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Abstract

LRRK2 polymorphisms (G2019S/N2081D) that increase susceptibility to Parkinson’s disease 

and Crohn’s disease (CD) lead to LRRK2 kinase hyperactivity and suppress autophagy. This 

connection suggests that LRRK2 kinase inhibition, a therapeutic strategy being explored for 

Parkinson’s disease, may also benefit patients with CD. Paneth cell homeostasis is tightly 

regulated by autophagy, and their dysfunction is a precursor to gut inflammation in CD. Here, 

we found that patients with CD and mice carrying hyperactive LRRK2 polymorphisms developed 

Paneth cell dysfunction. We also found that LRRK2 kinase can be activated in the context 
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of interactions between genes (genetic autophagy deficiency) and the environment (cigarette 

smoking). Unexpectedly, lamina propria immune cells were the main intestinal cell types that 

express LRRK2, instead of Paneth cells as previously suggested. We showed that LRRK2-

mediated pro-inflammatory cytokine release from phagocytes impaired Paneth cell function, 

which was rescued by LRRK2 kinase inhibition through activation of autophagy. Together, 

these data suggest that LRRK2 kinase inhibitors maintain Paneth cell homeostasis by restoring 

autophagy and may represent a therapeutic strategy for CD.

INTRODUCTION

Innate immunity plays an important role in gut homeostasis (1). Within the small intestine, 

several intestinal epithelial cell types have secretory functions to modulate innate immunity 

(2). Goblet cells secrete mucin to provide a mucosal barrier, whereas Paneth cells secrete 

antimicrobial peptides (e.g., defensins and lysozymes) (3). Dysfunction of goblet and Paneth 

cells is linked to multiple gut inflammatory disorders, including inflammatory bowel disease 

(IBD) (4). Paneth cells are predominantly located in the small intestine with the highest 

density in terminal ileum, where Crohn’s disease (CD; one of the two main IBD subtypes) is 

commonly found (2). Paneth cells also have the distinct function of providing niche factors 

for the nearby intestinal stem cells (5). Given their dual roles in regulating gut immunity 

and stem cell homeostasis, it has been postulated that Paneth cells are the origin of intestinal 

inflammation (2).

Recent advances in IBD pathogenesis research have shown that both genetics and 

environmental risk factors interact and trigger gut inflammation in these patients (4). 

Genome-wide association studies have identified >200 susceptibility loci for CD (6). 

Multiple environmental factors that increase CD susceptibility or severity have been 

identified (7). Among the known CD susceptibility genes, several (including ATG16L1, 

IRGM, and NOD2) are critical players in the autophagy pathway, and single-nucleotide 

polymorphisms (SNPs) associated with these genes also result in autophagy defects (8). 

Therefore, autophagy dysfunction could drive CD development. We previously showed that 

patients with CD harboring ATG16L1 or NOD2 variants are prone to develop Paneth cell 

morphology defects, a widely used surrogate readout for Paneth cell function (9). We further 

showed that the Paneth cell phenotype is a cellular biomarker that can integrate the impact 

of both host genetics and environmental factors (10). As an example, patients with CD and 

mice harboring ATG16L1 T300A that are exposed to cigarette smoking are more likely 

to develop an abnormal Paneth cell phenotype (11). Clinically, an abnormal Paneth cell 

phenotype correlates with mucosal dysbiosis in CD (12) and a more aggressive disease 

outcome in CD (11). Therefore, Paneth cell phenotype is biologically and clinically relevant 

to CD and can be used to dissect potential pathogenic risk factors.

In addition to ATG16L1 and NOD2, the recently identified CD susceptibility gene 

leucine-rich repeat kinase 2 (LRRK2) also regulates autophagy, with increased LRRK2 

kinase activity impairing autophagy (13). LRRK2 encodes a large protein including a 

serine/threonine protein kinase domain (14). Several LRRK2 SNPs that lead to LRRK2 

hyperactivity were identified as Parkinson’s disease susceptibility loci (15) and were also 
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found to increase CD susceptibility (16). Transgenic mice overexpressing Lrrk2 develop 

more severe dextran sodium sulfate–induced colitis, with LRRK2 hyperactivity causing 

inactivation of Beclin1, an upstream regulator that induces autophagy, resulting in autophagy 

inhibition (13). A previous study showed that LRRK2 modulates lysozyme sorting in 

Paneth cells (17). However, the mechanisms by which LRRK2 activity regulates Paneth 

cell function, whether autophagy is relevant for LRRK2-dependent Paneth cell function, and 

whether hyperactive LRRK2 and defective autophagy represent a common driver for Paneth 

cell dysfunction critical to CD pathogenesis remain unclear.

Here, we showed that patients with CD with LRRK2 N2081D or G2019S SNPs were prone 

to harbor Paneth cell defects. In mice, LRRK2 kinase hyperactivity could be triggered by 

harboring either Lrrk2 G2019S or other gene-environment interactions such as Atg16l1 
T300A–smoking (11). We also observed that LRRK2 is predominantly expressed in the 

lamina propria phagocytes, rather than Paneth cells or other intestinal epithelial cells 

as previously suggested (17). As a proof of concept, we showed that cigarette smoke 

condensate (CSC)–treated bone marrow–derived macrophages (BMDMs) from Atg16l1 
T300A mice induced LRRK2 kinase hyperactivity, leading to increased secretion of tumor 

necrosis factor–α (TNFα) and PAI-1, which led to Paneth cell defects in a non-Paneth cell 

autonomous fashion. Last, we found that this process can be reversed by either LRRK2 

inhibition or autophagy activation through Beclin1. Therefore, restoring the LRRK2-Beclin1 

balance represents a potential therapeutic strategy to maintain gut innate immunity in CD.

RESULTS

Patients with CD and mice harboring LRRK2 risk alleles develop Paneth cell defects

We previously showed that the LRRK2 M2397T SNP is associated with Paneth cell defects 

in Japanese patients with CD but not North American patients with CD (18). Unlike the 

LRRK2 N2018D and G2019S SNPs that are both located within the LRRK2 kinase domain 

and induce LRRK2 kinase hyperactivity (16), M2397T is not located within the LRRK2 

kinase domain (19) and thus is not expected to enhance LRRK2 kinase activity (19). Here, 

we analyzed Paneth cell numbers and morphology from small intestinal tissue sections 

of 382 North American patients with CD previously genotyped for LRRK2 N2018D or 

G2019S SNPs, which induce LRRK2 kinase hyperactivity (table S1). We found that patients 

harboring either N2081D or G2019S (all were heterozygous) had fewer ileal Paneth cells/

crypt (Fig. 1A) and lower percentages of normal Paneth cells [as a surrogate for Paneth 

cell function (9, 11) and assessed by human defensin 5] compared with those who did not 

carry these risk alleles [designated as “nonrisk (NR)”]. The abnormal Paneth cell subtypes 

included diminished (D2), diffuse (D3), and excluded (D4) (Fig. 1, B and C). We next 

analyzed mice with a homozygous knock-in (KI) allele that was analogous to the Lrrk2 
G2019S SNP (13). Mice homozygous for this SNP also showed reduced ileal Paneth cells 

(Fig. 1D) and percentages of normal Paneth cells (Fig. 1E). Therefore, both patients with CD 

and mice harboring LRRK2 risk SNPs can have Paneth cell defects.
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LRRK2 kinase inhibitor rescues Paneth cell defects in Lrrk2 G2019S mice

We had previously shown that crypt base apoptosis (rather than necroptosis) was key to 

Paneth cell defects in patients with CD and mice harboring the ATG16L1 T300A risk allele 

and exposed to cigarette smoking (11), and cell death plays roles in intestinal homeostasis 

(20–22). To further test whether elevated LRRK2 activity causes Paneth cell defects and 

apoptosis, we treated Lrrk2 G2019S mice with the LRRK2 inhibitor DN-9713 (Fig. 1F, figs. 

S1 to S3, and tables S2 to S6). DN-9713 can be administered through diet formulation to 

mice over several weeks with consistent coverage of IC50-IC90 (as assessed by measurement 

of unbound plasma levels) (fig. S4 and tables S7 and S8). DN-9713 inhibited LRRK2 

kinase activity in both human peripheral blood mononuclear cells (PBMCs) and human 

embryonic kidney (HEK) 293T cells expressing LRRK2 G2019S (Fig. 1, G and H). Further, 

DN-9713 showed acceptable in vivo pharmacokinetics and pharmacodynamics profiles 

(fig. S4). We dosed Lrrk2 G2019S and wild-type (WT) littermates with either vehicle or 

DN-9713 in the diet for 2 weeks. Both pharmacokinetics analysis (measured by DN-9713 

unbound concentration) and LRRK2 kinase activity (measured by pS935 LRRK2 and pT73 

RAB10) demonstrated LRRK2 kinase inhibition (Fig. 1, I and J). Lrrk2 G2019S mice 

showed decreased percentages of normal Paneth cells and excessive apoptosis in ileal crypts 

compared with WT controls, which were prevented by DN-9713 (Fig. 1, K to M).

LRRK2 expression is detected in lamina propria phagocytes but not intestinal epithelial 
cells

To identify the cell type(s) that express detectable LRRK2, we performed in situ 

hybridization of Lrrk2 and immunohistochemistry (IHC) of LRRK2 in ilea from mice and 

patients with CD. We observed detectable Lrrk2 mRNA expression in murine lamina propria 

mononuclear cells and not epithelial cells (Fig. 2A). We confirmed that ileal sections of 

Lrrk2−/− (Lrrk2 knockout) mice showed no detectable Lrrk2 mRNA staining in any cells 

(Fig. 2B). Using multiple LRRK2 antibodies that are used for IHC or immunofluorescence, 

we observed nonspecific IHC staining in the WT and LRRK2−/− human cells (fig. S5A) 

and in lamina propria cells from WT and Lrrk2−/− intestinal sections (fig. S5, B to D), 

despite an immunoblot showing a lack of LRRK2 expression in the human LRRK2−/− 

cells (fig. S5E) and in the BMDMs from Lrrk2−/− mice (fig. S5F). Despite these caveats, 

LRRK2 expression was not detected in the intestinal epithelial cells in human or mouse 

ileum samples (Fig. 2C and fig. S5, B to D and G). Because it has been reported that 

Paneth cells may express LRRK2 (17), we explored additional approaches to address this 

discrepancy. An analysis of previously published mouse intestinal epithelial cell single-cell 

RNA sequencing (scRNA-seq) datasets showed no detectable Lrrk2 transcripts in epithelial 

cells (Fig. 2D and fig. S6A) (23, 24). We also isolated Paneth cells from a Paneth cell 

reporter mouse strain (Lyz13’UTRCreER; Rosa26R-tdT) (25) and were unable to detect Lrrk2 
transcripts by scRNA-seq (fig. S6B) (25). These studies support our model that all intestinal 

epithelial lineages including Paneth cells have either no or low levels of Lrrk2 expression. 

In contrast, the scRNA-seq datasets on human intestinal myeloid and human immune cells 

showed robust LRRK2 expression in macrophages (Fig. 2E) (26) and classical monocytes 

(fig. S6C) (27).
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To further confirm these findings, we performed immunoblots on WT murine BMDMs and 

ileal organoids. We were able to detect LRRK2 expression only in BMDMs but not in 

ileal organoids (Fig. 2, F and G). Likewise, performing in situ hybridization of Lrrk2, we 

found that BMDMs showed robust Lrrk2 expression (Fig. 2H), whereas it was not detectable 

in ileal organoids (Fig. 2I). Together, these results show that LRRK2 is mainly expressed 

in lamina propria myeloid-derived cells and not in intestinal epithelial cells. Our findings 

also suggest that phagocytes with high LRRK2 activity lead to Paneth cell defects in Lrrk2 
G2019S mice and may act in a non–cell-autonomous fashion.

LRRK2 kinase inhibitor rescues Paneth cell defects in Atg16l1 T300A smoke-exposed mice

We previously showed that mice harboring the CD risk allele Atg16l1 T300A developed 

Paneth cell defects after exposure to cigarette smoke, which are mediated by TNFα-induced 

crypt base apoptosis (11). We hypothesized that LRRK2 kinase hyperactivity also drives 

Paneth cell defects in Atg16l1 T300A smoke-exposed mice. In support of this hypothesis, 

compared with the control mice, whole ileal lysates from Atg16l1 T300A smoke-exposed 

mice showed increased pS106 RAB12, a readout for LRRK2 kinase activity (28) (Fig. 

3A). Of note, we also performed IHC on samples from Atg16l1 T300A smoke-exposed 

mice and found no LRRK2 expression in Paneth cells (fig. S7A). We next tested whether 

LRRK2 kinase inhibition rescues smoking-induced Paneth cell defects in Atg16l1 T300A 

mice by exposing them to cigarette smoke and dosing them with vehicle or DN-9713 in 

the diet for 2 weeks (Fig. 3B). Similar to Lrrk2 G2019S mice, LRRK2 kinase inhibition 

was achieved, as measured by both pharmacokinetic and pS935 LRRK2 analysis (fig. S7, 

B and C). DN-9713 treatment decreased pT73 RAB10 (fig. S7D) and rescued ileal Paneth 

cell defects and numbers of crypt base cleaved caspase 3 (CC3)+ cells in Atg16l1 T300A 

smoke-exposed mice (Fig. 3, C and D). To further confirm the role of LRRK2 in mediating 

Paneth cell defects, we evaluated the impact of Lrrk2 deletion by crossing the Atg16l1 
T300A to Lrrk2−/− mice. As expected, Atg16l1 T300A/Lrrk2−/− mice were also protected 

from smoking-induced Paneth cell defects (Fig. 3E) and crypt base apoptosis (Fig. 3F). 

Together, both pharmacological kinase inhibition of LRRK2 and Lrrk2 deletion prevented 

smoking-induced Paneth cell defects in Atg16l1 T300A mice, suggesting that LRRK2 

activity may mediate the Paneth cell defects in Atg16l1 T300A mice exposed to cigarette 

smoke, like Lrrk2 G2019S mice.

Atg16l1 T300A macrophages secrete factors to induce Paneth cell defects in organoids

We next hypothesized that intestinal myeloid-derived cells are the key cell types that mediate 

smoking-induced Paneth cell defects in Atg16l1 T300A mice. We depleted myeloid-derived 

cells using intravenous injection of clodronate liposomes or a colony-stimulating factor 

1 receptor (CSF1R) blocking antibody (fig. S8, A and B). Both treatments prevented 

Paneth cell defects and crypt base apoptosis in Atg16l1 T300A smoke-exposed mice (Fig. 

4, A to D) and Lrrk2 G2019S mice (Fig. 4, E and F). To determine the mechanism(s) 

by which LRRK2 in macrophages modulates Paneth cells, we used BMDMs and ileal 

organoids to assess the interaction between macrophages and Paneth cells. Atg16l1 T300A 

or WT BMDMs were treated with CSC with or without polyinosinic-polycytidylic acid 

[poly(I:C) (29)], and LRRK2 kinase activity was assessed by measuring pS106 RAB12 

via immunoblotting (Fig. 4G and fig. S9, A and B) and pT73 RAB10 by flow cytometry 
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[using protocol described in (30, 31)] (fig. S9, C and D). The expression of pS106 RAB12 

and pT73 RAB10 in untreated, CSC-treated, or poly(I:C)–treated BMDMs was comparable 

between the Atg16l1 T300A and WT groups (fig. S9, A to D). When BMDMs were treated 

with CSC in conjunction with poly(I:C), WT BMDMs showed lower LRRK2 kinase activity 

compared with Atg16l1 T300A BMDMs (Fig. 4, G and H, and fig. S9, A to D). Notably, 

DN-9713 reduced LRRK2 kinase activity (pS106 RAB12) in both Atg16l1 T300A and WT 

BMDMs treated with CSC + poly(I:C) (Fig. 4, G and H).

We next tested whether direct macrophage-Paneth cell contact was required to trigger Paneth 

cell defects. We transferred BMDM medium to ileal organoids and measured Paneth cell 

densities in the culture in three subsequent experiments (Fig. 4I). First, we assessed whether 

Atg16l1 T300A–CSC interactions in BMDMs affect Paneth cell density in organoids. 

We found that whereas WT organoids did not show changes in the Paneth cell densities 

when treated with medium from WT BMDMs/CSC + poly(I:C), there was a reduction 

in Paneth cell density when organoids were treated with medium from Atg16l1 T300A 

BMDMs/CSC + poly(I:C) (Fig. 4, J to L), suggesting that the Atg16l1 T300A mutation 

in macrophages contributes to the observed Paneth cell defects. Robust Paneth cell loss 

and increased CC3+ cells were observed in the Atg16l1 T300A organoids when treated 

with medium from Atg16l1 T300A BMDMs/CSC + poly(I:C) (Fig. 4, J to L). We also 

performed immunofluorescence in Atg16l1 T300A organoids treated with medium from 

Atg16l1 T300A BMDMs/CSC + poly(I:C) but did not identify colocalization of lysozyme 

and CC3 (fig. S10). This suggests either that Paneth cell loss in Atg16l1 T300A organoids 

may not be due to death of Paneth cells themselves or that lost Paneth cells were not 

captured in our staining. We next assessed the effect of LRRK2 inhibition on the interaction 

of macrophages and Paneth cells using DN-9713 or BMDMs from Atg16l1 T300A/Lrrk2−/

− mice. Atg16l1 T300A organoids cultured with medium from either Atg16l1 T300A 

BMDMs/CSC + poly(I:C) treated with DN-9713 or Atg16l1 T300A/Lrrk2−/− BMDMs/CSC 

+ poly(I:C) showed rescue of Paneth cell density and cell death (Fig. 4, M to O). To 

further test the importance of macrophage-expressed Lrrk2, we generated Lrrk2 myeloid 

conditional knockout mice (Lrrk2Δphg strain; generated using LysMCre) and further crossed 

this strain with the Atg16l1 T300A mice to generate Atg16l1 T300A/Lrrk2Δphg mice. 

Atg16l1 T300A/Lrrk2Δphg mice were protected from smoking-induced Paneth cell defects 

and crypt base CC3+ cells (Fig. 4, P and Q). Last, we found that medium from Lrrk2 
G2019S BMDMs/poly(I:C) decreased Paneth cell density and increased apoptosis in WT 

organoids (Fig. 4, R to T). In sum, these data support the hypothesis that macrophage 

LRRK2 kinase hyperactivity triggers Paneth cell defects without the need for cell-cell 

contact.

TNF and PAI-1 secreted by Atg16l1 T300A macrophages mediate Paneth cell defects

Because we observed that cell-cell contact was not required for macrophage-induced Paneth 

cell defects, we sought to identify soluble factors secreted from BMDMs mediating these 

effects using a multiplex cytokine/chemokine array. Compared with treated WT BMDMs, 

Atg16l1 T300A BMDMs/CSC + poly(I:C) showed increased production of a wide variety 

of cytokines and chemokines, including CCL6, MCP-5, CXCL12, IL-27, MCP-1, PAI-1, 

TNFα, CXCL16, IL1F3, CCL3, and osteopontin (Fig. 5A and fig. S11A). We validated 
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the enhanced expression of CCL6, MCP-5, CXCL12, IL-27, MCP-1, PAI-1 and TNFα by 

enzyme-linked immunosorbent assay (ELISA) (Fig. 5, B and C, and fig. S11, B to L). 

DN-9713 significantly reduced the production of most of these cytokines and chemokines 

(Fig. 5, A to C, and fig. S11, A to L). An analysis of an scRNA-seq intestinal epithelial 

cell dataset (23) showed undetectable expression of receptors for MCP-5, MCP-1, CXCL12, 

CCL6, and IL-27 (fig. S12, A to E). We validated this finding by performing quantitative 

polymerase chain reaction (fig. S12F) and immunoblotting of TNFα and PAI-1 receptors 

(TNFR1 and LRP1, respectively) in WT ileal organoids (Fig. 5D). Lrrk2 G2019S BMDMs 

treated with poly(I:C) also showed increased TNFα and PAI-1 (Fig. 5, E and F), and 

likewise, Lrrk2 G2019S ilea showed higher TNFα and PAI-1 levels (fig. S13, A and B). 

Therefore, TNFα and/or PAI-1 likely modulates Paneth cell defects in these models.

We next administered specific inhibitors to TNFα and PAI-1 into organoid cultures (Fig. 

5G). An anti-TNFα antibody and the PAI-1 inhibitor MDI-2268 prevented Paneth cell 

defects and apoptosis in Atg16l1 T300A organoids (Fig. 5, H to J). Of note, this is consistent 

with our previous study that showed genetic blockade of TNFα signaling rescues Paneth 

cell defects in Atg16l1 T300A smoke-exposed mice (11). We found that the PAI-1 inhibitor 

prevented Paneth cell defects and crypt base apoptosis from Atg16l1 T300A smoke-exposed 

mice (Fig. 5, K and L). We further tested these inhibitors in Lrrk2 G2019S mice and found 

that they also rescued Paneth cell defects in Lrrk2 G2019S mice (Fig. 5, M and N). Lastly, to 

determine whether Atg16l1 loss of function in phagocytes alone drives Paneth cell defects, 

we generated myeloid-specific Atg16l1 knockout mice (Atg16l1Δphg; using LysMCre). These 

mice also developed smoking-induced Paneth cell defects (Fig. 5O), which were rescued by 

DN-9713 (Fig. 5, P and Q). Together with our previous studies demonstrating Atg16l1ΔPC 

(Paneth cell–specific Atg16l1 knockout using Defa4Cre) mice developed smoking-induced 

Paneth cell defects (11), our findings suggest that the enhanced proinflammatory responses 

from Atg16l1-deficient macrophages contribute to the development of smoking-induced 

Paneth cell defects, which can be further enhanced by autophagy deficiency in the Paneth 

cells themselves.

LRRK2-Beclin1 balance modulates Paneth cell defects in mice

Given that Atg16l1 T300A mice have autophagy defects (32) and LRRK2 has been 

reported to play an important role in regulating autophagy (13), we hypothesized that 

LRRK2 mediates Paneth cell defects in Atg16l1 T300A smoke-exposed mice through 

regulating autophagy. We found that ilea from Lrrk2 G2019S mice showed higher p62 

induction (an indicator of defective autophagy), and Atg16l1 T300A non–smoke-exposed 

mice showed a similar trend (Fig. 6, A and B). LRRK2 interacts with and leads to 

Beclin1 inactivation (33), thereby inhibiting autophagy (13). Furthermore, Becn1 (encoding 

Beclin1)–deficient HCT116 cells showed increased LRRK2 expression (13). These studies 

suggest a bidirectional relationship between LRRK2 and Beclin1. We therefore postulated 

that the LRRK2-BECLIN1 balance in macrophages could modulate Paneth cell defects 

in the context of smoking. We found that Atg16l1 T300A BMDMs/CSC + poly(I:C) had 

defective autophagy with higher p62 induction and lower pS15 Beclin1 than WT BMDMs 

(Fig. 6, C to E). Likewise, Lrrk2 G2019S BMDMs/poly(I:C) also showed increased p62 

and decreased pS15 Beclin1 expression (Fig. 6, F to H). These data suggest that LRRK2-
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dependent regulation of Beclin1 and autophagy may be a common mechanism driving 

Paneth cell dysfunction.

We next hypothesized that proper expression and function of Beclin1 in BMDMs could 

rescue Paneth cell defects. To test whether Beclin1 activation could restore homeostasis 

in the context of LRRK2 hyperactivity, we crossed the Atg16l1 T300A mice to Becn1 
F121A (Becn1 KI) mice that have constitutively high Becn1 expression (34). BMDMs from 

Atg16l1 T300A and Atg16l1 T300A/Becn1 KI mice were used to test the role of Beclin1 on 

Paneth cell defects (Fig. 6I). Atg16l1 T300A/Becn1 KI BMDMs treated with CSC/poly(I:C) 

did not show increased PAI-1 or TNFα production, in contrast with effects observed in the 

Atg16l1 T300A group (Fig. 6, J and K). Atg16l1 T300A/Becn1 KI BMDMs treated with 

CSC/poly(I:C) also showed a trend of decreased production for other cytokines (fig. S14, A 

to M). In addition, medium transfer from Atg16l1 T300A/Becn1 KI BMDMs treated with 

CSC/poly(I:C) prevented the Paneth cell defects and cell death in Atg16l1 T300A organoids 

compared with those that received medium from Atg16l1 T300A BMDMs (Fig. 6, L to 

N). Furthermore, Atg16l1 T300A/Becn1 KI mice were protected from smoking-induced 

Paneth cell defects and cell death (Fig. 6, O and P), and a Tat-Beclin1 peptide (35) also 

showed similar protective effects in Atg16l1 T300A mice (Fig. 6, Q and R). We further 

administered Tat-Beclin1 peptide to Lrrk2 G2019S mice, which rescued both Paneth cell 

defects and crypt base apoptosis (Fig. 6, S and T). Therefore, increased Beclin1 expression, 

both pharmacologically and genetically, could prevent Paneth cell defects in Atg16l1 T300A 

smoke-exposed mice and Lrrk2 G2019S mice.

DISCUSSION

Because of the identification of several LRRK2 SNPs as CD susceptibility alleles, studies 

have revealed the possible roles of LRRK2 in mediating intestinal inflammation (19). As 

a result, there is tremendous interest in testing whether LRRK2 kinase inhibitors, currently 

in Parkinson’s disease clinical trials (36), may also benefit patients with CD. Here, we 

showed that patients with CD with LRRK2 risk alleles were prone to develop Paneth cell 

defects. Similarly, Lrrk2 G2019S mice showed Paneth cell defects. LRRK2 kinase inhibition 

rescued Paneth cell defects in two mouse models: the Lrrk2 G2019S and the Atg16l1 
T300A smoke-exposed mice. We also made the unexpected finding that lamina propria 

immune cells, but not Paneth cells, were the main cell types in the intestine that express 

LRRK2. Further, Atg16l1 T300A BMDMs treated with CSC/poly(I:C) had higher LRRK2 

activity, resulting in enhanced TNFα and PAI-1 production and Paneth cell defects. Last, 

we showed that activation of autophagy by overexpressing Becn1 or Tat-Beclin1 peptide 

restored LRRK2 hyperactivity-induced proinflammatory responses.

Much of our research strategy for LRRK2 was initially based on previous studies suggesting 

that Paneth cells express LRRK2 (17). However, multiple scRNA-seq datasets and our data 

from this study reveal that in the small intestine, LRRK2 is predominantly expressed in 

phagocytes such as macrophages. Previous scRNA-seq studies suggest that LRRK2 may 

function in other phagocytes, including monocytes and dendritic cells, further highlighting 

that LRRK2 likely modulates intestinal epithelium in a non–Paneth cell autonomous fashion.
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Another major finding of our work is that LRRK2 hyperactivity can be triggered by either 

host genetics alone (LRRK2 risk alleles) or gene-environment interactions (e.g., Atg16l1 
T300A-smoking) that do not involve host LRRK2 polymorphisms. This has important 

clinical implications, because it suggests that LRRK2 activity may be a common regulator 

for gut epithelial innate immunity. In addition, assessing patients’ LRRK2 activity status 

may offer better biological insight than genotyping for LRRK2 SNPs alone. Given the 

relatively low prevalence of LRRK2 risk alleles in CD (compared with other genes such 

as ATG16L1), our data suggest that LRRK2-targeting therapies such as LRRK2 kinase 

inhibitors may benefit patients with CD with and without LRRK2 risk alleles. Further 

development of biomarkers to define the LRRK2 activity status of patients may allow for 

refinement of clinical studies for CD.

A recent study showed that Atg16l1 T300A BMDMs exhibit enhanced pro-inflammatory 

responses upon treatment with Toll-like receptor or NOD (nucleotide-binding and 

optimization domain)–like receptor stimulation (37). Further, LRRK2 hyperactivity results 

in the up-regulation of TNFα in Parkinson’s disease in the central nervous system 

(38). Consistent with our findings, Lrrk2-overexpressing bone marrow–derived dendritic 

cells also had higher TNFα expression (13), and Lrrk2 G2019S mice exhibit increased 

inflammatory responses and susceptibility to infection (39). These findings highlight that 

LRRK2 could be a master regulator of inflammatory diseases, modulating pro-inflammatory 

cytokine/chemokine production from phagocytes. Our working model is that gene/gene-

environment interactions lead to LRRK2 hyperactivity in phagocytes, which then secrete 

proinflammatory factors that ultimately detrimentally affect intestinal epithelial cells (Fig. 

6U).

Cigarette smoking is known to increase intracellular reactive oxygen species (ROS) (40), 

and ATG16L1 plays a role in maintaining intracellular ROS homeostasis in the intestine 

(20), implying that Atg16l1 T300A-smoking interactions may enhance oxidative stress. 

Damaged lysosomal function induces LRRK2 activation in macrophages (41). Given that 

ROS has been shown to damage the lysosome function (42) and ROS also activates LRRK2 

kinase in HEK293 cells (43), we speculate that Atg16l1 T300A-smoking interaction may 

activate LRRK2 through impaired lysosomal function.

Our Beclin1 data support previous findings that LRRK2 hyperactivity inhibits autophagy via 

inactivating Beclin1 (13). Our findings are also consistent with previous studies that linked 

Beclin1 deficiency to inflammasome activation, which leads to enhanced pro-inflammatory 

cytokine secretion (44). Our data suggest that homeostasis between LRRK2 and Beclin1 

is required to keep inflammation in check (13). We speculate that in the scenario where 

LRRK2 kinase activity remains high, either blocking LRRK2 activity with inhibitors or 

enforcing Beclin1 expression could reverse the pro-inflammatory state. Together, these 

findings suggest a potential yin and yang relationship between LRRK2 and Beclin1 in which 

offsetting the balance could increase susceptibility to inflammation. Our study also supports 

the notion that autophagy regulates the homeostasis of gut innate immunity.

Lastly, from a therapeutic perspective, our study provides several potential avenues to 

target Paneth cell dysfunction. In addition to TNFα- and PAI-1–targeted approaches, 
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LRRK2 kinase inhibitors may provide additional value by targeting different steps in the 

molecular pathway. In summary, our study provides mechanistic insight into how a key CD 

susceptibility gene, LRRK2, regulates intestinal epithelial homeostasis. LRRK2-targeting 

therapies may be beneficial in treating patients with CD harboring LRRK2 risk alleles 

and/or with high LRRK2 kinase activity in the gut.

MATERIALS AND METHODS

Study design

The objective of this study was to investigate the effects of LRRK2 in phagocytes on small 

intestinal Paneth cells. We detected Paneth cell phenotypes in the LRRK2 hyperactivity 

samples from 382 patients with CD carrying LRRK2 risk alleles (N2081D and G2019S) and 

Lrrk2 G2019S and Atg16l1 T300A smoke-exposed mice. BMDMs from these mice were 

used for LRRK2 activity detection. All mouse experiments were performed with random 

assignment. Interpretation of Paneth cell phenotypes was done in a blinded fashion. All data 

collected were included for quantification, and no outliers were excluded. At least three 

biological replicates per experimental group were used.

Mice

Lrrk2 G2019S mice were obtained from Taconic (catalog no. 13940). Lrrk2fl/fl mice were 

obtained from the Jackson Laboratory (catalog no. 024469). Atg16l1 T300A mice were 

obtained from R. Xavier (Broad Institute) as described previously (11). Atg16l1Δphg mice 

were generated by crossing Atg16l1fl/fl mice to LysMCre mice (the Jackson Laboratory, 

catalog no. 4781). Lrrk2−/− (Lrrk2 knockout) mice were obtained from the Jackson 

Laboratory (catalog no. 016121). Becn1 F121A mice were generously provided by C. He 

(Northwestern University). Atg16l1 T300A mice crossed with Lrrk2−/− or Becn1 F121A 

mice to generate Atg16l1 T300A/Lrrk2−/− and Atg16l1 T300A Becn1 F121A (T300A/
Becn1 KI) mice. Lrrk2Δphg mice were generated by crossing Lrrk2fl/fl to the LysMCre mice. 

The Lrrk2Δphg mice were subsequently crossed with Atg16l1 T300A to generate T300A/

Lrrk2Δphg mice. Paneth cell reporter mice were generated by crossing Lyz13’UTR-CreER mice 

to Rosa26R-tdTomato (tdT) reporter mice as previously reported (25). All mice were of the 

C57BL/6 genetic background and maintained in a specific pathogen–free facility and bred 

in heterozygotes-to-heterozygotes fashion. All experimental procedures were approved by 

the Washington University Institutional Animal Care and Use Committee and performed 

according to the ARRIVE guidelines.

Cigarette smoking model

Six- to eight-week-old mice were exposed to cigarette smoke for 2 weeks to trigger Paneth 

cell defects as previously described (11).

Phagocyte depletion

For clodronate, 40 μl from 23 mg/ml stock (Encapsula Nano Sciences) was mixed with 

160 μl of molecular-grade phosphate-buffered saline (PBS) (45). Mice were then injected 

with clodronate or control liposomes intraperitoneally twice per week for 2 weeks. For 

the CSF1R experiment, mice were treated intraperitoneally with anti-CSF1R antibody or 
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immunoglobulin G2a (IgG2a) isotype control antibody, at 700 μg per mouse on day 0 and 

300 μg per mouse every other day for 2 weeks.

Inhibition of TNFα and PAI-1 in mice

Mice were treated intraperitoneally with anti-TNFα antibody with a dose of 0.5 mg per 

mouse per injection (two injections per week), IgG1 control antibody for 2 weeks (11), or 

PAI-1 inhibitor MDI-2268 with a dose of 73 μg per mouse every day for 2 weeks.

Paneth cell phenotype analysis

Lysozyme (1:100; Santa Cruz, catalog no. sc-27958) and human defensin 5 (1:2000; 

NovusCat, catalog no. NB110–60002) were used for immunofluorescence. For both human 

and mouse samples, each Paneth cell was classified into normal (D0) or one of the five 

abnormal (D1 to D5) categories, including D1, disordered (abnormal distribution and size of 

the granules); D2, diminished (≤10 granules); D3, diffuse (smear of lysozyme or defensin 

within the cytoplasm with no recognizable granules); D4, excluded (majority of the granules 

do not contain stainable material); and D5, enlarged (rare, mega granules). At least 40 to 100 

crypts were quantified for each sample because we have previously shown that a minimum 

of 40 crypts is required to adequately define Paneth cell phenotype.

LRRK2 inhibitor treatment in mice

DN-9713 was used as a peripherally restricted LRRK2 kinase inhibitor for in vivo studies. 

Grain-based, bacon-flavored rodent chow was formulated into pellets containing DN-9713 

(0.0025% or 2.5 g of DN-9713 per kilogram of diet, estimated to be 250 mg/kg per animal 

per day) and irradiated for in-diet dosing (Bio-Serv; LabDiet; PicoLab Mouse Diet 20, 

5058). Mice were provided with vehicle or DN-9713 diet ad libitum for 14 days. Food 

weight and mouse body weight were routinely monitored to evaluate diet consumption and 

animal health.

Tat-Beclin1 peptide treatment in mice

Mice were treated intraperitoneally with Tat-Beclin1 peptide or Tat-Beclin1 scrambled 

control at a daily dose of 16 mg/kg for 2 weeks.

BMDM isolation, stimulation, and secretome determination

Bone cells from femurs and tibias of mice were isolated and plated in sterile dishes 

containing high-glucose Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich, 

catalog no. 6429) with 5% horse serum (Sigma-Aldrich, catalog no. H1270), 10% fetal 

bovine serum (Sigma-Aldrich, catalog no. F2442), penicillin-streptomycin (Sigma-Aldrich, 

catalog no. P4333), 10 mM Hepes (Corning, catalog no. 25–060-CI), 1% L-glutamine, 

1% sodium pyruvate, and macrophage colony-stimulating factor (BioLegend, catalog no. 

576404) at 10 ng/ml. After plating the BMDMs for 24 hours, the cells were washed with 

sterile PBS, fresh medium was added, and BMDMs were stimulated with CSC (150 μg/ml), 

poly(I:C) (100 μg/ml), DN-9713 (5 μM), or vehicle (PBS) for the detection of LRRK2 

activity and protein expression and were stimulated with CSC (50 μg/ml), poly(I:C) (100 

μg/ml), DN-9713 (5 μM), or vehicle (PBS) for the BMDM secretome detection or further 
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ileal organoid culture. Poly(I:C) is a reagent commonly used for in vitro stimulation of 

immune cells such as BMDMs (29). Twenty to 24 hours after stimulation, the BMDM 

medium was centrifuged, and the cell lysate and supernatant were collected. Twenty hours 

after stimulation, the cell lysate was used for LRRK2 activity and protein expression 

determination. Twenty-four hours after stimulation, the supernatant was used to detect the 

BMDM secretome, as well as further ileal organoid culture. The BMDM secretome was 

first detected by using the Proteome Profiler Mouse XL Cytokine Array and following the 

vendor’s instructions. The dot intensities for proteome profiling were detected and analyzed 

by ImageJ. The quantity of selected cytokines and chemokines was further validated by 

ELISA following the vendors’ instructions.

Organoid culture

Intestinal stem cells were cultured in Matrigel (Thermo Fisher Scientific, catalog no. 

CB-40234) and medium with 50% L-WRN conditioned medium. Organoids were passaged 

mechanically from stem cells and seeded in 24-well plates, then cultured by using EGF/

Noggin/R-spondin (ENR) medium. For the BMDM medium transfer experiment, 15% of 

the total organoid culture volume was from supernatant from various BMDM treatments 

[including CSC ± Poly(I:C), DN-9713, or PBS] from day 0 to day 3. For a subset of 

experiments, organoids were also treated with the following: anti-TNF antibody (40 μg/ml) 

or PAI-1 inhibitor MDI-2268 (1 mM). The medium for spheroid and organoid culture was 

changed every 2 days. The organoids were then harvested for various assays.

Ileal crypts were cultured in Matrigel in the presence of 50% L-WRN conditioned medium 

(contains WNT3A, R-Spondin 3, and Noggin). This protocol allows for rapid expansion of 

intestinal epithelial spheroids enriched with stem cells. The spheroids were plated out on day 

0. From day 1 to day 3, the culture cells were cultured in ENR medium, which contains 

EGF, Noggin, and R-Spondin 1, to allow for Paneth cell differentiation. The organoids were 

then cultured with 15% medium from the supernatant collected from the BMDM, harvested 

on day 3, and processed for immunofluorescence.

Bioanalytical analysis of intestine and plasma samples from mice treated with DN-9713

Intestinal and plasma samples were collected from mice for measurement of DN-9713 

concentration. Plasma samples were prepared from blood collected into tubes containing 

K2EDTA as the anticoagulant, and intestinal samples were snap frozen; all samples 

were stored at −80°C until analysis. Plasma and intestinal DN-9713 concentrations were 

measured at Quintara Laboratories (Worcester, MA) using a sensitive and selective liquid 

chromatographic–tandem mass spectrometric (LC-MS/MS) method.

Meso Scale Discovery–based analysis of pT73 RAB10, total LRRK2, and pS935 LRRK2

Capture antibodies were biotinylated using EZ-Link NHS-LC-LC-Biotin (Thermo Fisher 

Scientific, catalog no. 21343), and detection antibodies were conjugated using Sulfo-TAG 

NHS-Ester [Meso Scale Discovery (MSD), Rockville, MD, catalog no. R31AA-1]. Ninety-

six–well MSD GOLD Small Spot Streptavidin plates (MSD, catalog no. L45SSA-1) were 

coated with 25 μl of capture antibodies [pS935 LRRK2 (0.5 mg/ml), Abcam, catalog no. 

ab133450; total LRRK2 (0.5 mg/ml), BioLegend, catalog no. 844401; pT73 RAB10 (1 
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mg/ml), Denali, catalog no. 19–4] diluted in Diluent 100 (MSD, catalog no. R50AA-2) for 

1 hour at room temperature with 700 rpm shaking. After three washes with TBST, 25-μl 

samples were added to each well and incubated at 4°C overnight with agitation at 700 rpm. 

After three additional washes with TBST, 25 μl of detection antibodies [total LRRK2 (1 mg/

ml), BioLegend, catalog no. 808201; total RAB10 (2 mg/ml), Abcam, catalog no. ab181367] 

was added to each well diluted in TBST containing 25% MSD blocker A (MSD, catalog 

no. R93AA-1) together with rabbit (Rockland Immunochemicals, Pottstown, PA, catalog no. 

D610–1000) and mouse gamma globin fraction (Rockland, catalog no. D609–0100). After a 

1-hour incubation at room temperature at 700 rpm and three washes with TBST, 150 μl of 

MSD read buffer (MSD R92TC, 1:1 diluted with water) was added, and plates were read on 

the MSD Sector S 600.

In situ hybridization

Ileal tissues from Lrrk2−/− and WT mice were pinned out and fixed in 10% neutral buffered 

formalin overnight at 4°C. BMDMs and ileal organoids were collected and fixed in 4% 

paraformaldehyde overnight at 4°C. Fixed ileal tissues were washed by using 70% ethanol 

three times and then blocked in agar to generate a formalin-fixed paraffin-embedded (FFPE) 

sample. Fixed cell samples were incubated in 20% sucrose (dissolved in PBS) at 4°C 

for approximately 24 hours and were embedded in optimal cutting temperature (OCT) 

compound on dry ice and sectioned by a cryostat machine. The unstained frozen slides 

were washed in PBS to remove the OCT compound and ready for in situ hybridization. 

Ileal tissues were sectioned, and unstained FFPE slides were baked at 60°C for 1 hour, 

followed by deparaffinization with xylene and 100% ethanol. The FFPE slides were then 

brought to room temperature and ready for in situ hybridization. In situ hybridization 

was performed using a custom-designed Mm-Lrrk2 probe (ACDBio, catalog no. 1320941-

C1), the BaseScope Assay-RED Detection Kit (ACD, catalog no. 323910), RNAScope 

H2O2 & Protease Plus Reagent (ACD, catalog no. 322381), RNAScope Target Retrieval 

Reagents, and RNAScope Wash Buffer Reagents (ACD, catalog no. 322000) according to 

the manufacturer’s instructions. Sections were then mounted in EcoMount solution (Thermo 

Fisher Scientific, catalog no. EM897L) and imaged under a microscope.

Immunoblot

Mouse ilea and BMDMs were collected in a lysis buffer of 1× radioimmunoprecipitation 

assay (RIPA; Sigma-Aldrich, catalog no. R0278) containing protease inhibitor (Sigma-

Aldrich, catalog no. P2714–1BTL) and phosphatase inhibitor (Sigma-Aldrich, catalog no. 

P2850) and centrifuged at 12,000g for 12 min at 4°C. Ileal organoids were collected in 

cell recovery solution (Corning, catalog no. 354253) and centrifuged at 200g for 10 min at 

4°C. The supernatant was then removed, and RIPA buffer with protease and phosphatase 

inhibitors was added. Ilea, BMDMs, and ileal organoid lysis solution were put on ice 

for 30 min for lysing cells. Subsequently, the supernatant was collected to detect protein 

concentration by the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, catalog no. 

23225) according to the manufacturer’s instructions. Sample buffer (5×, Bio-Rad, catalog 

no. 1610747) was then added to denature protein at 42°C for 1 hour. Proteins were 

separated by SDS–polyacrylamide gel electrophoresis (Bio-Rad, catalog no. 4561084) and 

then transferred to a nitrocellulose membrane, which was incubated with primary antibodies 

Sun et al. Page 13

Sci Immunol. Author manuscript; available in PMC 2025 January 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of LRRK2 antibody (1:1000; Abcam, catalog no. ab133474) or LRRK2 antibody (1:1000, 

Proteintech, catalog no. 75–253-020), pS106 RAB12 (1:500, Abcam, catalog no. ab256487), 

RAB12 (1:800, Proteintech, catalog no. 18843–1-AP), LRP1 (1:500; CST, catalog no. 

64099), TNFR1 (1:800; CST, catalog no. 13377), pS15-Beclin1 (1:500; CST, catalog no. 

84966), Beclin1 (1:1000; CST, catalog no. 3738), p62 (1:1000; CST, catalog no. 5114), and 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:10,000; CST, catalog no. 2118) 

for 1 to 3 days at 4°C. After washing with 1× TBST for 45 min, the membrane was 

incubated in secondary antibodies of goat anti-rabbit or goat anti-mouse (1:10,000; Thermo 

Fisher Scientific) for 1 hour at room temperature. The densities of target proteins were 

quantified by Image Studio lite version 5.2 and ImageJ software.

Flow cytometry

Flow cytometry was used to detect pT73 RAB10 and follow the protocol as reported in (30, 

31). Briefly, BMDMs were stained with anti-CD45 APC-Cy7 (1:400; 30-F11, BioLegend) 

and anti-F4/80 Alexa Fluor 488 (1:200; BM8, BioLegend). A LIVE/DEAD fixable aqua 

dead cell stain kit (1:1000; 50–112-1526, Invitrogen) was used to exclude nonviable cells. 

After that, cells were fixed and permeabilized overnight using the staining buffer set (00–

5523-00, Invitrogen), followed by 1 hour of staining with anti-pT73 RAB10 antibody 

(1:500, Abcam, catalog no. ab241060) on ice. Subsequently, cells were incubated with PE 

donkey anti-rabbit IgG (minimal x-reactivity) (1:100; BioLegend, catalog no. 406421) on ice 

for 1 hour. The fluorescence intensities were measured using a BD LSRFortessa. The data 

were analyzed using FlowJo.

Statistical analysis

For analysis between two groups, an unpaired nonparametric t test or a nonparametric 

equivalent Mann-Whitney test was used. For analysis between more than two groups, one-

way analysis of variance (ANOVA), two-way ANOVA, or nonparametric Kruskal-Wallis test 

was performed. Nonparametric statistical tests were selected based on the data distribution. 

All tests were two tailed, and a P value of <0.05 was considered significant. Data were 

plotted and analyzed using GraphPad Prism (version 9.0) and SAS version 9.4 (SAS 

Institute, Cary, NC). Data represent mean ± SD or mean ± SEM. All statistical details 

of the experiments can be found in the figure legends, including the statistical tests used and 

the exact value of n.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Patients with CD harboring LRRK2 SNPs and Lrrk2 G2019S mice are prone to Paneth cell 
defects.
(A) Paneth cells per crypt and (B) percentages of normal Paneth cells in patients with CD 

carrying LRRK2 risk alleles (N2081D and G2019S). (C) Representative photomicrographs 

of Paneth cells by defensin 5 (HD5, green); Blue: DAPI (4′,6-diamidino-2-phenylindole), 

nuclei. Scale bar, 10 μm. Paneth cells are outlined in white and classified into normal (D0) 

and five abnormal (D1 to D5) categories. (D) Ileal Paneth cells per crypt and (E) percentages 

of normal Paneth cells in Lrrk2 G2019S mice (n = 6). (F) Structure of DN-9713, an LRRK2 

kinase inhibitor. (G) Ex vivo treatment of healthy human PBMCs with DN-9713 on pS935 

LRRK2 and pT73 RAB10 (n = 3 donors). Data are shown as mean ± SEM. Calculated 

mean unbound IC50 [95% confidence interval (CI)] for pS935 LRRK2, 10.8 nM (6.6 to 

17.7 nM); for pT73 RAB10, 9.3 nM (6.8 to 12.6 nM). (H) Dose-response curves of LRRK2 

inhibition by DN-9713 measured by pS935 LRRK2 in HEK293T cells overexpressing 

LRRK2 G2019S. Data shown as mean ± SEM. n = 8 experiments. Mean of IC50 (95% CI): 
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11.5 nM (10 to 13 nM). (I and J) pS935 LRRK2 and pT73 RAB10 were measured by a 

Meso Scale Discovery (MSD) assay in the small intestines from Lrrk2 G2019S mice with 

in-diet dosing of DN-9713 (n = 3). (K) Representative photomicrographs of Paneth cells 

with lysozyme (red) and CC3 (green and highlighted by arrow) from Lrrk2 G2019S mice 

treated with DN-9713. Blue: DAPI. Scale bar, 10 μm. (L) Percentages of normal Paneth 

cells and (M) CC3+ cells/500 crypts in Lrrk2 G2019S mice treated with DN-9713 (n = 3 to 

7). Statistical analysis by Mann-Whitney test [(A), (B), (D), and (E)], unpaired t test [(I) and 

(J)], or two-way ANOVA with Tukey’s multicomparison test [(L) and (M)]. *P < 0.05; **P 
< 0.01; ***P < 0.001; ****P < 0.0001. Error bars represent SDs unless specially stated.
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Fig. 2. LRRK2 is detectable in lamina propria phagocytes but not intestinal epithelial cells.
Representative photomicrographs of in situ hybridization of Lrrk2 in ilea from (A) WT and 

(B) Lrrk2−/− mice. Arrowheads represent Lrrk2 RNA. Scale bars, 20 μm. (C) Representative 

photomicrographs of LRRK2 IHC in the ilea from patients with CD. Arrows represent 

LRRK2 protein. Scale bars, 20 μm. [(A) to (C)] The dashed lines represent the borders 

for intestinal epithelial cells, villi, and crypts in ileum. Asterisks represent Paneth cells. 

(D) Reanalysis of a previously generated scRNA-seq dataset (23) showed lack of Lrrk2 
expression in small intestinal epithelial cells. (E) Reanalysis of a previously generated 

human intestinal myeloid cell scRNA-seq dataset (26) showed robust LRRK2 expression in 

monocytes and macrophages. (F) LRRK2 immunoblot in BMDMs and ileal organoids from 

WT mice. (G) Ileal organoids from WT mice used in (F) showed lysozyme expression 

by immunofluorescence (red/arrows). Blue: DAPI. Scale bars, 20 μm. Representative 

photomicrographs of in situ hybridization of Lrrk2 in (H) BMDM and (I) ileal organoid 

from WT mice. Scale bars, 10 μm.
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Fig. 3. LRRK2 inhibitor rescued Paneth cell defects in Atg16l1 T300A smoke-exposed mice.
(A) Top: pS106 RAB12 immunoblot in ilea from Atg16l1 T300A smoke-exposed and 

nonexposed mice. Bottom: Quantification of pS106 RAB12 expression (n = 3). (B) 

Schematic illustration of experimental design. Atg16l1 T300A mice and littermates were 

exposed to cigarette smoke and treated with DN-9713. (C) Percentages of normal Paneth 

cells and (D) CC3+ cells per 500 crypts from Atg16l1 T300A smoke-exposed mice treated 

with DN-9713 (n = 9 to 11). (E) Percentages of normal Paneth cells and (F) crypt base 

CC3+ cells per 500 crypts from Atg16l1 T300A and Atg16l1 T300A/Lrrk2−/− mice exposed 

to cigarette smoke (n = 5 to 11). Statistical analysis by unpaired t test (A) or two-way 

ANOVA followed with Tukey’s multicomparison test [(C) to (F)]. **P < 0.01; ***P < 0.001; 

****P < 0.0001. Error bars represent SDs.
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Fig. 4. Atg16l1 T300A macrophages treated with cigarette smoke condensate induced Paneth cell 
defects in organoids.
(A, C, and E) Percentages of normal Paneth cells and (B, D, and F) CC3+ cells 

per 500 crypts in the Atg16l1 T300A smoke-exposed and Lrrk2 G2019S mice treated 

with clodronate liposomes or anti-CSF1R antibody (n = 3 to 6). (G) pS106 RAB12 

immunoblots in WT and Atg16l1 T300A BMDMs treated with CSC/poly(I:C) ± DN-9713. 

(H) Quantification of pS106 RAB12 expression (n = 3). (I) Schematic illustration of 

experimental designs. (J) Representative immunofluorescence of lysozyme (red), CC3 
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(green and highlighted by arrows), and DAPI (blue) in organoids. Scale bars, 20 μm. 

Quantification of (K) Paneth cells and (L) CC3+ cells in WT and Atg16l1 T300A organoids 

with medium transferred from WT and Atg16l1 T300A BMDMs. (M) Representative 

immunofluorescence of lysozyme (red), CC3 (green and highlighted by arrows), and DAPI 

(blue) in Atg16l1 T300A organoids. Scale bars, 20 μm. Quantification of (N) Paneth cells 

and (O) CC3+ cells in Atg16l1 T300A organoids with medium transferred from Atg16l1 
T300A BMDMs treated with CSC/poly(I:C) ± DN-9713 or from Atg16l1 T300A/Lrrk2−/− 

BMDMs treated with CSC/poly(I:C) (n = 3). (P) Percentages of normal Paneth cells and (Q) 

crypt base CC3+ cells/500 crypts from Atg16l1 T300A smoke-exposed and Atg16l1 T300A/

Lrrk2Δphg smoke-exposed mice (n = 4 to 6). (R) Representative immunofluorescence of 

lysozyme (red), CC3 (green and highlighted by arrows), and DAPI (blue) in WT organoids. 

Scale bars, 20 μm. Quantification of (S) Paneth cells and (T) CC3+ cells in WT organoids 

with medium transferred from WT or Lrrk2 G2019S BMDMs treated with poly(I:C) (n = 3). 

Statistical analysis by unpaired t test [(A) to (F), (P), (Q), (S), and (T)], two-way ANOVA 

[(H), (K),and (L)], or one-way ANOVA followed by Tukey’s multicomparison test [(N) and 

(O)]. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Error bars represent SDs.
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Fig. 5. TNF and PAI-1 are macrophage-secreted factors that induce Paneth cell defects.
(A) Detection of cytokines/chemokines produced from WT BMDMs treated with 

CSC/poly(I:C) and Atg16l1 T300A BMDMs treated with CSC/poly(I:C) ± DN-9713. 

Concentrations of (B) PAI-1 and (C) TNF in BMDM medium (n = 3). (D) Protein 

expression of PAI-1 and TNF receptors LRP1 and TNFR1 by immunoblot in WT BMDMs 

and ileal organoids. Concentrations of (E) PAI-1 and (F) TNF by ELISA in medium from 

WT and Lrrk2 G2019S BMDMs (n = 3). (G) Experimental scheme to define the roles of 

TNF and PAI-1 in mediating Paneth cell defects. (H) Representative immunofluorescence 

of lysozyme (red), CC3 (green and highlighted by arrows), and DAPI (blue) in Atg16l1 
T300A organoids. Scale bars, 20 μm. Quantification of (I) Paneth cells and (J) CC3+ cells in 

Atg16l1 T300A organoids with medium transferred from Atg16l1 T300A BMDMs treated 

Sun et al. Page 25

Sci Immunol. Author manuscript; available in PMC 2025 January 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with either PAI-1 inhibitor MDI-2268 or anti-TNF (n = 3). (K) Percentages of normal 

Paneth cells and (L) crypt base CC3+ cells/500 crypts from Atg16l1 T300A smoke-exposed 

mice treated with PAI-1 inhibitor (n = 7). (M) Percentages of normal Paneth cells and (N) 

crypt base CC3+ cells/500 crypts from Lrrk2 G2019S mice administrated with either PAI-1 

inhibitor or anti-TNF (n = 5 or 6). (O) Percentages of normal Paneth cells in Atg16l1Δphg 

smoke-exposed mice (n = 7 to 12). (P) Percentages of normal Paneth cells and (Q) crypt 

base CC3+ cells/500 crypts from Atg16l1fl/fl and Atg16l1Δphg smoke-exposed mice treated 

with DN-9713 (n = 4 or 5). Statistical analysis by two-way ANOVA followed by Tukey’s 

multicomparison test [(B), (C), (E), (F), (P), and (Q)], one-way ANOVA followed by 

Tukey’s multicomparison test [(I), (J), (M), and (N)], or unpaired t test [(K), (L), and (O)]. 

*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Error bars represent SDs.
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Fig. 6. Enforced Beclin1 activation prevents Paneth cell defects in Atg16l1 T300A smoke-exposed 
and Lrrk2 G2019S mice.
(A) p62 immunoblots in ilea from WT, Atg16l1 T300A, and Lrrk2 G2019S mice. (B) 

Quantification of p62 expression (n = 4). (C) p62 and pS15 Beclin1 immunoblots in WT 

and Atg16l1 T300A BMDMs treated with CSC/poly(I:C). Quantification of (D) p62 and 

(E) pS15 Beclin1 expression (n = 3). (F) p62 and pS15 Beclin1 immunoblots in WT and 

Lrrk2 G2019S BMDMs treated with poly(I:C). Quantification of (G) p62 and (H) pS15 

Beclin1 expression (n = 3). (I) Experimental scheme involving BMDM medium transfer 
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to organoid culture. Concentrations of (J) PAI-1 and (K) TNF in BMDM medium (n = 

3). (L) Representative immunofluorescence of lysozyme (red), CC3 (green and highlighted 

by arrows), and DAPI (blue) in Atg16l1 T300A organoids with medium transferred from 

Atg16l1 T300A or Atg16l1 T300A/Becn1 KI BMDMs. Scale bar, 20 μm. Quantification of 

(M) Paneth cells and (N) CC3+ cells in Atg16l1 T300A organoids (n = 3). (O) Percentages 

of normal Paneth cells and (P) crypt base CC3+ cells/500 crypts in smoke-exposed mice 

(n = 9 to 11). (Q) Percentages of normal Paneth cells and (R) crypt base CC3+ cells/500 

crypts from WT and Atg16l1 T300A smoke-exposed mice treated with Tat-Beclin1 peptide 

(n = 5 or 6). (S) Percentages of normal Paneth cells and (T) crypt base CC3+ cells/500 

crypts from Lrrk2 G2019S mice treated with Tat-Beclin1 peptide (n = 5 or 6). (U) Current 

working model of how genetic factors or gene-environmental interactions trigger Paneth cell 

defects. Statistical analysis by one-way ANOVA followed by Tukey’s multicomparison test 

(B), two-way ANOVA followed by Tukey’s multicomparison test [(D), (E), (G), (H), (Q), 

and (R)], or unpaired t test [(J), (K), (M) to (P), (S), and (T)]. *P < 0.05; **P < 0.01; ***P < 

0.001; ****P < 0.0001. Error bars represent SDs.
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