition by dectin-1. PL oS Pathog 2013, 9, 
e1003315. doi:10.1371/journal.ppat.1003315.

60. Vautier S, Drummond RA, Redelinghuys P, M urray GI, M acCallum 
DM , Brown GD. Dectin-1 is not required for controlling Candida 
albicans colonization of the gastrointestinal tract. Infect Im m un  
2012, 80, 4216–22. doi:10.1128/IAI.00559-12.

61. Levine B, M izushima N , Virgin HW. Autophagy in immunity 
and inf lammation. N ature 2011, 469, 323–35. doi:10.1038/na-
ture09782.

62 . Antonucci L, Fagman JB, Kim JY, Todoric J, Gukovsky I, 
M ackey M , et al. Basal autophagy maintains pancreatic acinar 
cell homeostasis and protein synthesis and prevents ER stress. 
Proc N atl A cad Sci U S A  2015, 112, E6166–74. doi:10.1073/
pnas.1519384112.

63. Diakopoulos KN, Lesina M , Wormann S, Song L, Aichler M , Schild 
L, et al. Impaired autophagy induces chronic atrophic pancreatitis 

in mice via sex- and nutrition-dependent processes. Gastroenter-
ology 2015, 148, 626–638.e17. doi:10.1053/j.gastro.2014.12.003.

64. Schapansky J, Nardozzi JD, Felizia F, LaVoie M J. M embrane re-
cruitment of endogenous LRRK2 precedes its potent regulation of 
autophagy. Hum M ol Genet 2014, 23, 4201–14. doi:10.1093/hmg/
ddu138.

65. Alam A, Levanduski E, Denz P, Villavicencio HS, Bhatta M , 
Alhorebi L, et al. Fungal mycobiome drives IL-33 secretion and 
type 2 immunity in pancreatic cancer. Cancer Cell 2022, 40, 153–
167.e11. doi:10.1016/j.ccell.2022.01.003.

66. Li Q, Wang C, Tang C, He Q , Li N , Li J. Bacteremia in patients 
with acute pancreatitis as revealed by 16S ribosomal RN A gene-
based techniques. Crit Care M ed  2013, 41, 1938–50. doi:10.1097/
CCM .0b013e31828a3dba.

67. Roth S, Ruland J. Caspase recruitment domain-containing protein 
9 signaling in innate immunity and inf lammation. Trends Immunol 
2013, 34, 243–50. doi:10.1016/j.it.2013.02.006.

68. M ocsai A, Ruland J, Tybulewicz VL. The SYK tyrosine kinase: a 
crucial player in diverse biological functions. N at R ev Immunol 
2010, 10, 387–402. doi:10.1038/nri2765.

D
ow

nloaded from
 https://academ

ic.oup.com
/cei/advance-article/doi/10.1093/cei/uxad106/7286554 by 81027849 user on 17 O

ctober 2023

15



 
 

（謝辞） 
今回の研究を進めるに際し、多くの諸先生方にご指導ご鞭撻を賜りました。 
指導教官として多大なご指導を賜った、近畿大学消化器内科工藤正俊主任教授に深く感謝いた

します。消化器内科渡邉智裕准教授からは研究アイディア、実験遂行、論文作成などに終始適切

なご指導・ご助言を頂き最後まで研究を終了することができました。深く感謝申し上げます。 
その他、消化器内科医局スタッフ、実験助手、医局秘書など様々な方の援助の元で研究を行うこ

とが出来ました。この場をお借りして深く感謝申し上げます。 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


