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            Abstract
Crohn’s disease is a chronic inflammatory intestinal disease that is frequently accompanied by aberrant healing and stricturing complications. Crosstalk between activated myeloid and stromal cells is critical in the pathogenicity of Crohn’s disease1,2, and increases in intravasating monocytes are correlated with a lack of response to anti-TNF treatment3. The risk alleles with the highest effect on Crohn’s disease are loss-of-function mutations in NOD24,5, which increase the risk of stricturing6. However, the mechanisms that underlie pathogenicity driven by NOD2 mutations and the pathways that might rescue a lack of response to anti-TNF treatment remain largely uncharacterized. Here we use direct ex vivo analyses of patients who carry risk alleles of NOD2 to show that loss of NOD2 leads to dysregulated homeostasis of activated fibroblasts and macrophages. CD14+ peripheral blood mononuclear cells from carriers of NOD2 risk alleles produce cells that express high levels of collagen, and elevation of conserved signatures is observed in nod2-deficient zebrafish models of intestinal injury. The enrichment of STAT3 regulation and gp130 ligands in activated fibroblasts and macrophages suggested that gp130 blockade might rescue the activated program in NOD2-deficient cells. We show that post-treatment induction of the STAT3 pathway is correlated with a lack of response to anti-TNF treatment in patients, and demonstrate in vivo in zebrafish the amelioration of the activated myeloid–stromal niche using the specific gp130 inhibitor bazedoxifene. Our results provide insights into NOD2-driven fibrosis in Crohn’s disease, and suggest that gp130 blockade may benefit some patients with Crohn’s disease—potentially as a complement to anti-TNF therapy.
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                    Fig. 1: Inflamed CD14+PDGFRA+ cells and scRNA-seq orthologies suggest key roles for myeloid–stromal clusters.


Fig. 2: NOD2 deficiency establishes an activated fibroblast signature that implicates IL-11 and WT1.


Fig. 3: Single and recurrent DSS injury defines nod2-dependent gene activation, and myeloid and stromal pathway analyses implicate STAT3.


Fig. 4: gp130 inhibition rescues activation of the myeloid–stromal niche.



                


                
                    
                
            

            
                Data availability

              
              All data and supporting findings of this study are available within the Article and its Supplementary Information. All scRNA-seq data for human ileal samples have been deposited in the Gene Expression Omnibus (GEO) repository with accession code GSE134809. All 10X Chromium zebrafish scRNA-seq data have been deposited in the GEO repository with accession code GSE150498. The previously published34 dataset can also be found in the GEO repository with accession code GSE16879. The ZFIN genomic databases can be found at https://zfin.atlassian.net/wiki/spaces/general/pages/1891412257/Genomic+Resources+for+Zebrafish. Source data are provided with this paper.

            

Code availability

              
              Scripts to reproduce zebrafish scRNA-seq clustering and differential expression analyses, as well as any other scripts used to generate computational figures, are available on GitHub at https://github.com/Cho-lab-Sinai/Scripts_Nayar_et_al.
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Extended data figures and tables

Extended Data Fig. 1 scRNA-seq exploration of ileum of patients with Crohn’s disease and validation by protein staining.
a, Genes (columns) across myeloid and stromal cells (rows) from scRNA-seq of uninflamed ileum of patients with Crohn’s disease (n = 11). Expression defined as log2(gene expression/average) across all shown clusters. b, Relative expression of NOD2, RIPK2 and XIAP (columns) across myeloid and stromal cells (rows) from scRNA-seq of PBMCs and inflamed ileum of patients with Crohn’s disease (n = 11). c, Gene ontology analysis from upregulated genes in activated fibroblasts from inflamed ileum. The number of genes per biological process is shown in parentheses. Processes ranked from top to bottom in decreasing order of −log(P value). d, Percentage of COL1A1+, PDGFRA+, CD14+ and CD14+PDGFRA+ double-positive cells of total activated fibroblasts (1,367 cells total) in inflamed ileum. e, Number of cells from direct ex vivo sorting of CD14+PDGFRA+ cells of uninflamed and inflamed ileum of patients with Crohn’s disease. n = 3 biological replicates. Data are mean ± s.e.m. f, Full-thickness sections of inflamed strictures stained with MPEG1 and MFAP4. n = 3 biological replicates per stain. g, Full-thickness sections of inflamed strictures showing expression of WT1, PDGFRA and CD14. n = 2 patients per stain (patient 7 and 8 denoted from a previous publication3) (left). In inflamed strictures from samples from patients with Crohn’s disease, WT1, PDGFRA and CD14 expression is seen in muscularis mucosae and lymphoid aggregates; and around blood vessels (right). n = 2 patients per stain; 5 images per patient. Scale bar, approximately 50 μm. h, RT–PCR of gene expression at 24 h after 1× DSS-treatment of zebrafish nod2+/+ and nod2sa21011/sa21011 larvae, comparing intestinal and carcass expression. n = 3 biological replicates; 3 clutches, 10–15 larvae per genotype per clutch. Data are mean ± s.e.m. *P < 0.05, **P < 0.01; two-tailed paired Student’s t-test.
Source data


Extended Data Fig. 2 scRNA-seq data from intestines of DSS-treated zebrafish larvae.
a, scRNA-seq of intestines of untreated and DSS-treated zebrafish larvae from nod2+/+ and nod2mss13/mss13 backgrounds. UMAP shows joint clustering of 30,069 cells, revealing 32 unique clusters (left). Top 5 markers for each cluster (rows) (right). b, UMAP showing human–zebrafish clusters from species integration via scRNA-seq (top); top 3 markers for each cluster (rows) (bottom). Expression is UMI counts per gene per cell. c, Homologous expression between zebrafish and human clusters (expression is log-normalized).


Extended Data Fig. 3 NOD2 deficiency enhances differentiation of spindle cells from CD14+ monocytes.
a, Morphological quantification of PBMC differentiation from NOD2WT/WT or NOD2MT/MT cells, with 2.5 μg ml−1 Pam3Cys, 0.5 μg ml−1 lipid A and 1 μg ml−1 MDP. Classification of categories in Methods. n = 6 biological replicates for NOD2WT/WT, n = 3 biological replicates for NOD2MT/MT for each treatment condition. Data are mean ± s.e.m. *P < 0.05, **P < 0.01; two-sided Wilcoxon signed-rank t-test. b, Representative morphological images of spindle, intermediate and round cells from NOD2WT/WT, NOD2WT/MT and NOD2MT/MT individuals, unstimulated or treated with 1 μg ml−1 MDP, 0.5 μg ml−1 lipid A or 2.5 μg ml−1 Pam3Cys. n = 5 images per well condition per patient. Scale bar, 100 μm. c, Representative images of myeloid (MPEG1) and stromal (MFAP4, COL5A1 and COL1A1) expression by immunofluorescence (left). Quantification of staining (right). Data are mean ± s.e.m. of corrected cellular fluorescence. ***P < 0.001; two-way ANOVA test with Sidak correction. n = 4 images per fluorescent marker; individual values, individual cells per image. d, Schematic of CD14+CD16− PBMCs isolated from healthy NOD2-mutant carriers and non-carriers, and differentiation assay (left). RT–PCR of gene expression from 1 μg ml−1 MDP-treated PBMCs after 2 weeks of differentiation from NOD2WT/WT or NOD2MT/MT individuals. n = 3 biological replicates (right). Data are mean MDP relative expression (left y axis) and individual 2−ΔCt expression values (right y axis) with error bars representing individual ΔCt values ± s.e.m.. e, RT–PCR of gene expression of unstimulated CD14+CD16+ PBMCs after two weeks of differentiation from NOD2WT/WT or NOD2MT/MT individuals. n = 3 biological replicates. Data are mean untreated relative expression (left y axis) and individual 2−ΔCt expression values (right y axis) with error bars representing individual ΔCt values ± s.e.m. f, Secreted protein (pg ml−1) by Luminex from unstimulated PBMCs or PBMCs stimulated with 0.5 μg ml−1 lipid A, 2.5 μg ml−1 Pam3Cys or 1 μg ml−1 MDP. n = 2 NOD2WT/WT, n = 3 NOD2MT/MT. Data are mean ± s.e.m. *P < 0.05; two-way ANOVA. g, Schematic of nod2sa21011 mutant from Zebrafish Sanger Mutation Project and nod2mss13/mss/13 CRISPR-knockout zebrafish line (left); timeline of 1× and 2× MDP stimulation of zebrafish larvae (right).
Source data


Extended Data Fig. 4 Staining of key fibrotic protein deposition in zebrafish larvae and human ileal stricture resections.
a, Nod2 expression as assessed by western blotting to show loss of protein levels in nod2sa21011 and nod2mss13/mss13 CRISPR-mutant zebrafish larvae. Larvae were untreated and protein was collected at 6 dpf. n = 1 biological replicate per nod2 mutation for protein-knockout validation (1 clutch per mutation line with 20 larvae for each genotype). For gel source data, see Supplementary Fig. 1. b, UMAP of myeloid and stromal clusters from joint clustering of scRNA-seq data for zebrafish larval cells, grouped by nod2+/+ and nod2mss13/mss13 genotypes. c, NOD2 mutation information of patients in the ileal Crohn’s disease scRNA-seq cohort, used for differential expression analysis between activated and nonactivated fibroblast and macrophage clusters. d, Transcription factors from ingenuity pathway analysis upstream of genes enriched in activated fibroblasts and inflammatory macrophages from individuals with NOD2 risk alleles versus individuals without these alleles. P values were determined by ingenuity pathway analysis for transcription-factor regulation of genes in differential expression analysis. e, Top 5 genes (rows) in each cluster (columns). Expression is in UMI counts. f, Feature plots to show localized expression of key transcripts in nod2WT/WT larvae from scRNA-seq myeloid and stromal populations (log-normalized expression).


Extended Data Fig. 5 gp130 blockade by BZA ameliorates fibrotic activation and may provide a supplementary approach to anti-TNF therapy.
a, log2-transformed microarray expression from a previous publication34, of gp130-associated genes in patients treated with infliximab. Blue bars, patients who responded to infliximab (n = 18); red bars, patients who did not respond to infliximab (n = 16). Data are mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; two-tailed paired Student’s t-test. b, Morphological quantification of NOD2WT/WT or NOD2MT/MT-differentiated PBMCs that were unstimulated or stimulated with 0.5 μg ml−1 MDP or 0.5 μg ml−1 MDP + 1 μM BZA. n = 6 biological replicates for NOD2WT/WT (n = 4 for MDP + BZA costimulation) and n = 3 biological replicates for NOD2MT/MT per each treatment condition (top); unstimulated, 0.5 μg ml−1 MDP, 0.5 μg ml−1 MDP + 1 μM BZA or MDP + 0.05 μg ml−1 monoclonal anti-gp130 antibody (bottom). n = 2 biological replicates for each genotype. Data are mean ± s.e.m. *P < 0.05, **P < 0.01; two-sided Wilcoxon signed-rank test. c, Secreted protein (pg ml−1) by Luminex from unstimulated PBMCs or PBMCs stimulated with 0.5 μg ml−1 MDP, 0.5 μg ml−1 MDP + 1 μM BZA or 0.5 μg ml−1 MDP + 0.05 μg ml−1 anti-gp130. n = 2 individuals per genotype. data are mean values. d, BZA target-gene expression in stromal and myeloid cells of scRNA-seq data from DSS-treated larvae (log-normalized expression). e, Percentage of stromal and myeloid populations in total intestinal cells sequenced in DSS-treated versus DSS + BZA-treated larvae. Red boxes, nod2mss13/mss13 differences. f, g, Violin plots for upregulated genes upon DSS treatment, or for genes downregulated by DSS + BZA cotreatment in nod2+/+ (f) and nod2mss13/mss13 (g) larvae (log-normalized expression). h, Haematoxylin and eosin staining of DSS-treated and DSS + BZA-treated nod2+/+ and nod2mss13/mss13 zebrafish larvae. Intestinal bulb hypertrophy measured as indicated by scale bars, and quantified after 1× (left) and 2× (right) treatments. n = 5–10 biological replicates (individual larvae) per condition. Data are mean ± s.e.m. For nod2+/+, 5 untreated (1×), 3 1×DSS, 4 untreated (2×), 10 2×DSS; for nod2mss13, n = 6 untreated (1×, 8 1×DSS, 5 untreated (2×), 5 2×DSS. *P < 0.05, **P < 0.01; one way-ANOVA with Tukey’s multiple comparison. i, Intestine length of 2×DSS-treated or 2×DSS + BZA-cotreated nod2+/+, nod2+/− and nod2−/− larvae. n = 3 clutches; 10–15 larvae per group. Data are mean ± s.e.m. *P < 0.05, **P < 0.01; two-way ANOVA test with Tukey’s multiple comparison. j, RT–PCR of gene expression at 24 h after 1× or 2×DSS + BZA cotreatment of nod2+/+, nod2+/− or nod2−/− zebrafish larvae. n = 4 biological replicates for 1× treatment; 4 clutches, 10–15 larvae per genotype per clutch. n = 4 biological replicates for 2× treatment; 4 clutches, 10–15 larvae per genotype per clutch. Data are mean ± s.e.m.
Source data


Extended Data Fig. 6 Pathogenesis of Crohn’s disease and treatment pathways.
Model to show proposed mechanism of pathophysiology of Crohn’s disease under specific genetic and cellular constraints. Individuals who carry a NOD2 risk allele develop aberrant fibroblast–macrophage homeostasis and differentiation over time. At preclinical stages of disease development, patients with Crohn’s disease increase production of antibodies (ASCA and CBir) to contain infection caused by increased bacterial load and elevate inflammatory mediators (cytokines and chemokines such as IL11, CXCL13, IL6, CCL2 and OSM). Patients who carry NOD2 risk alleles will upregulate a pathogenic activated fibroblast and macrophage signature with disease development. This results in downstream activation of STAT3, among other chronic inflammatory and fibrotic consequences that we have shown in this Article. Some patients administered anti-TNF therapy will not respond, and often develop complications such as stricturing disease. Furthermore, over time, initial primary responders may become secondary nonresponders. Here we show that patients who are treatment-refractory have increased gp130 and activated fibroblast signatures; these would be patients for whom supplementing anti-TNF treatment with the gp130 inhibitor BZA could be beneficial. This model summarizes a two-step candidate selection approach: first by patients with Crohn’s disease who carrying NOD2 risk alleles with elevation of key expression signatures, and then by a lack of response to anti-TNF) to inform personalized therapeutic decision-making for Crohn’s disease.





Supplementary information
Supplementary Figure 1
Source gels for Extended Data Figure 4a. Top gel showing protein expression of Nod2 and tubulin control from nod2sa21011 mutant line. Bottom gel showing protein expression of Nod2 and tubulin control from CRISPR-mediated knockout nod2mss13 line. Note that in the bottom gel the homozygote fish lysate is loaded next to the WT lysate, followed by the heterozygote fish lysate. Protein markers are directly overlaid from the BioRad Precision Plus Protein ladder. Red boxes indicate portions of the gels displayed in Extended Data Fig. 4a.


Reporting Summary

Supplementary Table 1
UMI counts of all cells and genes in single-cell ileal dataset. Table to illustrate unique molecular identifier counts per gene per cell per sample (as shown by nCount_RNA). Object indicates sample ID (uninflamed or inflamed ileal tissue from an individual). Supplementary metadata for each tissue sample can be found in Martin et al., 2019. Group indicates tissue inflammation status. Cluster indicates barcode and cell designation to a specific single-cell cluster.


Supplementary Table 2
UMI counts of CD14+PDGFRA+ cells in single-cell ileal dataset. Table to illustrate unique molecular identifier counts CD14+PDGFRA+ double-expressing cells per sample (as shown by nCount_RNA). Object indicates sample ID (uninflamed or inflamed ileal tissue from an individual). Group indicates tissue inflammation status. Cluster indicates barcode and cell designation to a specific single-cell cluster; here, cluster 20 is designated as “activated fibroblasts”, which is the cell type that is predominantly expressing CD14+ and PDGFRA+ in the same cell. UMI distribution does not fall out of the range of all UMIs across all genes and cell types, indicating that these CD14+PDGFRA+ cells are single cells co-expressing both genes, as opposed to doublets.


Supplementary Table 3
Cell-type specific marker expression for all cells in zebrafish single-cell RNA sequencing dataset. Table to illustrate top differentially expressed genes in each cluster for zebrafish single-cell RNA sequencing (joint clustering model; sheet 1) and zebrafish + human scRNAseq integrated model (joint clustering; sheet 2). Analyses were performed using the function “FindAllMarkers()” in Seurat. v3, s. pct.1 shows percent of all cells expressing the gene within that cluster and pct.2 shows percent of all cells expressing the gene in all other clusters being compared in the comparison.


Supplementary Table 4
Differentially expressed genes between activated and residential fibroblast and macrophage populations in inflamed ileal CD scRNA seq data. Table to illustrate top differentially expressed genes between a) activated fibroblasts vs. residential fibroblasts and b) inflammatory macrophages vs. residential macrophages in scRNA sequencing of 11 inflamed CD ileum cells. “FindAllMarkers()” in Seurat. v3, which uses a two-sided Wilcoxon test to perform differential gene expression analysis. pct.1 shows percent of all cells expressing the gene within activated/inflamed cluster and pct.2 shows percent of all cells expressing the gene in residential clusters being compared in the analysis.


Supplementary Table 5
PCA generation of “activated fibroblasts” and “inflammatory macrophages” correlated with NOD2 risk allele carriers in RISK cohort. Table illustrating top principal components derived from top 200 differentially expressed genes in activated fibroblasts and inflammatory macrophages across each patient in pediatric inception RISK cohort. Genes are derived from differential expression analysis between activated and non-activated fibroblasts and macrophages from single-cell RNA seq ileal dataset (ref. Supplementary Table 4).


Supplementary Table 6
Regression analyses output for NOD2 allele status and stricture development in RISK cohort. Series of regression tests to test relationships between NOD2 risk alleles and stricture phenotype in RISK cohort. Using all 8 associated SNPs, rs2066847 frameshift NOD2 mutation is significant in predicting stricture status; using total NOD2 minor allele count, the sum of NOD2 risk alleles is significant in predicting stricture status; 0 vs. 1, 0 vs.2 NOD2 alleles to predict stricture status show increasing levels of significance with increasing number of NOD2 risk alleles.


Supplementary Table 7
Cell type-specific marker expression for stromal and myeloid cells only in zebrafish single-cell RNA sequencing dataset. Table to illustrate top differentially expressed genes in each cluster for stromal and myeloid cells only in zebrafish single-cell RNA sequencing (joint clustering model). Analyses were performed using the function “FindAllMarkers()” in Seurat. v3, using a two-sided negative binomial test to perform differential gene expression analysis. pct.1 shows percent of all cells expressing the gene within that cluster and pct.2 shows percent of all cells expressing the gene in all other clusters being compared in the comparison.


Supplementary Table 8
Differential expression analysis between activated fibroblasts and inflammatory macrophages in NOD2 risk allele carriers from inflamed ileal single-cell RNA seq dataset. Table to show differential expression analysis performed in Seurat v3 between tab 1) activated and non-activated fibroblasts and tab 2) inflammatory and non-inflammatory macrophages between NOD2 risk allele carriers (N=3) and NOD2 wildtype carriers (N=4). pct.1 indicates percent of cells of NOD2 risk allele carriers expressing specific gene, and pct.2 indicates percent of cells of NOD2 wildtype patients expressing specific gene. two-sided Wilcoxon test parameter in Seurat 3 used.


Supplementary Table 9
Ingenuity Pathway Analysis output of transcriptional regulators upstream of differentially expressed genes in activated fibroblasts and inflammatory macrophages of NOD2 risk allele carriers. Supplementary Tables 8 (gene, logFC, adj-p-value) were used as input data for performing Ingenuity Pathway Analysis. Results for upstream transcriptional regulators are shown, along with their target molecules that are a subset of the input differential expression geneset. Transcription factors highlighted are those we here implicate play key roles in orchestrating chronic inflammation and fibrosis in Crohn’s disease.


Supplementary Table 10
Patient characteristics for NOD2 healthy volunteer recall. Clinical and demographic information for each healthy volunteer who participated in blood draw for PBMC isolation. NOD2 genotype illustrates the mutation status of each patient, and DMSEA indicates all patients were of European Ancestry. An age cutoff of 65 years old was used.
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