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Single cell atlas of human gastric
muscle immune cells and macrophage-driven
changes in idiopathic gastroparesis
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Pankaj J. Pasricha,'® Thomas L. Abell,’ Gianrico Farrugia,’ Surendra Dasari,” Madhusudan Grover,’'¢* and the
NIDDK Gastroparesis Clinical Research Consortium (GpCRC)

SUMMARY

Gastrointestinal immune cells, particularly muscularis macrophages (MM) interact with the enteric ner-
vous system and influence gastrointestinal motility. Here we determine the human gastric muscle immu-
nome and its changes in patients with idiopathic gastroparesis (IG). Single cell sequencing was performed
on 26,000 CD45" cells obtained from the gastric tissue of 20 subjects. We demonstrate 11 immune cell
clusters with T cells being most abundant followed by myeloid cells. The proportions of cells belonging
to the 11 clusters were similar between IG and controls. However, 9/11 clusters showed 578-11,429
differentially expressed genes. In IG, MM had decreased expression of tissue-protective and microglial
genes and increased the expression of monocyte trafficking and stromal activating genes. Furthermore,
in IG, IL12 mediated JAK-STAT signaling involved in the activation of tissue-resident macrophages and
Eph-ephrin signaling involved in monocyte chemotaxis were upregulated. Patients with IG had a greater
abundance of monocyte-like cells. These data further link immune dysregulation to the pathophysiology
of gastroparesis.

INTRODUCTION

The gastrointestinal (G) tract is the largest immune organ in the human body and several studies, including those using single cell transcrip-
tional profiling, have highlighted the distribution and function of immune cells in the intestinal mucosa.' ™ The muscularis propria of the Gl
tract houses the bulk of the enteric nervous system (ENS), which along with interstitial cells of Cajal (ICC) and smooth muscle cells, mediates
propulsive oral-caudal motility.” Animal models have highlighted immune interactions to play a critical role in maintaining® and protecting
enteric neuronal®’ and ICC*? function with resulting effects on motility in the intestinal tract. Macrophages residing in the muscularis propria
are called muscularis macrophages (MM). In the mouse colon, MM regulates peristaltic motility by secreting bone morphogenetic protein 2
(BMP2) which likely interacts with enteric neurons.” Recently, MM were found to elicit colonic contractility through prostaglandin E2'° release
via the TRPV4 signaling pathway. In contrast to the lamina propria (LP) macrophages, which have a pro-inflammatory phenotype, MM in the
small intestine exhibit tissue-protective genes such as Retnla, Mrc1, Cd163, 1110, and CD86 and a distinct morphology.'" Furthermore, B-2
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adrenergic signaling in intestinal MM was found to augment the anti-inflammatory phenotype'? as well as protect against enteric infection
mediated neuronal loss.® Traditionally, in mice, Ly6CM monocytes attaining maturation were known to be the primary source of tissue-resident
macrophages.' However, using elegant fate mapping studies, a distinct population of self-maintaining macrophages (Pcdhb™, Igf2bp3""
Ly6c2'°%, Nos1'®, and TNFRSF19'°") were found to occupy embryonic niches in both LP and myenteric plexus with functional effects on neu-
ronally mediated intestinal secretion and motility.'* A recent study characterized macrophages (CD45"HLA-DR*CD14%) from LP and MM of
the human colon using single cell sequencing and demonstrated the presence of unique MM subsets with proinflammatory/angiogenic and
neuronal homeostatic properties.’® Together, these studies provide a strong rationale for the role of MM in the maintenance of peristaltic
motility as well as in the prevention of neuronal loss in response to pathogen-mediated injury. However, an atlas of the types of macrophages
and other immune cells in the muscularis propria of the human stomach has not been carried out.

A prototypical disorder of dysmotility in the Gl tract is gastroparesis, defined by a delay in gastric emptying (GE), that results in clinical
morbidity.'® A robust body of literature identified dysfunction in enteric pacemaking (ICC) and neuromuscular apparatus as the primary triggers
of the pathogenesis of gastroparesis.'”"'? Although frequently associated with diabetes, the majority of gastroparesis cases remain idiopathic
with some studies suggesting the possibility of an enteric infection leading to the onset of symptoms.’? Qur prior work using bulk RNA-seq of
gastric muscle tissue has shown macrophage-based immune dysregulation in patients with idiopathic gastroparesis (IG).”” Additionally, using
aptamer-based proteomics”' as well asimmuno-histochemical analysis, we have shown loss of anti-inflammatory (MRC1") MM in human I1G.?>?%
There are no animal models for IG, making it important to delve into further analysis of human tissues. Our aim in this study was to characterize
the immune cell populations in human gastric muscle and determine changes in patients with idiopathic gastroparesis.

RESULTS
Gastric muscle immune cell atlas from controls and patients with idiopathic gastroparesis

Using dissociated gastric muscle tissue with the mucosa and submucosa removed, from 13 control participants (Mean + SD age 46 + 15
years, all female) and 7 patients with IG (Mean & SD age 49 + 12 years, all female), a total of 26,596 CD45"* cells were analyzed (Mean
1330 cells/participant) (Figure 1A). Of the 26,596 total cells, 20,522 were from controls (mean 1579) and 6,074 (mean 868) from patients
with IG (p = 0.4, Mann Whitney test). A mean of 292,912 reads was obtained per cell (Table S1). No significant associations between processing
day (same or next day following procurement) and any of the 10x QC metrics were identified on Hierarchical-all-against-all (HAIIA) clustering
(FDR>0.05).”" Considering immune cell profiling of human gastric muscle tissue has not been performed to date, we sought to examine if
CD45" cells, were present within the muscle layers and myenteric plexus or only inside the blood vessels. Co-labelling was performed using
CD31, as a blood vessel marker (PECAM-1, Platelet endothelial cell adhesion molecule) and CD45. Some CD45™ cells were found adjacent to
CD31" cells, however, a significant proportion of CD45" cells were not close to CD317 cells suggesting their presence in the muscle layers as
well as myenteric plexus. Additionally, a proportion of CD45" cells were in proximity to the PGP9.5" nerve fibers and neurons (Figure 1B).

Eleven clusters of immune cell subsets identified in human gastric muscle

Using a library of established” and new gene expression markers (544 genes) predominantly derived from genes expressed by GI LP immune
cells, we identified 11 cell clusters (Table S2; Figure 1C). These were macrophages, dendritic cells (DCs), monocytes, mast cells, natural killer
(NKs) cells, innate lymphoid cells (ILCs), CD4" T cells, CD8" T cells, follicular cells, cycling B cells, and B cells. T cells constituted the largest
cluster with 11,949 cells (44.7% of overall cells), followed by the myeloid cell population (26.6% divided between DC, 11.1%; macrophages,
9.8%; monocytes, 5.7%). Clustering was also done by combining the markers and displaying broader categories of myeloid cells, T cells, and B
cells. The t-distributed stochastic neighbor embedding (tSNE) distribution of the clusters in IG and controls separately is shown in Figure S1.
Top conserved genes for the clusters representing macrophages (CTSD, Zscore 21; CREG1, GPNMB, FPR3, GFRA2, and CSF1R), mast cells
(TM6SF1, Z score 130; TIMP3, SIGLEC10, CD9 and TREM1), monocytes (CSTA, Z score 1921; MNDA, EREG, CCL20, MS4A4A, MS4A7, and
CSF3R), NK cells (FGFBP2, Z score 20; KLRB1, KLRF1, CHST12, FCGR3A, and CD160), DC (ZNF385A, Z score 61557, WNT10A, ZBTB32,
LGALS2, SLC4A10, and TMPRSS3), CD4" T cells (CD247, Z score 33067; SLC2A3, BIRC3, C150rf53, PTPN7, RARRES3, and CD40LG), CD8"
T cells (CD8B, Z score 1653; DTHD1, EOMES, KLRC4, CTSW, and GZMA), B cells (IGHA2, Z score 14; GNG7, ISG20, IGHA1, C160rf74 and
IFGN-AS1), cycling B cells (AURKB, Z score 15859; GINS2. CDC45, CENPW, NUSAP1, BIRCS, and BUB1), ILC (AREG, Z score 13; ICAM1,
IL18R1, IL1RN, CXCL2, and IL26), and follicular cells (ARHGAP24, Z score 51; AFF3, CLECL1, FAM177B, HLA-DRB5, and CD40) (Table S2).
Cell type classifications were further validated by performing unsupervised clustering of all cells and identifying clusters expressing genes
specific to immune subsets as reported by the tissue-specific, single-cell database derived from the Tabula Sapiens cohort (Figure $2).7°
The Tabula Sapiens expression profile forimmune subsets from the small intestine was used as that tissue had most number of immune cells
and was the most relevant comparison for our study. Of the 27 unsupervised clusters, 23 had directly matching Tabula Sapiens classifications
to our most abundant cell type for the cluster, suggesting high concordance between two separate methods. Additionally, the proportion of
cells assigned to the myeloid, T and B cell compartments was similar between the two approaches (Table S3).

We then searched the gene expression data against a different set of established canonical genes in the literature for monocytes (GLUL, Z
score 7.8; FCGR2B, 5.6; FCGR1A, 5.5; F13A1, 5.2; IL10, 1.8), DC (CLECA4E, Zscore 550; CTSC, 129; MERTK, 8), macrophages (FCGR2B; Zscore
1.5), NK cells (FCGR3A, Zscore 3.3), CD4™ T cells (IL10, Zscore 4.8; FCGR3A, 2.1),> 112427 cycling B cells (CD19, Zscore 35),%° and follicular cells
(HLA-DRBS, Zscore 13).7® Markers for cDC1 (BATF3, IRF8, FLT3) and cDC2 (CD1D, CLEC10A, FCGR2B) shown in other studies were also found
to be among the top expressed markers for those cell types in this dataset.”” The expression of additional genes known to be important for
enteric function was assessed. Although mast cells were richest in KIT (CD117) expression (Z score 3.2), a similar expression was also seen in
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Figure 1. Gastric Muscle Inmune Cell Atlas from Healthy Volunteers and Patients with Idiopathic Gastroparesis

(A) Schematic representing the dissociation and isolation of CD45" cells from mucosa deprived muscle layer for scRNA sequencing.

(B) Immunohistochemistry showing the distribution of CD45" cells (arrowheads) and CD31 (PECAM1) immunoreactivity (arrows). CD45" cells were noted both in
proximity to and away from CD31 immunoreactivity. Also shown is colabeling with PGP9.5, a marker for enteric neurons and nerve fibers. Scale bar = 50 pm.
(C) T-sne graph of all called cell types in the cohort, 13 controls and 7 patients with gastroparesis. Cell types called represented as T cells, myeloid, and B cell
compartments. T-sne graph of T cells colored by CD4™" T cells (red), CD8™ T cells (green), natural killers (NKs, purple), and ILCs (blue). T-sne graph of myeloid cells
colored by macrophages (green), mast cells (blue), monocytes (purple), and dendritic cells (DC, red). T-sne graph of B cells color by B cells (red), follicular (blue),
and cycling B cells (green).

(D) Percentage of patient contribution to each cell type colored by disease status (control patients are blue, dark blue, and purple; patients with gastroparesis are
red, orange, and yellow). Color shades in the respective bars are to represent contribution of unique patient samples.

See also Figures S1-S3 and Tables S1, S2, and S3.

DC1 (Zscore 2.9) and slightly weaker expression in ILC (Zscore 2.4)°°CD11b (ITGAM) expression was present in myeloid cells including DC (Z
score 2.2), macrophages (Z score 1.7) and monocytes (Z score 1.3). CX3CR1 had the strongest expression in the DC2 cell population in this
dataset (Zscore 3.1, followed by myeloid and NK cells). The DC compartment is known to be heterogeneous from an ontogenetic and func-
tional standpoint. A recent study of human jejunal LP immune cells showed that monocyte derived cells (CSF1R*FLT3") contribute ~50% of
cells in the subset that is conventionally categorized as DC.?' However, these are functionally distinct from DC due to their lower migratory
potential and ineffective activation of T cells. A representative set of canonical genes for the 11 subsets is highlighted in the heatmap (Fig-
ure S3). All 11 cell subsets were present in each of the 20 samples in variable proportions (Figure 1D).
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Figure 2. Immune Cell Composition Changes in Idiopathic Gastroparesis and Markers for Myeloid Cells

(A) The proportion of cells making up an individual’s total cell count for either control (blue) or patients with gastroparesis (orange). Dots represent individual
patients. p > 0.05 for all cell-types, heteroscedastic unpaired Student's t test.

(B) Bubble plot showing the expression (color, yellow high, purple low) of genes previously associated with myeloid cells and fraction of cells expressing those
genes (log TP10K+1 > 0.5, size of bubble). Monocytes, macrophages and DCs show the highest average expression level and the expression in largest proportion
of cells. The data represents expression for cells from both IG and controls.

(C) Bubble plots of genes associated with specific cell types, in order: monocytes, macrophages, mast cells, dendritic cells. Expression (log TP10K+1) is
represented by color (yellow high, purple low) and fraction of cells expressing (log TP10K+1 > 0.5) is represented by size of the bubble. Genes were selected
by calculating a Z score for the associated cell type against all other cell types, and genes with the highest Z score were plotted.

See also Figure S4 and Tables S4 and S5.

Distribution and molecular signatures for the immune cell clusters

Control and IG groups did not demonstrate a statistically significant difference in the proportion of cells in any of the 11 clusters; perhaps due
to the inter-individual variability and small number in the IG group. Among the largest clusters, CD8" T cells represented 30.5 (24.7)% of cells
in the IG group vs. 18.6 (9.9% in controls, p = 0.14. The NK cells were 7.7 (9.1)% in the IG vs. 3.1 (3.6)% in controls, p = 0.12 and CD4"
T cells were 21.9 (16.1)% in the controls vs. 12.2 (4.8)% in gastroparesis, p = 0.14 (Figure 2A). Considering the significance and interest in
myeloid cells in the maintenance and functional regulation of enteric neurons,”®'? ICC,%*? and smooth muscle cells,'%** we used a broad
set of canonical gene markers for myeloid cells (Table S4) and determined their expression in the 11 clusters identified. The most robust
expression of these markers was seen in myeloid cells (monocytes, macrophages, DC) (Figure 2B). Inducible NOS (iNOS, NOS2) expression
was not found in any of the cell types. Although a marker for anti-inflammatory macrophages in mice, this gene is epigenetically suppressed in
humans serving as a negative control in this human dataset.*" Beta-2 adrenergic receptor gene, recently shown to be important for signaling
in anti-inflammatory macrophages,® was expressed on monocytes (TPM10Kp1 0.36) and macrophages (TPM10Kp1 0.36). However, the most
robust expression for this gene was in mast cells (TPM10Kp1 0.74). Additionally, interleukin (IL) receptor 1 expression was strongest on innate
lymphoid cells and ITGAE or CD103 expression on cycling B cells. Lastly, as expected, TNF expression was most robust on CD8" T cells
(TPM10Kp1 1.12) closely followed by monocytes (1.05), macrophages (0.85) and CD4" T cells (0.83). A low level of Arginase 1 expression
was noted on macrophages and monocytes (TPM10Kp1 0.0001) with the highest expression on CD4" T cells (0.01). CX3CR1 expression
was present on 38% of macrophages but CX3CR1 was expressed on 100% monocytes, 67% DC, 20% NK and on 0% mast cells (Table S4
has the frequency and expression of these markers on all identified cell types).
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Canonical genes for the 4 myeloid clusters (Figure 2C; Table S5) and remaining cell types (Figure S4) are presented.

Gastric immunome highlighting gene expression changes in immune cell subsets between controls and idiopathic
gastroparesis

Differential expression analysis showed 578-11,429 differentially abundant genes (FDR < 0.05) in 9 of 11 clusters (Table Sé); while no genes
were differentially expressed in two clusters (mast cell and cycling B cell) between controls and IG. The follicular cell subset showed the great-
est number of differentially expressed genes (n = 11,429) and the monocyte subset showed the least (n = 578). The top over-expressed genes
in IG were for macrophages (TYMP, MT2A, LY6E), DC (RPLP1, LGALS1, GIMAP7), monocytes (CST3, TMSB10, CD74), NK cells (TXNIP, LCP1,
MT2A), follicular (RPL10, MALAT1, RPL28), CD4" T cells (MALAT1, TXNIP, IL32), CD8" T cells (MT.CYB, MT.CO1, MT.CO3), and B cells (RPL41,
RPL11, SEC61B) (Figure 3). Top under-expressed genes in macrophages (CCL4L2, RGCC, MYADM, LYVE1), DC (CXCR4, YPELS5, SRGN),
monocytes (PRR13, PET100, SNX6), NK cells (TRBC2, TRAC, CD3E), follicular (HLA.DRB5, CD79A, HLA.DQB1), CD4" T cells (FAM118A,
MTRNR2L12, CXCR4), CD8" T cells (IGKC, SLC25A6, CD74), and B cells (HLA.DRB5, SRSF2, CDC42) (Figure 3).

Tissue protective genes

Macrophage genes associated with tissue-protective effects were under-expressed in IG (MRC1, Zscore —6.9; HMOX1, -6.7; FCGR2B, —6.2;
CSF1R, —3.2; ILT0RA, —1.3, CD163L1, -1.3). Genes associated with apoptotic clearance were also under-expressed in gastroparesis (C1QC, Z
score —4.5; C1QA, —3.9; C1QB, —1.8).

Inflammatory response genes

Genes associated with inflammatory responses (IL1R2, Z score 2; IFNYR1, 0.2) and lymphocyte and stromal activating cytokine genes were
overexpressed (IL6ST, Z score 2.4, TNFAIP3, 2.6, TNFSF13B, 1.9) in IG. Additionally, CCR2, a marker for monocyte migration (Z score 2.5),
LyéE, a core monocyte marker (Z score 12.5), and MHCII genes, required for antigen processing and presentation (CD74, HLA (DRB1,
DRA, DPA1)), were overexpressed in macrophages from IG.

Neuro-immune crosstalk genes

The C1Q genes expressed in cells with microglia properties, and expression of other microglia-like genes was decreased in IG (GPR34, Zscore
—5.2: GAS6, -3.9; HEXB, —2.9)."" A recent study showed that MHCIIhiLyve1 l° resident tissue macrophages occupy a niche close to nerves and
MHCII'Lyve 1 reside alongside blood vessels.® Interestingly, in addition to the high MHCII expression, the expression of Lyve1 was signif-
icantly reduced in macrophages from patients with IG (Z score —9.4), suggesting a specific loss of blood vessel-associated macrophages.
Timd4, a marker for long-term residence in LP macrophages was underexpressed in macrophages from IG.'* This suggests that the key ho-
meostatic role of macrophages involving removal of cellular and neuronal debris might be impaired and monocyte trafficking to the gastric
tissue enhanced in IG.

Patients with idiopathic gastroparesis have enriched signaling pathways in macrophages

We identified that among the Reactome pathways (https://reactome.org/) linking genes associated with macrophages, only the upregulated
pathways were statistically significant (FDR < 0.05). The top 6 most significant pathways are displayed (Figure 4; Table S7). We found the up-
regulation of the IL12 signaling pathway and the downstream JAK-STAT signaling pathway. IL12 is a potent proinflammatory cytokine that
promotes Th1 response and induces IFNy production by T cells and NK cells.*® IL-12/23 signaling has been targeted for the treatment of
inflammatory conditions such as psoriasis® and inflammatory bowel disease.*® Upregulation of the Fcy receptor-dependent phagocytosis
pathway was also noted in macrophages from patients with IG. Eph-ephrin signaling is involved in monocyte chemotaxis to inflammatory
sites, adhesion, and transmigration across the vascular endothelium.?” Members of EphA and EphB receptors are also expressed with variable
receptor patterns on subsets of DC.">*" Similarly, the EphA family of proteins has been shown to play a role in T cell trafficking to inflammatory
sites.’? Signaling associated with semaphorin interactions was also upregulated in IG. A study showed the semaphorin 4D expressed by tumor
stroma associated macrophages facilitated tumor angiogenesis and metastatic potential.** Additionally, semaphorins and Eph-ephrin
signaling genes are also involved in axon guidance which likely resulted in the “nervous system development” pathway being unregulated
in IG. However, it is unclear if these genes may mediate interactions between macrophages and nerves in the muscularis propria.

Distinct macrophage clusters were observed in idiopathic gastroparesis and controls

Unsupervised clustering of HLA-DR*CD14" cells using the PhenoGraph algorithm demonstrated 17 distinct clusters™ (Figure 5A). Clusters 9,
4, and 14 demonstrate the highest expression of canonical markers associated with DCs (ASRG2, GOS2, HCAR3, and FCN1). Cluster 6 had the
highest expression of ST00A9 and S100A8 followed by cluster 16 which also had the highest expression of S100A12 (Figure 5B). Both clusters
had low expression of CXCL chemokines and HLA. The broader markers expressed by clusters 6 and 16 along with cluster 3 (S100A4, S100A11,
CSF3, and FCN1) demonstrate monocyte-like identity to these clusters. Cluster 8 had the highest expression of HLA-genes (DQB1, DQA1,
DPB1, DPA1), chemokines (CXCL8, CXCL2, CXCL3, CCL3, and CCL3L1), interleukins (IL1A and IL1B), CCL3, CLEC10A, COLEC12, and
FOLR2. Interestingly, this cluster also had the highest expression of PMP22 and EMP2, genes mainly expressed in Schwann cells and involved
in neuronal protection.45 An adjacent cluster 14 was also enriched in HLA genes, chemokines, interleukins, and CLEC10A. In addition, this
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Figure 3. Gene Expression Differences between Healthy Volunteers and Patients with Idiopathic Gastroparesis

Volcano and violin plot of differentially expressed genes between patients with IG and controls.

(A-H) Selected genes of interest (either based on differential expression or functional significance) are highlighted with text. The y axis represents transformed

false discovery rates (FDR) with colored dots requiring an FDR <0.05. The x axis represents a Z score, representing a pseudo fold change with colored dots

requiring a Z score +/—1. Respective violin plots for each cell type represent log TP10K+1 expression for highlighted genes in corresponding volcano plots.

Violin plots are separated by disease status (control blue, gastroparesis orange).

See also Table S6.
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Figure 4. Differentially Abundant Macrophage Specific Signaling Pathways

Gene Set Enrichment Analysis (GSEA) showed multiple upregulated signaling pathways in macrophages (FDR<0.05). The top 6 Reactome pathways (https://
reactome.org/) are displayed. No statistically significant downregulated pathways were observed.

A) IL12 Family Signaling.

B) JAK-STAT Signaling After IL12 Stimulation.

C) FC Gamma Receptor FCGR Dependent Phagocytosis.

D) EPH-ephrin Signaling.

E) Nervous System Development.

(
(
(
(
(
(

F) Semaphorin Interactions.
See also Table S7.

cluster was also high for FCER1A. Cluster 7 also had high expression of PMP22 and EMP2. In addition, it had among the highest expressions
for MARCO, CD1C, Lyvel, COLEC12, and CCL3. These clusters also had high expression of selected genes associated with embryonically
derived macrophages such as CD63 (clusters 8 and 11), TIMD4 (cluster 7), and FOL2R (clusters 7, 8, and 11)* (Figure 5C). Gene Ontology
enrichment terms for canonical genes in clusters 7, 8, and 14 revealed pathways associated with embryonic digestive tract development
and embryonic organ morphogenesis (Figure 5D). The macrophage clusters 8 and 7 in this study show similarities to clusters MMs and
MMy, identified in the study by Domanska et al. with high and low proinflammatory properties respectively. Both clusters expressed neuro-
protective genes such as PMP2, EMP2 with cluster 7 also expressing high levels of homeostatic genes such as MARCO, Lyve1, and COLEC12.
Clusters 3, 6 and 16 had significantly higher number of cells from patients with IG compared to the controls (Figure 5E; Table S8). Clusters é
and 16 with high expression of ST00A family of proteins resembled cluster MMg with properties associated with cellular response to bacte-
rium, LPS, and antigen presentation. Cluster 11 had the highest expression of Lyve1 and C1QC. This cluster also had high expression of CCL4,
CCL4L2, and FOLR2 but lower expression of expression of HLA and CXCL chemokine genes. Cluster 8 had the next highest expression of
Lyvel and C1QC. Clusters 1 and 11 had the highest expression of HSP proteins. Of these, cluster 1 had low expression of interleukins and

cytokines. When CD68" Lyve1™ cells were compared, patients with gastroparesis demonstrated lower abundance of these cells compared
to controls (2.7% vs. 11.6%, Chi square = 33, 2-tailed p value<0.0001).

DISCUSSION

The presented atlas showed a diverse repertoire of immune cells in human gastric muscle layers with T cells making the largest fraction fol-
lowed by myeloid cells. While several canonical markers based on rodent and other human studies were confirmed, many additional markers
were identified. Examples are high KIT expression in DC2 and CX3CR1 in the DC1 compartment. Only 38% macrophages but 67% DC and
100% monocytes expressed CX3CR1. Mast cells had the highest expression of the -2 adrenergic receptor, in addition to macrophages where
this receptor plays a role in neuroprotection.® Macrophages expressed a low level of ITGAX (CD11c), which is consistent with observations in
another study where ~75% of MM lacked CD11c expression.” Similar to that study, we also show a high level of CD11c expression in DCs.
Arginase 1, a marker for an anti-inflammatory macrophage spectrum in rodents had low expression in this dataset, and iINOS was not
seen, confirming observations made in human endothelial cells.** Single cell characterization of human muscularis propria immune cells pro-

vides a crucially needed resource for studying a wide variety of diseases involving muscle layers in the Gl tract such as malignancy, inflamma-
tory bowel disease as well as motility disorders.

iScience 27, 108991, March 15, 2024 7
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Figure 5. Unsupervised clustering of Gastric Muscularis Propria macrophages

(A) Unsupervised clustering of HLA-DR+CD14™ cells reveal 17 distinct clusters.
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(B) Bubble plot demonstrating Z score expression of selected genes in 17 clusters (color) as well as percentage of cells expressing the genes (size).
(C) Bubble plot showing Z score expression of selected genes associated with embryonic-derived macrophages in the 17 clusters (color) as well as percentage of
cells expressing the genes (size).

(D) Statistically significant Gene Ontology enrichment terms for canonical genes in clusters 7, 8 and 14.
(E) Clusters 3, 6 and 16 are overrepresented by cells from gastroparesis (blue) samples than controls (red, FDR<0.05 for all three).
See also Table S8.
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In a non-obese diabetic mice model, diabetes is associated with the appearance of the HO1" anti-inflammatory spectrum of macrophages
in gastric muscularis propria.”’ Development of delayed GE following diabetes did not alter the total macrophage number but was associated
with loss of macrophages expressing canonical anti-inflammatory markers (CD206, HO1, MRC1) and mice refractory to developing delayed
GE retained these macrophages.*” Furthermore, macrophage-deficient Csf1°?/°P mice were protected from injury to ICC and development
of delayed GE even in the presence of diabetes,” a phenotype that reversed after the administration of CSF1 that caused macrophage infil-
tration into the tissues.” Conditioned medium from macrophages exposed to oxidative injury caused damage to cultured ICC, which was
preventable by the inhibition of TNF and IL6R.® This suggests a possible role of paracrine mediators underlying immune-ICC interactions.
A recent study also showed MM alter the proportion of nitrergic myenteric neurons.*® Our data using human cells indicated lower expression
of genes associated with tissue-protection (MRC1, HMOX1, FCGR2B, CSF1R, IL10RA, CD163L1) and neuronal function (BMP2, CCDC141,
NPTX2) in MM from patients with gastroparesis.” In contrast, monocyte-trafficking (CCR2, Ly6E) and stromal activating genes (IL6ST,
TNFAIP3, TNFSF13B) were increased in gastroparesis, consistent with data in mice. Additionally, there was an increase in the subset of
HLA-DR*CD14" cells with monocyte like expression in the tissue suggesting possibly increased monocyte trafficking in gastroparesis.
Furthermore, we found the upregulation of IL12 and the downstream JAK-STAT signaling pathway in gastroparesis. Additionally, there
was upregulation of the Eph-ephrin mediated signaling pathway, which is involved in monocyte trafficking to the tissues.

The leading-edge genes regulating the IL12 signaling pathway, which was upregulated in patients with IG were Annexin A2 (ANXA2), Pro-
teasome Activator Subunit 2 (PSME2), Lymphocyte Cytosolic Protein 1 (LCP1), PAK2 (P21 (RAC1) Activated Kinase 2) and Cofilin 1 (CFL1).
ANXA2, a Ca®* binding protein associated with macrophage phagocytosis. ANXA2 tetramer was found to activate macrophages with
enhanced bacterial phagocytic ability, and it also caused the phosphorylation of several MAP kinases with increased production of TNFe,
IL-1B, and IL-6 (which can enhance the recruitment of |eukocytes).49 PSME2 modulates proteasomal activity and was associated with M1
gene signature.” Proteasome 205 Subunit Beta (PSMB) 8 and 9 are immunoproteosomes that replace constitutively expressing PSMB5
and 6 under inflammatory conditions (such as upon induction by IFNy and TNFa) which mediate the production of HLA peptides.”’ PAK2
disruption increases hematopoietic progenitor cell sensitivity to GM-CSF, driving commitment to granulocyte-monocytes and promoting
the development of myeloid derived suppressor cells which are hyperproliferative and apoptosis resistant.”” PAK signaling is involved in che-
mokine-induced macrophage migration.”® Cofilin-1 was found to promote monocyte differentiation into fibrocytes in pulmonary fibrosis and
plays a role in transendothelial motility.”* Actin related protein 2/3 complex subunit 4 (ARPC4), another leading-edge gene in IL-12 pathway,
mediates actin filament binding leading to the formation of phagocytic cup in the macrophages.™ Activation of IL12 signaling pathway in
gastroparesis suggests an influence on macrophage maturation, migration, and activation.

The JAK-STAT signaling pathway in macrophages can induce a pro- (IFNYy) or anti-inflammatory (L4, IL10, IL13) phenotype based on the
activating mediator.” LPS was shown to induce IL12 and iNOS synthesis in macrophages via the TLR4/NF-kB dependent pathway.”’ Inter-
feron regulatory factor 8 (IRF8) deficient macrophages had a significantly impaired ability to produce IL12.°® IRF5 was found to enhance
the IFNy/JAK/STAT-1-dependent production of IL12.°” The JAK-STAT signaling observed in IG was downstream of IL12. EphA-ephrin A,
another signaling pathway activated in IG, promotes monocyte adhesion via integrin activation and formation of protrusions.®” A study
showed ephrin-A1 induced EphA4 forward signaling promotes monocyte adhesion to endothelial cells.®’ Monocytes demonstrated prefer-
ential adhesion to endothelial cells overexpressing full-length ephrin-B2 compared to those with cytoplasmically truncated ephrin-B2. Addi-
tionally, adhesion of EphB4-receptor-overexpressing monocytes was further augmented. Monocyte-to-macrophage differentiation was asso-
ciated with an increase in EphB2 expression, and these cells interacted with ephrin-B2 receptor on endothelial cells resulting in its
“? This suggests a role for Eph-ephrin interactions in

63

phosphorylation and expression of proinflammatory cytokines such as IL8 and CCL2.
monocyte adhesion, transmigration through vascular endothelium, and activation of pro-inflammatory responses.

The contribution of embryonically (yolk-sac and fetal liver)-seeded and circulating monocyte-derived cells toward tissue resident macro-
phages is an area of significant interest and investigation across various organs.(’4 Numerous intrinsic factors (age, sex, species, genetic back-
ground) and local niche-associated factors (Kupffer cell macrophages in the liver, microglia in the brain, red pulp macrophages in spleen,
alveolar macrophages) play a role in governing the identity of tissue resident macrophages. Furthermore, their identity and transcriptional
profile dramatically changes during homeostasis and in response to an acute and chronic injury. For example, one study showed that there
is a 90% variance of transcriptional profile with pro-inflammatory polarization; however, only 9% variance was observed during anti-inflamma-
tory polarization.®® Using lineage traced CX3CR1" macrophages in mouse ileum, distinct transcriptional differences were noted in LP between
self-maintained and monocyte-derived macrophages.' In contrast, these differences were much less pronounced in the muscularis externa
with no specific discriminatory markers identified. Detailed studies of adult human organs are lacking particularly in areas that are harder to
safely access such as the muscle layers of the intestinal tract. The available studies have shown that relying on isolated markers across different
sites and species may not allow true appreciation of cellular identity for a specific organ of interest. The current study provides the panel of
markers that will provide both sensitivity as well as specificity for characterizing unique immune cell types. For example, we identify macro-
phage clusters that are suggestive of embryonically derived macrophages.

In conclusion, this study provides immune cell characterization of human gastric muscle validating several existing as well as unraveling
gene markers for eleven different immune cell clusters. These can be used in future studies, including using flow cytometry which requires
a library of a priori protein targets. The results provide changes in gastroparesis further substantiating a myeloid cell-based immune dysre-
gulation as one of the central drivers of its pathogenesis. Furthermore, our results elucidate alterations in IL12 and monocyte trafficking
signaling which can serve as prime targets for disease modification in gastroparesis. Further studies will need to examine these pathways
and their influence on ICC, other cells of the ENS, and the smooth muscle fibers that regulate propulsive gastrointestinal motility.
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Limitations of the study

A limitation of the study is smaller sample size, particularly of the IG group. Inclusion of only females is another limitation. This study does not
determine protein expression to validate identified markers. Furthermore, the distribution of various macrophage subsets and proximity to
nerve fibers vs. blood vessels will need to be determined using dedicated spatial expression techniques. Lastly, even though the focus of
current study was on macrophages, gastric immunome is comprised of dense plethora of other immune cells which may have plausible
role in immune dysregulation associated with IG. Further studies including those using data provided in this atlas will need to examine that.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD45 AbD Serotec Cat# MCA87; RRID: AB_871979
PGP9.5 GeneTex Cat# GTX82567; RRID: AB_11179128
CD31 Abcam Ab28364; RRID: AB_726362

Biological samples

Gastric muscle biopsies Human NA

Chemicals, peptides, and recombinant proteins

MACS® Tissue Storage Solution Miltenyi Biotec 130-100-008
Dead Cell Removal Kit Miltenyi Biotec 130-090-101
autoMACS® Rinsing Solution Miltenyi Biotec 130-091-222
MACS® BSA Stock Solution Miltenyi Biotec 130-091-376

Deposited data

Gene expression GEO GSE252126
Software and algorithms

Custom codes Zenodo 10366426
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Madhusudan
Grover (grover.madhusudan@mayo.edu).

Materials availability
No unigue reagents or relevant chemical materials were developed as a part of this study.

Data and code availability

e The gene expression data has been uploaded to Gene expression Omnibus (GEO; accession number: GSE252126).
e Custom codes are uploaded to Zenodo (https://zenodo.org/records/10366426).

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Tissue biopsy specimens

Full thickness gastric body biopsies were obtained from 13 control subjects undergoing bariatric surgery at the Mayo Clinic and, from 7 IG
patients undergoing surgery for the implantation of a gastric electrical stimulation device at a clinical site of the National Institute of Diabetes
and Digestive and Kidney Diseases Gastroparesis Clinical Research Consortium (GpCRC). All participants were females due to higher prev-
alence of gastroparesis in females and all were Caucasian. Mean + SD age for controls was 46 + 15 years for |G patients was 49 + 12 years.
The gastric body specimens from control subjects were collected in MACS® Tissue Storage Solution (Miltenyi Biotec, 130-100-008) and pro-
cessed immediately after arrival in the lab or stored overnight at —80 C. The tissue samples from IG patients obtained at the University of
Louisville, KY or the Temple University, PA, were collected in MACS® Tissue Storage Solution and shipped overnight. Upon arrival at
Mayo Clinic, the tissues were processed immediately using standardized protocols. All control subjects and IG patients provided oral and
written informed consent respectively for the procurement and use of gastric tissue. The study was approved by Mayo Clinic IRB 07-003371.

Gastric emptying test

A GE test was performed by using a standardized protocol.® Briefly, the patients were administered radiolabeled low-fat egg white meal and

scintigraphy was done at 0, 1, 2, and 4 hours after ingestion. All IG patients exhibited gastric retention of > 60% at 2 hours or > 10% at 4 hours
as determined by scintigraphy test and showed no evidence of obstruction of the gastric outlet.
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METHOD DETAILS

Tissue dissociation and isolation of CD45" immune cells

The mucosal layer of the gastric body biopsies was removed and the muscularis layer was used for dissociation. The tissue dissociation was
performed using Multi Tissue Dissociation kit 1 (Miltenyi Biotec, 130-110-201) as per manufacturer’s instructions with slight modifications.
Briefly, the muscle layer was precut into ~4mm pieces and transferred into gentleMACS C Tubes (Miltenyi Biotec, 130-093-237) containing
2.5mlI DMEM (Gibco, 11965-092) supplemented with the enzymes of Multi Tissue Dissociation kit 1. These gentleMACS C Tubes were trans-
ferred onto gentleMACS™ Octo Dissociator (Miltenyi Biotec, 130-096-427) and the 37°C_h_Stomach_01 program was run after attaching the
heating elements, for 40 minutes. The dissociated cell suspension was then filtered using MACS SmartStrainers, 70 um (Miltenyi Biotec, 130-
098-462) and the cells were washed with DMEM by centrifugation at 300xg for 7 minutes. The viable cells were isolated from the cell suspen-
sion using the Dead Cell Removal Kit (Miltenyi Biotec, 130-090-101) as per kit protocol. The cells were then washed and re-suspended in PEB
buffer containing phosphate buffered saline (PBS), pH 7.2, 2mM EDTA (autoMACS® Rinsing Solution, Miltenyi Biotec, 130-091-222), and 0.5%
bovine serum albumin (MACS® BSA Stock Solution, Miltenyi Biotec, 130-091-376).

The CD45" immune cells were isolated from the above viable cell suspension by staining the cells with CD45 (TIL) MicroBeads, human
(Miltenyi Biotec, 130-118-780) for 15 minutes at 4°C. The stained cells were passed through LS Columns (Miltenyi Biotec, 130-042-401) in
the presence of magnetic field (QuadroMACS Separator, Miltenyi Biotec, 130-090-976) to remove CD45" cells.

The CD45" cells were then eluted from column using PEB buffer, after taking out the LS column from magnetic field. The cells were then
pelleted by centrifugation, re-suspended in phosphate buffered saline (PBS), pH 7.2, 2 mM EDTA, and 0.04% bovine serum albumin, and
immediately submitted to the single cell core facility at Mayo Clinic.

Single-cell RNA

Cell capture and library preparation

The CD45" cells were counted and measured for viability using Vi-Cell XR Cell Viability Analyzer (Beckman-Coulter). The barcoded Gel Beads
were thawed, and the cDNA master mix was prepared using Chromium Single Cell 3' v3 library kit (10x Genomics) as per manufacturer's in-
structions. Based on the desired number of cells to be captured, a volume of live cells was mixed with the cDNA master mix. The cell suspen-
sion and master mix, thawed Gel Beads and partitioning oil were added to a Chromium Single Cell B chip. The filled chip was loaded into the
Chromium Controller, where each sample was processed and the individual cells within the sample were captured into uniquely labeled Gel
Beads-In-Emulsion (GEMs). The GEMs were collected from the chip and taken to the bench for reverse transcription, GEM dissolution, and
cDNA clean-up. The resulting cDNA contained a pool of uniquely barcoded molecules. A portion of the cleaned and measured pooled cDNA
continued on to library construction, where standard lllumina sequencing primers and a unique i7 Sample index were added to each cDNA
pool. All cDNA pools and resulting libraries were measured using Qubit High Sensitivity assays (Thermo Fisher Scientific), Agilent Bioanalyzer
High Sensitivity chips (Agilent) and Kapa DNA Quantification reagents (Kapa Biosystems).

Sequencing

Libraries were sequenced at 60,000 fragment reads per cell following lllumina’s standard protocol using the lllumina cBot and HiSeq 3000/
4000 PE Cluster Kit. The flow cells were sequenced as 100 X 2 paired end reads on an lllumina HiSeq 4000 using HiSeq 3000/4000 sequencing
kit and HCS v3.3.52 collection software. Base-calling was performed using Illumina’s RTA version 2.7.3.

Alignment and feature quantification

Raw BCL files were demultiplexed into fastqg sequencing files using the Cell Ranger version 3.1 suite from 10xGenomics. Cell Ranger was then
used to produce aligned bam files and a raw feature count matrix for each sample. The raw feature count matrix was normalized across pa-
tients using the R package Seurat. Events were required to contain >200 features and less than 40% mtRNA counts of all RNA counts. Fea-
tures were filtered by requiring at least 3 cells to have identified a feature. Normalized read counts were converted to logTP10K+1 expression
values.

Quality control

For the 20 samples, 9 were processed on the same day as collection and 11 were processed on the day following collection. Hierarchical-all-
against-all (HAlIA) clustering was performed using the 10X Genomics QC metrics as the x-dataset and the processing date group (same day or
next day) as the y-dataset. An FDR cut-off of 0.05 was used to determine significance of processing date and QC metric comparison.

QUANTIFICATION AND STATISTICAL ANALYSIS
Classification by cell type

Unique barcodes corresponding to individual cells were classified using sets of genes characteristic to cell types.” Two levels of cell definitions
from Broad database were used, each with cell-type-gene associations, one containing 31 more detailed cell types (M.Mast, T.CD4, CD69-
Mast, CD4" PD1+, Cycling Monocytes, CD4" Memory, Cycling T, B.Bcells, CD8" IL17+, M.Myeloid, M.DCs, Tregs, CD8" IELs, Follicular,
T.Tcells, ILCs, DC2, Inflammatory Monocytes, GC, DC1, Macrophages, CD4" Activated Fos-hi, NKs, CD8" LP, M.Monocytes, Cycling B
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Plasma, CD4" Activated Fos-lo, T.CD8, CD69" Mast, MT-hi) and a second containing 11 reduced cell types (B cells, CD4"* T cells, CD8" T cells,
Cycling B cells, DCs, Follicular, ILCs, Macrophages, Mast cells, Monocytes, Natural Killers). The strategy for reduction of 31 to 11 clusters is
outlined in Table S2. We removed genes that were assigned to multiple cell types to get a list of unique genes for each cell type. The Z-score
of expression for each gene for each cell type was calculated as the number of standard deviations from the mean of all cells. Cells were then
clustered using the R package Rphenograph (from cytofkit v1.48) based only on the genes in the unique lists. Finally, classification occurred by
assigning the cell type to the cluster with the largest proportion of significant genes associated with a specific cell type. The expression of
known canonical genes (Table S4) for each cell type was used to verify that classification was successful.

Comparison to immune cell clusters from Tabula Sapiens cohort

All cells were submitted for unsupervised clustering using the Seurat package. The expression Z-score for each gene was calculated across the
27 clusters to identify genes enriched or repressed in each cluster. The tissue-specific, single-cell expression database Tabula Sapiens (https://
tabula-sapiens-portal.ds.czbiohub.org/) was used to identify the top differentially expressed genes for each cell type in small intestine (B cells,
CDA4" T cells, CD8" T cells, Cycling B cells, DCs, Follicular, ILCs, Macrophages, Mast cells, Monocytes, Natural Killers). The large intestine and
stomach datasets were limited in the number of defined cell types and were not utilized. The differentially expressed genes from Tabula sa-
piens were compared to the expression Z-scores of the clusters to define the cell type associated with each cluster. Independently, the most
common cell type, as defined by the supervised gene list classification, in each cluster was compared to Tabula sapiens classification
(Table S3).

Gene expression for cell types

The Z-score calculated for each gene from the log TP10K+1 expression data for each cell type was plotted on a heatmap. The order of genes
was fixed to show the progression of genes across each cell type.

Expression of canonical genes

Canonical genes for myeloid or specific cell types were plotted using bubble color to represent expression and size to represent the fraction
of cells with detectable expression (logTP10K+1 > 0). Expression and fraction was scaled from 0 to 1 for each gene to allow for each gene to
have an appropriate visual range, with 1 representing the cell type with the highest expression and 0 with the lowest. All cell types were
plotted for each gene list to show unique enrichment.

t-SNE plots of different cell groups

The clustering and distribution of cells based on gene expression for all cells, myeloid cells, T cells, B cells and marker intensity plots were
performed using the Rtsne package and plotted using the ggplot2 package from R.

Proportion of cell types in gastroparesis and control cohorts

The proportion of each cell type making up the population of cells in individual patients was compared between IG and control cohorts.
P-values were calculated by performing an unpaired t-test for each cell type. Individual patient data is represented along with average.

Differential gene expression analyses

Differential gene expression analyses were performed using the R package MAST (1.16.0). Each cluster was compared to all other cells, acting
as the control population. Z-scores, which approximated a fold change magnitude, direction and false discovery rates were reported.

Volcano plots of differential expression

Differential gene expression data from the MAST output was plotted into volcano plots to show the relative change (Z-score from MAST)
compared to the significance of expression change (-logip P-value). The x-axis represent a Z-score . The y-axis represent a -logig
FDR-value. Key, biologically relevant genes were displayed via text.

Violin plots of differential expression

The cell-level distribution of expression (logTPK10+1) between |G and control cells was plotted for the biologically relevant genes highlighted
in the volcano plots.

Gene set enrichment analyses

GSEA software (version 4.0.0) was used. The output from MAST was used to calculate the GSEA pre-rank as the -logio(p-value)*sign(Zscore).
Pre-ranked lists were generated for each cell type, and each myeloid unsupervised cluster. Ribosomal genes were omitted from the pre-
ranked list. Biologically relevant pathways were highlighted.
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Unsupervised clustering of macrophages

Unsupervised clustering was performed on macrophage called cells (CD45"HLA-DR"CD14") using Rphenograph (R package v0.99.1) with
default options and using all genes as an input. The fraction of control or gastroparesis cells contributing to each cluster was calculated
by summation of all cells associated with patients from each group, normalized for each group’s initial contribution to the total number of
macrophage cells. The Z-score expression for each gene across the 17 identified clusters was calculated based on expression distribution
of all macrophage cells, such that a positive Z-score represented increased expression of a gene in a cluster and a negative Z-score repre-
sented reduced expression of a gene in a cluster. Comparison of clusters to previously identified macrophage subsets from Domanska et.
al. was performed by identifying clusters that expressed reported subset-specific genes. Clusters without a corresponding subset were
analyzed as separate subsets.

Gene ontology term enrichment

R package ClusterProfiler v4.4.1 (https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html) was utilized to perform gene
ontology enrichment for the category of biological process.®” For the respective scRNA-seq clusters, enrichment data were obtained using
the built-in enrichGO function referencing the R package "org.Hs.eg.db” v3.17 (https://bioconductor.org/packages/release/data/
annotation/html/org.Hs.eg.db.html) and Benjamini-Hochberg FDR set to < 0.05. R package GGplot2 v3.4.3 (https://cran.r-project.org/
web/packages/ggplot2/index html) was used to visualize the resulting GO terms.*®

Study approval

The study was approved by Institutional Review Boards at the University of Louisville, Temple University, and Mayo Clinic. A written informed
consent was obtained from all patients prior to participation.
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