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Abstract 

Characterization of intestinal macrophage 

populations in the mouse colon lamina 

propria using single-cell RNA sequencing 

and spatial transcriptomics 
 

Myung Jun Kim 

Biomedical Sciences Major 

Graduate School of Medicine 

Seoul National University 
 

Despite the advancements in the next-generation sequencing, a full characterization of 

transcriptomes of the diverse intestinal macrophage populations within the mouse colon lamina 

propria has yet to be done. As these cells are implicated in various conditions, including gut 

inflammation and colorectal cancer, there is a need to establish a comparator for the 

transcriptomes of these populations in homeostatic conditions to be used as a reference to compare 

with data from the various conditions.  To this end, I utilized single-cell RNA sequencing and 

spatial transcriptomics to investigate the transcriptomes and the location of macrophage 

populations within the mouse colon lamina propria. Due to the lack of reference transcriptome 

datasets for intestinal macrophage populations, I manually annotated each cluster in the single-

cell RNA sequencing results by looking at its top expressed genes and the expression patterns of 

known markers for various cell types to find four distinct populations of macrophages. The Itgaxhi 

(CD11c)-macrophages, located in close proximity to the epithelium, expressed high levels of 

genes associated with antigen presentation, such as Cd74 and H2-Eb1, and were upregulated for 

processes related to adaptive immunity, suggesting their involvement in antigen presentation and 

induction of Th17 cells, which have previously been shown to promote intestinal health. Another 

population of Mrc1hi (CD206)-macrophages were found closer to the base of the lamina propria 

and were enriched for both anti-inflammatory and defense-related genes, including Cd163 and 

Selenop, suggesting that they are involved in maintaining immune tolerance while also 

contributing to intestinal immunity. They retained high levels of MHCII-related genes and were 



ii 

 

enriched for processes relating to endocytosis, suggesting that they still reserve high antigen 

presenting potential. The two other populations were found to be immature macrophages that are 

precursors of the CD11c- and CD206-macrophages, and their identity was verified through 

trajectory analysis and reference-based annotation. As the genetic characteristics of immature 

macrophages have not yet been investigated, I, for the first time, described the characteristics of 

these populations of immature macrophages to express high levels of Nfkbia, Tnfaip3, and Socs3, 

which transcribe for the anti-inflammatory inhibitors IκBα, A20, and SOCS3, respectively. The 

immature macrophage populations also expressed high levels of genes for the inflammatory 

cytokines such as TNF and IL-1β as well, suggesting that the expression of genes for the 

aforementioned anti-inflammatory inhibitors may serve a purpose in achieving the immune 

tolerance observed in mature intestinal macrophages. The results presented in this study may 

prove valuable as reference transcriptomes for further studies investigating the changes to the 

transcriptomes and locations of intestinal macrophage populations during various intestinal 

conditions.  

 

-------------------------------------------------------------------------------------------------------------------- 

Keyword : Intestinal macrophage, immature macrophages, transcriptomic analysis, single-cell 

RNA sequencing, spatial transcriptomics 
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Introduction 

Present within most tissues of the body, macrophages fulfill a multitude of functions, including 

the ingestion and killing of invading pathogens, production of various cytokines and mediators, 

and remodeling and repair of tissues [1]. Within the gastrointestinal tract resides more 

macrophages than in anywhere else in the body and most of these intestinal macrophages populate 

the lamina propria (LP), just underneath the epithelial barrier [2]. Accounting for 10-20% of all 

mononuclear cells found within the LP, the LP macrophages are generally the first phagocytes to 

interact with the microorganisms and microbial products that have breached the epithelial barrier 

[3, 4]. Despite their high phagocytic and bactericidal activities, however, the LP macrophages 

maintain tolerance to antigens from food or commensal bacteria populating the gut, forgoing 

inflammatory responses to these antigens [3, 5]. 

 

In recent years, many studies have enlightened the origin of the intestinal macrophages. 

Traditionally, virtually all tissue macrophages, including the intestinal macrophages, were viewed 

as part of the mononuclear phagocyte system described in 1972 and were believed to originate 

from bone marrow-derived monocytes circulating the blood [6-8]. The development of lineage 

tracing, parabiosis, and fate-mapping techniques, however, have led to the discovery of yolk sac- 

and/or fetal liver-derived macrophage populations, and it was revealed that tissue resident 

macrophages in major tissues, including the brain, liver, and peritoneum, are established prior to 

birth and remain self-maintaining during adulthood [7, 9]. Meanwhile, the intestines proved to be 

an exception, as the intestinal macrophages that first populate the intestines are embryo-derived, 

but are gradually replaced by the monocyte-derived macrophages during adulthood, making the 

monocyte-derived macrophages the predominant population in the intestines [7, 10].  

 

The circulating bone marrow-derived monocytes enter into the intestines through a CCR2-

dependent manner [10], and once inside the tissue, they go through a process called the monocyte 

“waterfall” to differentiate into mature macrophages [11]. The monocyte waterfall is divided into 

four phenotypically different stages of the differentiation process, characterized by expressions of 
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specific surface markers. Population 1 (P1) appear virtually identical to the newly arrived Ly6Chi 

MHCII- CX3CR1int monocytes. These monocytes transition into P2 cells, gaining MHCII 

expression to become Ly6Chi MHCII+ CX3CR1int cells. Afterwards, these cells lose the expression 

of Ly6C to become Ly6C- MHCII+ CX3CR1int P3 cells. Finally, they transition into mature 

macrophages by increasing their expression of CX3CR1, becoming Ly6C- MHCII+ CX3CR1hi P4 

cells [1, 11]. 

 

A hallmark of macrophages is their plasticity, which gives them the ability to change phenotype 

and function according to their immediate environment [12]. As such, it is not a surprise that the 

LP macrophage population is heterogeneous as well. Characterization of LP macrophage subsets, 

however, has been met with difficulty due to the significant overlaps in their surface marker 

expressions, both amongst the subsets and with other cell types [13, 14]. 

 

With the advent of next generation sequencing techniques, such as single-cell RNA sequencing, 

it has become possible to appreciate the entire transcriptome of each individual cell analyzed [15, 

16], enabling for characterization of populations by gene expression profiles rather than the 

surface marker expressions. Many studies have taken advantage of these techniques to study 

intestinal macrophages in diverse ways, with some revealing new population of macrophages [17, 

18], and others observing how the loss of certain genes, such as Irf5, Dusp6, or Serpina3n, affect 

the macrophages at genetic levels [19-21].  

 

However, a thorough characterization of the LP macrophage populations at homeostasis remains 

lacking. While some of the aforementioned studies did briefly describe the different LP 

macrophage populations, characterization of these populations were not the focus of their studies. 

As aberrance and alterations of intestinal macrophages have been reported in various intestinal 

conditions, including disorders, inflammation, and cancer [7, 22], it is crucial to establish the gene 

expression profiles of the LP macrophage populations at homeostasis so that it may be used as a 

comparator data.  
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To this end, I utilized single-cell RNA sequencing to characterize the transcriptomes of the LP 

macrophage populations. RNA sequencing, however, leads to the loss of the spatial contexts [23], 

and as the anatomical locations and the microenvironment at those locations imprint precise 

function and phenotype on macrophages [24], the spatial context of the macrophages are 

undoubtedly important in understanding their characteristics. Therefore, I took advantage of 

spatial transcriptomics, which allows for sequencing of transcripts from a tissue section and 

spatially map the sequencing data onto the histological image of the tissue section [16, 23]. By 

combining the RNA sequencing analysis with spatial transcriptomic analysis, I was able to 

characterize both the transcriptomes and the locational implications of LP macrophage 

populations in the mouse colon at homeostasis. 
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Materials and Methods 

Mice 

6-weeks-old male C57BL/6 mice were purchased from OrientBio (Gapyeong, Republic of Korea). 

The mice were maintained in specific pathogen-free environments at Seoul National University 

College of Medicine. All mice were housed with free access to standard lab chow diet and water. 

All experiments were approved by the Institutional Animal Care and Use Committee at Seoul 

National University (SNU-220308-2). 

 

Isolation of Lamina Propria Cells 

The lamina propria cells were isolated from the mouse colons by enzymatic digestion in a similar 

manner as the previously described method [25]. Briefly, the colons were opened longitudinally 

after removing fat and feces and washed in cold Phosphate Buffered Solution (PBS; iNtRON 

Biotechnology, Seongnam, Republic of Korea). Afterwards, the colons were first incubated at 

37°C with shaking for 10 min in Hank’s Balanced Salt Solution (HBSS; Invitrogen, MA, USA) 

containing 1x 2-Mercaptoehanol (Gibco, MA, USA), 1mM Ethylenediaminetetra-acetic acid 

(EDTA; Invitrogen), and 1% Fetal Bovine Serum (FBS; Invitrogen) and then at 37°C with shaking 

for 10 min in HBSS containing 1mM EDTA and 1% FBS to separate epithelial cells from the 

tissues. The remaining tissues were cut into 0.5cm pieces and were incubated in 1x Minimum 

Essential Medium-α (Invitrogen) containing 1x Non-Essential Amino Acid (Invitrogen), 1x 

Sodium Pyruvate (Invitrogen), 1x 2-Mercaptoethanol, and 5% FBS, and supplemented with 1.25 

mg/mL Collagenase D (Roche, Basel, Switzerland), 0.85 mg/mL Collagenase V (Sigma, MO, 

USA), 1mg Dispase II (Invitrogen), and 30 U/mL DNase (Roche) for 30-45 min at 37°C with 

shaking. The resulting mixture of tissue fragments and lamina propria cells were passed through 

a 70 µm cell strainer (BD Falcon, NJ, USA) and the cells were collected by centrifugation (1300 

rpm, 10 min). 

     

Fluorescence-activated Cell Sorting (FACS) 

The lamina propria cells were resuspended and incubated in FACS buffer (PBS supplemented 
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with 1% Bovine Serum Albumin and 0.1% sodium azide) containing anti-mouse fluorescent 

antibodies for 20 min at 4°C. The antibodies used can be found on Table 1.  After staining, the 

cells were washed with FACS buffer and were passed through cell strainer cap (BD Falcon) prior 

to sorting. Sorting for monocytes and macrophages was performed on BD Aria III (BD 

Biosciences) and the cells were received in FACS buffer and were sequenced on the same day. 

 

Single-cell RNA Sequencing 

For single-cell RNA sequencing samples were prepared by pooling lamina propria cells from 5 

mice. These cells were than sorted for monocytes and macrophages. The sequencing of these cells 

was performed by Macrogen (Seoul, Republic of Korea), using Chromium Single Cell 3’ Reagent 

Kit (10x Genomics, version 3.1) to generate single-cell RNA sequencing libraries. Briefly, single 

cells, reagents and a single Gel Bead containing barcoded oligonucleotides were encapsulated 

into nanoliter-scale Gel Bead in emulsion (GEMs). Then, Next GEM Technology was used to 

sample the cells into GEMs, where poly(dT) primer captures poly-adenylated mRNA to produce 

barcoded, full-length cDNA to construct libraries. Afterwards, the feature barcode libraries were 

sequenced on the Illumina sequencing system. The following analysis utilized Cellranger to align 

short reads to the reference genome and transcriptome using STAR and remove barcodes not 

associated with cellular GEM partitions. Cellranger was also used to generate feature-barcode 

analysis by counting unique molecules and run principal component analysis to reduce gene 

expression to its most highly variable components.  

 

Pre-processing and Analysis of single-cell RNA Sequencing Data 

Further analysis was performed using both Seurat (v.4.1.1) and Monocle3 (v.1.0.0) in R studio (R 

version 4.1.0). For quality control, cells with less than 400 unique genes detected, less than 400 

molecules detected, less than 0.8 complexity score (log10 genes per unique molecular identifier), 

or more than 5% mitochondrial transcripts were filtered out (Figure 1A and 1B). The pre-

processing followed the guidelines provided by Monocle3 tutorial. Briefly, the first 20 Principle 

Component Analysis (PCA) dimensions were chosen for the construction of Uniform Manifold 
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Approximation and Projections (UMAPs), and the clustering was performed using leiden method 

with k=15. The UMAPs were produced on Monocle3, while the heatmap and feature plots were 

made with Seurat, Monocle3, or Loupe Browser (10x Genomics, v.5.1.0). In some instances, the 

UMAPs and feature plots were captured on Loupe Browser after converting the UMAPs from 

Monocle3 to Loupe Browser files. To find the differentially expressed genes for each cluster, 

‘FindAllMarkers’ function in Seurat was used with parameters recommended by the tutorial 

(only.pos = T; min.pct = 0.25; logfc.threshold = 0.25).  

 

For enriched pathway and biological processes analysis, the functional annotation tool DAVID 

(http://david.ncifcrf.gov) was used. For threshold, false discovery rate (FDR) < 0.05 was used.   

 

Sub-clustering of Clusters 1, 2, and 4 from the Original UMAP 

The ‘choose_cells’ function from Monocle3 was used to select only the cells pertaining to clusters 

1, 2, and 4 from the original UMAP. As before, Monocle3 was used for pre-processing, dimension 

reduction and clustering, but a slightly different set of parameters were used (umap.n_neighbors 

= 5; cluster.resolution = 0.001). 

 

Reference-based Annotation of single-cell RNA sequencing data 

For reference-based annotation of the single-cell RNA sequencing data, SingleR R package was 

used, which correlates the expression profile of each cell with the reference transcriptome of pure 

cell types [26].  The default databases of the Immunological Genome Project (ImmGen) [27] and 

the MGI Mouse Gene Expression (GXD) [28] were used as the reference transcriptomes. For 

comparison with bulk RNA sequencing data, I used unpublished datasets from a study done by 

former members of the laboratory. The datasets are part of the 2021 paper [25], and consists of 

three sets. Two of the datasets were bulk RNA sequencing data from mature lamina propria 

macrophages of two C57BL/6 mice, while the other was bulk RNA sequencing data of Ly6C+ 

MHCII-/+ cells (monocytes and immature macrophages) from one C57BL/6 mouse. The 

preparation of samples for these datasets can be found in the referenced paper. The datasets are 

http://david.ncifcrf.gov/
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publically available on NIH GEO platform (https://www.ncbi.nlm.nih.gov/geo) with GEO 

accession number of GSE203479. 

 

Spatial Transcriptomics with Visium 

The colon from wild type C57BL/6J mouse was cut longitudinally and the luminal content was 

removed by washing with cold PBS. Starting with the most distal portion (rectum) of the colon, 

with luminal side facing upward, the colon was rolled into a ‘Swiss-roll.’ The Swiss-roll was 

placed in a plastic cassette and was embedded in Optimal Cutting Temperature compound (OCT, 

Sakura Tissue-TEK) on dry ice and stored at -70°C. The blocks were cut to produce a frozen 

section slide, which was stained with hematoxylin and eosin to check for histology prior to 

sequencing. The sequencing was performed by Geninus (Seoul, Republic of Korea) using Visium 

technology from 10x Genomics.   

 

Pre-Processing and Analysis of Visium Data 

The Visium data was pre-processed and analyzed using Scanpy (v.1.7.2), Numpy (v.1.19.2),  

Pandas (v.1.1.5) and Anndata (v.0.7.8) in Python (v.3.6.13). Spots with less than 2,000 unique 

genes detected or more than 25% mitochondrial reads were filtered out (Figure 2A and 2B). As 

the high level of expression of mitochondrial genes seemed to be technical, the genes starting with 

‘mt-’ were removed from the dataset. Further steps including normalizing, scaling, and dimension 

reduction followed the Scanpy tutorial. The first 10 PCA dimensions were used for leiden 

clustering method. Based on the location of each cluster, the clusters were grouped together 

according to the anatomy of the mouse colon. Differentially expressed markers for the newly 

defined cluster were obtained through wilcoxon method. The expressions of cluster marker genes 

obtained by scRNAseq were averaged for each Visium cluster, and were compared after z-scaling. 

 

Immunofluorescence Imaging 

For confocal imaging, mouse colon tissues were gently flushed with PBS, cut into 4 pieces and 

fixed with 4% paraformaldehyde for 10 min. The tissues were embedded in optimal cutting 

https://www.ncbi.nlm.nih.gov/geo
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temperature compound, frozen and stored at -20°C. Frozen tissues were sliced to 10 µm-thick 

sections and fixed in cold acetone for 10 min. Afterwards, the tissues were washed with PBS 

containing 3% bovine serum albumin (BSA) and 0.2% Triton X-100 (blocking solution) for 1 

hour at room temperature. Tissue sections were then rinsed with PBS 3 times and incubated with 

anti-CD11c (117318; Biolegend), anti-CD206 (AF2535; R&D Systems), and anti-F4/80 (48-

4801-82; Invitrogen). The antibodies were diluted in blocking solution and the tissues were 

stained overnight at 4°C. The next day, the tissues were washed three times, and were stained with 

appropriate secondary antibodies and 4,6-diamidino-2-phenylindole (DAPI; Invitrogen) diluted 

in blocking solution for 1 hour at room temperature. Tissues were washed 3 times and mounted 

with anti-fade mounting medium (Vectashield, CA, USA). Images were acquired on Axio 

Observer.Z1/7 (Zeiss, Jena, Germany). 

 

Statistical Analysis 

Statistical analysis was performed on Loupe Browser, which calculated adjusted p-value using 

the Benjamini-Hochberg procedure. 
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Table 1. List of antibodies used for fluorescence-activated cell sorting 

Antibody Source Identifier 

Anti-CD16/32 Invitrogen 14-0161-82 

Anti-CD31 

Clone MEC13.3 
BioLegend 102516 

Anti-CD45 

Clone 30-F11 
BioLegend 103166 

Anti-CD11b 

Clone M1/70 
Invitrogen 48-0112-82 

Anti-Ly6G 

Clone 1A8-Ly6g 
Invitrogen 11-9668-82 

Anti-MHC Class II (I-A/I-E) 

Clone M5/114.15.2 
Invitrogen 46-5321-82 

Anti-CD64 

Clone X54-5/7.1 
BD Biosciences 740622 

Anti-Ly6C 

Clone HK1.4 
BioLegend 128018 
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Figure 1. Quality control for single-cell RNA sequencing 

(A) Quality control metrics for single-cell RNA sequencing data. (B) single-cell RNA sequencing 

data after quality control. 
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Figure 2. Quality control for spatial transcriptomics 

(A) Quality control metrics for spatial transcriptomics. (B) Spatial transcriptomics data after 

quality control. 
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Results 

Single-cell RNA sequencing identifies seven distinct subsets of monocytes and macrophages 

in the mouse colon lamina propria 

To investigate the transcriptomes of the diverse macrophage populations within the mouse colon, 

I first performed single-cell RNA sequencing (scRNAseq) on selected monocytes and 

macrophages within the mouse colon lamina propria (Figure 3). For this selection, I used a set of 

selection markers similar to previously described sets and sorted for the entire monocyte waterfall 

(Figure 4) [25, 29]. To eliminate endothelial cell contamination, I selected for cells that do not 

express the endothelial cell marker CD31 [30]. Initially, this selection was omitted, but the 

resulting single-cell RNA sequencing result showed too many cells with high expressions of 

Pecam1 (CD31) (Data not shown).  

 

After sequencing, I performed quality control on Seurat to filter out “low quality” cells, discarding 

readings from cells that have low numbers of detected genes or molecules and those that have 

high fraction of mitochondrial genes. The cells that fall within these categories are likely damaged 

cells whose cytoplasmic mRNA has leaked out of the cell, leaving the mitochondrial mRNA to be 

a large fraction of the total genes detected [31, 32]. The quality control left 3,852 cells, which 

were visualized in form of UMAP (Figure 5A). The cells were divided into seven distinct clusters. 

Looking at the top five differentially expressed genes (DEGs) (Figure 5B), however, the top 

DEGs for some clusters included non-macrophage-related genes, such as Col5a2, Col5a1, and 

Epcam. In addition, cluster 3 had only two DEGs, in Gm42418 and Ccdc152. 



13 

 

 

Figure 3. Schematic of the scRNAseq workflow 

A schematic of how scRNAseq was prepared and run; briefly, colons from mice were taken and 

lamina propria cells were isolated from the colons. Then, monocytes and macrophages were 

selected through FACS sorting and single cell RNA sequencing was performed on these cells. The 

illustration was made on BioRender.com. 
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Figure 4. Selection of monocytes and macrophages in the mouse colon LP 

Gating scheme for FACS sorting of monocytes and macrophages in the mouse colon LP.  
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Figure 5. Distinct subsets of monocytes and macrophages in the mouse colon LP 

(A) UAMP visualization and clustering of the sorted monocytes and macrophages (n = 3,852) 

after the removal of low quality cells. (B) Heatmap of the top five DEGs for each cluster. 
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Manual cluster annotation of each cluster using genetic markers 

As each cluster could not be annotated solely based on the top five DEGs, the identity of each 

cluster was manually determined through looking at both the top expressed genes, as well as the 

gene expression patterns of well-known signature genes for each cell type. I first looked at the 

expressions of the monocyte markers Ly6c2, Ccr2, and S100a4 [20]. While Ly6c2 was expressed 

in clusters 4, 5, and 6, Ccr2 and S100a4 were highly expressed only in cluster 4 (Figure 6A). This 

suggested that cluster 4 represented the monocyte population.  

 

Meanwhile, the macrophage markers Cx3cr1 and Adgre1 (F4/80) [8] expressions were highest in 

clusters 1, 2, and 3, though some cells in cluster 3 had low expressions of these markers (Figure 

6A). Clusters 4 and 7 also had moderate expressions of these genes, while cluster 5 and 6 and low 

expressions. Therefore, I labeled clusters 1 and 2 as mature macrophage populations. The two 

clusters seemed to be divided by their expressions of Itgax (CD11c) and Mrc1 (CD206) (Figure 

6B), with Itgax not being expressed in most of cluster 2. Mrc1, on the other hand, was expressed 

in both clusters 1 and 2, but the expression levels were considerably higher in cluster 2.  

 

The two clusters differed in their top 25 expressed genes as well, with the top expressed genes in 

cluster 1 comprising of mainly MHCII-related genes, including Cd74, H2-Eb1, H2-Ab1, and Ctss 

[33-35], as well as other genes such as Apoe, Irf8, Tlr12, Dnase1l3, and Mpeg1 (Figure 6C, Table 

2). Cluster 2, on the other hand, was characterized by high expressions anti-inflammatory and 

pro-tissue repair genes such as Cd163, Wwp1, Pf4, and Igf1 (Figure 6C, Table 2) [36-38]. 

However, these cells also expressed high levels of genes associated with defense, including 

Selenop, Maf, and Ctsc (Table 2) [39-41]. Therefore, cluster 1 was labeled as CD11c-

macrophages and cluster 2, CD206-macrophages. Of note, some of the respective top expressed 

genes for each of cluster 1 were also expressed at lower, but still at high levels in cluster 2, and 

vice versa (Figure 6C). 

 

Interestingly, many of the top expressed genes in cluster 3 overlapped with those of both clusters 
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1 and 2 (Table 2). These included Cd74, Apoe, H2-Aa, and Ctss, which were also highly expressed 

in cluster 1, and also Pf4, Ctsc, Ctsb, and Selenop, which were found highly expressed in cluster 

2. This led me to hypothesize that cluster 3 represented the immature macrophage population and 

that it consists of cells that are in the process of differentiating into either CD11c- or CD206-

macrophages found in clusters 1 and 2, respectively. 

 

Cluster 5 expressed the neutrophil marker Ly6g [42], though at a low level, and expressed high 

levels of other neutrophil-related genes, including S100a8 and S100a9 (Figure 6A), which 

transcribes for the S100 group of proteins that account for nearly half of cytoplasmic proteins in 

neutrophils [43]. Mmp9 was also among the top expressed genes of cluster 5 (Table 2), which  

codes for gelatinase B found in tertiary granules of neutrophils [44]. Coupled with the fact that 

cluster 5 also showed high levels of Csf3r (Table 2), the gene for granulocyte colony stimulating 

factor receptor [45], it suggested that cluster 5 is a population of neutrophils 

 

The top expressed genes in cluster 6 were comprised mostly of extracellular matrix-related genes, 

with collagen-related genes accounting for 8 of the 25 (Table 2). Also, among the top expressed 

genes were Sparc and Cald1 (Figure 6A), which are found in muscle cells [46, 47]. Cluster 7, on 

the other hand, consisted of cells that have high expressions of Epcam and Klf5 (Figure 6A), 

which are commonly found in epithelial cells [48-50]. As cluster 7 had low expressions of the 

aforementioned macrophage markers while cluster 6 had moderate expressions, I labeled cluster 

7 as muscle cell or fibroblast contamination, while cluster 6 was labeled as macrophages that have 

ingested epithelial cells. 

 

The result of the manual cluster annotation can be found in Figure 7. 
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Figure 6. Violin plots and feature plots for genes used for cluster identification 

(A) Genes used for identification of each cluster. (B) Expression of Itgax and Mrc1 distinguishes 

the two mature macrophage populations. (C) Few notable genes highly expressed in cluster 1 and 

2.  
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Table 2. List of 25 top expressed genes for each cluster 

Cluster 25 Top Expressed Genes in Cluster 

1 

Cd74, Apoe, H2-Eb1, H2-Ab1, H2-Aa, Ctss, Pmepa1, Ms4a7, Cd81, Irf8, 

Zmynd15, Tlr12, Cxcl16, Dnase1l3, Mpeg1, Cd72, Runx3, Tgfbr1, Ptgs1, 

Acp5, H2-DMa, Mmp13, Fcgr4, Itgax, Man2b1 

2 

Mrc1, Selenop, Maf, Wwp1, Pf4, Fcrls, Serinc3, Cltc, Dab2, Stab1, Trf, 

C1qc, F13a1, Csf1r, Ctsc, Ehd4, Cstb, Adgre1, Cfh, Abca1, Hpgd, Mef2c, 

Cd93, Gpr34, Ccl8 

3 

C1qa, Cd74, Apoe, H2-Aa, H2-Eb1, Pf4, Gm42418, H2-Ab1, C1qc, Ctsc, 

C1qb, Hspa1b, Ctss, Rpl37a, Selenop, mt-Co1, Actb, Lgmn, Psap, Rps29, 

Ptma, B2m, Ctsb, Aif1, Fth1 

4 

Ccr2, Tmsb10, S100a4, Rps18, Rpl15, Rpl32, vim, Ccl9, S100a10, Nme2, 

Crip1, Clec4b1, Clec12a, Rpl10, Olfm1, Capg, Gpx1, Ifi30, Ahnak, 

Tnip3, Sh3bgrl3, Lgals3, Emp3, Gm2a, Lyz2 

5 

S100a8, S100a9, Hdc, G0s2, Csf3r, Slpi, Msrb1, Mxd1, Clec4e, Sell, 

Dennd4a, Acod1, Lyst, Trem1, Clec4d, Tnfaip2, Hp, Cxcr2, Slc16a3, 

Slc7a11, Retnlg, Il1r2, Mmp9, Ptgs2, Cd300lf 

6 

Sparc, Igfbp7, Col3a1, Cald1, Col3a2, Col4a1, Nedd4, Timp3, Serpinh1, 

Col1a1, Col5a2, Dcn, Serping1, Lamb1, Col6a1, C1s1, Col4a2, Postn, 

Col5a1, Cxcl12, Ltbp4, Cavin1, Bgn, Fstl1, Rarres2 

7 

Lgals4, Epcam, Cldn7, Pigr, Klk1, Krt8, Oit1, Spint2, Atp1b1, Guca2a, 

Klf5, Agr2, Lypd8, Tstd1, Krt19, Car2, Tspan1, Ckmt1, Mgat4c, Chchd10, 

Gpx2, Fabp2, Stard10, Cystm1, Txn1 

  



20 

 

 

Figure 7. Summary of manual cluster annotation 

Each cluster were labeled appropriately according to their gene expression profiles; some of the 

notable genes are shown in the figure, but they are not listed in any particular order (C1~7 = 

cluster 1~7; MΦ = macrophage). 
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Reference-based cluster annotation fails to account for diverse population of macrophages 

To verify the results of manual cluster annotations, I compared the transcriptomes of my data with 

those of public datasets. Using SingleR [26], I compared the transcriptomes of each cell with cell 

type data from two public databases, ImmGen and GXD. Annotation with ImmGen labelled most 

of the cells in clusters 1-4 as macrophages, while only a handful of cells in cluster 4 were labeled 

as monocytes or dendritic cells (DC) (Figure 8A). Some cells in cluster 3 were labeled ‘NA’ (not 

applicable), signifying that the gene expression patterns of these cells were not akin to any of the 

cells types in the database. Comparison with GXD gave similar results, but a higher fraction of 

cluster 4 was labeled as monocytes, while most of the clusters 1-3 were labeled as macrophages 

(Figure 8B). A few cells from cluster 1 were labeled as microglia, while cluster 3 remained as a 

mixture of macrophages, monocytes, and NA. 

 

Though some datasets from the two databases included peritoneal macrophages, neither database 

contained data from intestinal macrophages. Therefore, to obtain a more accurate annotation, I 

compared our data with GSE203479, which consist of Bulk RNA sequencing (BulkRNAseq) data 

of two sets of cells: mature LP macrophages (“Mac”), and a combination of monocytes and 

immature macrophages (“MonoIM”). The SingleR annotation resulted in cluster 4 being 

annotated mostly as MonoIM (Figure 8C), while the immature macrophage cluster was more of 

a mixture of MonoIM and Mac. Interestingly, a significant fraction of cells in each of cluster 1 

and 2 were annotated as MonoIM, but more cells in each cluster were annotated as Mac. The 

results verified the manual annotation results to some extent, but as the BulkRNAseq data did not 

include the individual transcriptome data of CD11c- and CD206-macrophages, the results failed 

to account for these populations found on the UMAP. 
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Figure 8. Reference-based annotations fail to account for diverse macrophage populations 

(A) Result of reference-based cell annotation using ImmGen and (B) GXD as reference 

transcriptomes. (C) Cell annotation using GSE203479 as reference transcriptomes. 
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A closer look at cluster 3 identifies a small subset of cells that account for the top expressed 

genes within the cluster 

As many cells in cluster 3 were labeled as NA in reference-based annotations, I decided to take a 

deeper look into the cluster. I first wondered whether the expressions of the top expressed genes 

for this cluster were evenly distributed across the cluster, or if the expressions were divided into 

two regions to signify the division into CD11c- and CD206-macrophages. To my surprise, 

however, I found that the expressions of the top expressed genes, such as Cd74, Apoe, Pf4, and 

Ctsc, were all limited to a small fraction of cells located on the far-left side of the cluster (Figure 

9A). Most of cluster 3 did not express these genes, shaking the foundation for my previous 

assumption that this cluster represented the immature macrophage population. Therefore, there 

was a need to divide cluster 3 into two clusters to check if the bigger fraction had any differentially 

expressed genes of its own that was relevant to its identity. 

 

To this end, I used the selection tool on Loupe browser to select and isolate the smaller fraction 

from the rest of the cluster. This smaller fraction was labeled cluster 8, while the rest of the original 

cluster 3 was left as cluster 3 (Figure 9B). Upon running the significant feature comparison tool 

on the browser, cluster 3 was found to have only had a single up-regulated gene compared to other 

clusters: Ccdc152 (p = 7.62e-2). However, the feature plot of Ccdc152 showed that the gene was 

expressed in other clusters as well (Figure 9C), and that the expression is not strong enough in 

cluster 3 to be considered a distinguishable identifier for cluster 3. 

 

Meanwhile, the top differentially expressed genes in cluster 8 included Mki67 (Figure 9C), a 

marker of proliferation [51], suggesting that these cells may be proliferating macrophages.  These 

cells were also negative for the expressions of DC markers Itgae (CD103) and Zbtb46 (Figure 

9D) [52, 53]. Therefore, these cells are not likely to be DCs, but proliferating macrophages. 
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Figure 9. A small fraction of cluster 3 accounts for the top expressed genes  

(A) Feature plots for top expressed genes in cluster 3. (B) UMAP with cluster 3 divided into two 

clusters. (C) Feature plots for Ccdc152, the only differentially expressed gene in cluster 3, and 

Mki67, a marker of proliferation. (D) Feature plots for Itgae and Zbtb46, which are dendritic cell 

markers. 
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Subdivision of clusters 1, 2, and 4 reveals two additional novel clusters with unique genetic 

profiles that are precursors to CD11c-/CD206-macrophages 

As it became clear that the original cluster 3 can no longer be viewed as the immature macrophage 

population, I opted to try subdividing clusters 1, 2, and 4 (CD11c-, CD206-macrophage and 

monocyte cluster, respectively) to obtain a more accurate comparison between the transcriptomes 

of cells of interest. To this end, the cells from the three clusters were reprocessed to create a new 

UMAP, which gave five clusters (Figure 10A). Cluster 4 of the original UMAP remained mostly 

together as a single cluster, while each of the cluster 1 and 2 were divided into two clusters, giving 

rise to two new clusters (Figure 10B). Of the five clusters on the new UMAP, clusters 1, 3, and 5 

were labeled as monocytes, CD11c-macrophages, and CD206-macrophages, respectively, based 

on the expression of the genes originally used to annotate these clusters, such as Ly6c2, Itgax, and 

Mrc1  (Figure 10C). 

 

Looking at the genes that were highly expressed on the CD11c- and CD206-macrophage clusters 

on the original UMAP, such as Cd74 and Cd163, I found that the expression pattern for these 

genes were similar between cluster 2 and 3 (CD11c-macrophages), and between 4 and 5 (CD206-

macrophages). However, the expressions of CD11c-macrophage genes were lower in cluster 2 

than in 3, and the expressions of CD206-macrophage genes were lower in cluster 4 than in 5. 

Therefore, clusters 2 and 4 were temporarily labeled as CD11c-IM and CD206-IM, respectively, 

as they seemed to be the immature macrophages that are precursors for the CD11c- and CD206-

macropahges, respectively. 

 

To verify CD11c-IM and CD206-IM as precursors for CD11c- and CD206-macrophages, I 

performed trajectory analysis and reference-based annotations. The trajectory beginning at 

Ly6c2hi cells of the monocyte cluster connected to both CD11c-IM and CD206-IM separately, and 

progressed to CD11c- and CD206-macrophages, respectively, and the pseudotime analysis also 

predicted CD11c-IM and CD206-IM to be immature macrophages (Figure 11A) 
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The SingleR annotation with GSE203479 also gave similar results. The monocyte cluster was 

mostly labeled as MonoIM (monocytes and immature macrophages), and about half of each of 

CD11c-IM and CD206-IM were labeled as MonoIM as well (Figure 11B, Table 3). CD11c- and 

CD206-macrophage clusters were mostly labeled as Mac (macrophages), adding weight to the 

likelihood of CD11c-IM and CD206-IM being the immature macrophages that are each precursors 

for CD11c- and CD206-macrophages, respectively. 
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Figure 10. Subdivision of clusters 1, 2, and 4 gives two additional novel clusters with unique 

characteristics 

(A) UMAP of reprocessed cells from cluster 1, 2, and 4. (B) Plot to show to which cluster each 

of the cells belonged to on the original UMAP. (C) Violin plots for genes used for cluster 

identification. 
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Figure 11. Trajectory and SingleR predicts CD11c-IM and CD206-IM to be immature 

macrophages 

(A) The trajectory and pseudotime analysis predicts CD11c-IM and CD206-IM to be the 

precursors for CD11c- and CD206- macrophages, respectively. (B) SingleR annotation with 

GSE203479 gives roughly half of each of CD11c-IM and CD206-IM to be MonoIM and Mac. 
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Table 3. Number of cells matched with MonoIM and Mac in each cluster 

Cluster 
Number of Cells 

matched with MonoIM 

Number of Cells 

matched with Mac 

Monocyte 215 (67.2%) 105 (32.8%) 

CD11c-IM 342 (50.1%) 340 (49.9%) 

CD206-IM 224 (46.6%) 257 (53.4%) 

CD11c-Macrophage 96 (10.1%) 852 (89.9%) 

CD206-Macrophage 100 (15.2%) 556 (84.8%) 

  



30 

 

CD11c-IM and CD206-IM share characteristically high expression of both anti-

inflammatory inhibitors and inflammatory cytokines but still differ in their expressions of 

CD11c- and CD206-macrophages-related genes 

As the gene expression patterns for CD11c- and CD206-macrophages have already been observed 

in the previous sections, I decided to investigate the two immature macrophage populations. 

Interestingly, both CD11c-IM and CD206-IM expressed high levels of genes that transcribe for 

the anti-inflammatory inhibitors, namely Nfkbia (NF-κB inhibitor alpha, IκBα), Tnfaip3 (TNF 

alpha induced protein 3, A20), and Socs3 (Suppressor of cytokine signaling 3, SOCS3) (Figure 

12A). These genes were rarely expressed in the CD11c- and CD206-macrophages, suggesting that 

the expression of these genes are characteristic of immature macrophages.  

 

The two immature macrophage populations, however, also expressed high levels of inflammatory 

cytokines, such as Tnf, Il1b, Ccl4, and Cxcl2 (Figure 12B), which, similar to the expressions of 

the aforementioned anti-inflammatory inhibitors, were found to be lower in the CD11c- and 

CD206-macrophages.  

 

I then wondered if CD11c-IM and CD206-IM have any observable transcriptomic differences. To 

this end, I looked at the list of top differentially expressed genes between only these two clusters.  

Top upregulated genes for CD11c-IM in comparison to CD206-IM included Itgax, Dnase1l3, 

Psap, Jaml, and Mmp13, while top upregulated genes for CD206-IM included Alox5ap, Mrc1, 

Ahnak, Pid1, and F13a1 (Figure 13A). Interestingly, many of these genes were also significantly 

differentially expressed between CD11c- and CD206-macrophages. Looking at the top 10 up- and 

top 10 down-regulated genes between CD11c-IM and CD206-IM, 16 of these were still 

differentially expressed between CD11c- and CD206-macrophages (Figure 13B). This suggests 

that while the two immature macrophages may share the characteristic of expressing both anti-

inflammatory inhibitors and inflammatory cytokines, they have differences that persists through 

the maturity process. 
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Figure 12. Similarity between CD11c-IM and CD206-IM 

Both immature macrophage populations characteristically express high levels of (A) anti-

inflammatory inhibitors, and (B) inflammatory cytokines.   
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Figure 13. Differences between CD11c-IM and CD206-IM 

The two immature macrophage populations have differentially expressed genes (A) that mostly 

persists throughout the maturation process, remaining differentially expressed between their 

mature counterparts.   
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CD11c-IM and CD206-IM are similar in enriched pathways and biological processes, but 

are both different from those of CD11c-macrophages and CD206-macrophages 

To investigate the functions of each population, I performed enriched pathway and biological 

process analysis on DAVID. For enriched pathways, CD11c-IM and CD206-IM shared many of 

the top enriched pathways, including TLR, NF-kappa B, TNF, and IL-17 signaling pathways 

(Figure 14A). Meanwhile, CD11c-macrophages were enriched for Th1, 2, and 17 cell 

differentiation, as well as phagosome and antigen processing and presentation. CD206-

macrophages only had a handful of enriched pathways, in endocytosis and fat digestion and 

absorption. 

 

As for enriched biological processes, CD11c-IM and CD206-IM once again shared many of the 

top hits, including cellular response to lipopolysaccharide, neutrophil chemotaxis, and 

inflammatory response (Figure 14B). CD11c-macroiphages were again enriched for antigen 

processing and presentation, as well as other processes involving adaptive immune response. 

CD206-macrophages, on the other hand, were enriched for positive regulation of signaling 

cascades, including MAPK and ERK1/2. They were enriched for endocytosis and inflammatory 

response as well. 
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Figure 14. Enriched pathways and biological processes for each population 

(A) Enriched pathways for each population. (B) Enriched biological processes for each 

population. For both enrichment analysis, FDR < 0.05 threshold was used. Enrichment score = -

Log(P-value). 
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Spatial transcriptomics show that each population of monocytes and macrophages reside in 

different niches within the mouse colon 

To investigate where each population of monocytes and macrophages reside within the mouse 

colon, I turned to spatial transcriptomics (Figure 15), which allows for the transcriptome analysis 

of ‘spots’ of cells (A single spot consists of 1~10 cells), all the while maintaining their location 

on the tissue as well. For quality control, spots with less than 2,000 genes and more than 25% 

mitochondrial scripts were filtered out, leaving 3,656 spots in 17 clusters (Figure 16B). The 

clusters were then merged together according to their location on the tissue (Figure 16A) to give 

seven final regions: proximal epithelium, proximal lamina propria, mid epithelium, mid lamina 

propria, distal epithelium/lamina propria, isolated lymphoid follicles (ILF), and muscularis 

(Figure 16C). While the epithelium and lamina propria of the proximal and mid colon were 

visibly distinguishable, the epithelium and lamina propria of the distal colon were not 

distinguishable and were grouped together into a single cluster.  

 

Of the seven regions, top two regions whose transcriptome profiles best match those of each of 

the monocyte and macrophage populations from scRNAseq were selected to deduce the niche for 

each population (Figure 17). For the matching, the whole transcriptomes of each population were 

used. The results gave ILF as one of the top two regions for all five populations, which makes 

sense given that ILF is a lymphoid tissue within the intestines that consists of various lymphocytes, 

including macrophages, DCs, T-cells, and B-cells [54]. As for the other top matched region, the 

results gave monocytes as residing mainly in muscularis, while both CD11c-IM and CD206-IM 

were best matched with mid lamina propria. CD11c-macrophages were matched with proximal 

epithelium, while CD206-macrophages matched with proximal lamina propria.  

 

For CD11c- and CD206-macrophages, I also verified their spatial transcriptomics results through 

immunofluorescence staining (Figure 18). As spatial transcriptomics results suggested, the 

CD11c-macrophages, which also expressed CD206, were located near the luminal surface within 

the lamina propria. The CD206-macrophages were spread out through out the lamina propria.  
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Figure 15. Schematic of spatial transcriptomics workflow. 

Schematic of the spatial transcriptomics workflow. The colon was extracted a single mouse and 

was rolled into a Swiss-roll, with the rectum in the center of the roll and proximal colon on the 

outer-most surface of the roll. After an H&E staining to check for histology, the section was 

sequenced to produce spatial transcriptomic data of the mouse colon. 
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Figure 16. Spatial transcriptomics accurately portray the anatomy of the mouse colon. 

(A) H&E staining of a section from the Swiss-roll. (B) Spatial transcriptomics on the mouse colon 

Swiss-roll gives 17 distinct clusters. (C) The resulting UMAP of the spatial transcriptomics data 

after the clusters were grouped together based on their location.  
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Figure 17. Top two regions matched with each population from scRNAseq data. 

For each of the five populations from the scRNAseq data, top two matched regions were produced 

on spatial transcriptomics. The results showed that while all five populations had ILF as one of 

the top matched regions, the other top matched regions differed for monocytes, the immature 

macrophages (CD11c-IM and CD206-IM), CD11c-macrophages, and CD206-macrophages. 
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Figure 18. Immunofluorescence Staining of CD11c- and CD206-macrophages. 

Immunofluorescence staining of CD11c- and CD206-macrophages on a frozen section of mouse 

colon. Arrow represents CD11c-macrophages, while asterisk represents CD206-macrophages. 

Scale bar represents 50µm. 
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Discussion 

Despite the advancements in the next-generation sequencing, no studies so far have characterized 

the different LP macrophage populations within the mouse colon. Therefore, in this study, I 

utilized both the single-cell RNA sequencing and spatial transcriptomics to characterize the 

transcriptomes and the locations of four distinct LP macrophage populations in homeostatic 

conditions.  

 

The CD11c-macrophages, which has been described in previous studies [20, 53], expressed high 

levels of MHCII-related genes, including Cd74, H2-Eb1, H2-Ab1, and Ctss [33-35], and were 

enriched for antigen-presenting pathways and processes. This was in line with their location, as 

one of the top two matched regions for this population was the proximal epithelium. Considering 

that each spot on Visium analysis consists of up to ten cells (kb.10xgenomics.com), and that the 

intestinal epithelium is composed of a single layer of epithelial cells [55], it is probable that the 

epithelium region on the spatial transcriptomics data contains not only the epithelial cells, but also 

the cells located right underneath the epithelial layer. This would mean that CD11c-macrophages 

are likely to be located right underneath the intestinal epithelium. This, coupled with their high 

expressions of antigen presentation-related genes, suggests that they are the population of 

macrophages that are responsible for sampling the luminal antigens, which is one of the major 

functions of intestinal macrophages [2, 4, 56]. The CD11c-macrophages also seem to interact 

closely with adaptive immune cells. Especially, they were enriched for induction of Th17 cells, 

which has been shown to promote intestinal health through production of cytokines such as IL-

17 and IL-21[57]. 

 

The CD206-macrophages, though to a lower extent compared to the CD11c-macrophages, also 

expressed high levels of MHCII-related genes. However, none of the MHCII-related genes were 

among the top expressed genes for this population. Instead, the top expressed genes included an 

array of anti-inflammatory and pro-tissue repair genes in Cd163, Wwp1, Pf4, and Igf1 [36-38], as 

well as Selenop, Maf, and Ctsc, which are associated with defense [39-41]. This suggests that the 
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primary functions of this population is to maintain inflammation anergy that is characteristic of 

intestinal macrophages [3, 5], while also contributing to intestinal immunity though the 

expression of defensive genes. The high expression of MHCII-related genes also suggests that 

while antigen presentation may not be the primary function of the CD206-macrophages, they still 

reserve high antigen presenting potential. This population being matched to the proximal lamina 

propria on spatial transcriptomics data denotes that it is located closer to the base of the lamina 

propria than the CD11c-macrophages.  

 

The two populations of immature macrophages were novel findings, as the immature 

macrophages have not yet been characterized beyond by their expressions of a handful of surface 

markers [1, 11]. Interestingly, the two immature macrophage populations both expressed high 

levels of Nfkbia, Tnfaip3, and Socs3, which transcribe for the anti-inflammatory inhibitors IκBα, 

A20, and SOCS3, respectively. Their transcripts were low or absent in the monocyte, CD11c-, 

and CD206-macrophage populations, suggesting that the high expressions of genes for the anti-

inflammatory inhibitors are characteristics of immature macrophages. 

 

IκBα is an inhibitor of NF-κB, which regulates the expressions of various pro-inflammatory 

cytokines, chemokines and other mediators [58, 59]. In the canonical NF-κB signaling pathway, 

IκBα is degraded to free NF-κB dimers, allowing them to translocate to the nucleus to initiate 

inflammatory gene transcription [58]. An excessive activation of NF-κB has been shown to be 

involved in colitis and Inflammatory Bowel Disease (IBD) [60], and therefore, IκBα has been a 

protein of interest for the resolution of such conditions. In fact, glucocorticoids, which is 

commonly used to treat the symptoms of IBD [61], acts by stabilizing cytosolic IκBα and 

therefore preventing its degradation [62]. In addition, one study found intestinal stromal factor-

induced expression of IκBα to be responsible for the inflammation anergy of intestinal 

macrophages [63]. 

 

A20 is another inhibitor of NF-κB [64] that has the ability to either remove or ligase ubiquitin on 
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its targets [65]. Through ubiquitination, A20 induces the degradation of Receptor-interacting 

protein kinase 1 (RIP1), an important signaling molecule that is necessary for the activation of 

NF-κB [66]. It can also deubiquitinate signaling molecules within the NF-κB signaling cascade 

downstream of TLR4 and NOD2 to obstruct inflammatory responses [64]. In terms of intestinal 

health, multiple studies have reported aberration of A20 expression to correlate with more severe 

colitis [67-70].  

 

SOCS3 is a member of the SOCS protein family who are intercellular regulators of cytokine 

expression that mainly regulate the Janus kinase/signal transducer and activator of transduction 

(JAK/STAT) pathway [71]. SOCS3 inhibits STAT3 activation to prevent their downstream 

signaling, thereby inhibiting the expressions of major inflammatory genes [72-74]. Increased 

expressions of SOCS3 has been described in mouse IBD models, where it works to limit the extent 

of the inflammation [75].  

 

As such, all of IκBα, A20, and SOCS3 are heavily implicated in downregulating inflammatory 

responses and the alterations of these proteins in colitis has been reported as well. Therefore, it is 

possible that these proteins play a crucial role in achieving the diminished inflammatory 

characteristic of intestinal macrophages. As the expressions of genes for these proteins are 

expressed almost exclusively in the immature macrophage populations, it is possible that the 

immune tolerance displayed by the intestinal macrophages first occur while they are still at their 

immature states.  

 

As such, I have characterized the four macrophage populations residing within the mouse colon 

lamina propria. Though the four population shared many characteristics, I was able to investigate 

the transcriptomic and spatial differences between each population. I believe that this data could 

serve as a reference to future studies on lamina propria macrophages, as data at homeostatic 

conditions are necessary to observe differences during various conditions. With both 

transcriptomic and spatial data, more specific differences could be observed. 
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국문 초록 

단일세포 RNA 염기서열과 공간전사체 

분석을 이용한 마우스 대장 점막고유층 

큰포식세포의 특성 연구 

 

차세대 서열 분석 (next-generation sequencing)의 발전에도 불구하고, 마우스 대장의 

점막고유층에 존재하는 큰포식세포의 전장 전사체 분석은 아직 이루어지지 않았다. 

큰포식세포 (intestinal macrophage)는 장에서의 염증, 암 등의 다양한 상태에 관여하기 

때문에, 이러한 조건에서 추출한 데이터와 비교할 때 비교 대상으로 사용할 항상성 

조건에서의 큰포식세포의 특성을 확립할 필요가 있다. 이를 위하여 단일 세포 RNA 

염기서열과 공간전사체 분석을 활용하여 마우스 대장 점막고유층 내 큰포식세포의 

전사체와 위치를 조사하였다. 장내 큰포식세포에 대한 참조 전사체 데이터세트가 

부족하기에, 단일 세포 RNA 염기서열 결과에서 특이 발현 유전자와 다양한 세포 유형에 

대해 이미 알려진 마커의 발현 패턴을 살펴 수동으로 주석을 달았으며, 네 개의 

큰포식세포 집단을 찾았다. 상피에 근접하게 위치한 Itgax (CD11c) 발현이 높은 

큰포식세포 집단 (CD11c-큰포식세포 집단)은 Cd74와 H2-Eb1을 비롯한 항원 제시와 

관련된 유전자를 높게 발현했으며, 적응면역과 관련된 과정 (processes)와 크게 

관련되어 있었다. 따라서 이 집단은 항원 제시와, 장 건강에 기여하는 것으로 알려진 

Th17 적응면역 세포의 분화를 유도하는 역할을 한다고 유추할 수 있었다. 또 하나의 

Mrc1 (CD206)를 높이 발현하는 큰포식세포 집단(CD206-큰포식세포 집단)은 

점막고유층의 기저부에서 더 가깝게 위치하였고, Cd163과 Selenop 등의 항염증 및 

방어에 관련된 유전자를 높게 발현하였다. 따라서 이 집단은 면역 내성을 유지하는 

동시에 장내 면역에도 기여한다는 것을 유추할 수 있었다. 다른 두 큰포식세포 집단은 

둘 다 미성숙 큰포식세포 집단으로, 각각 CD11c-와 CD206-큰포식세포 집단의 
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전구체임을 궤적분석 (trajectory analysis)와 참조 기반 주석 (reference-based 

annotation)을 통해 확인하였다. 아직 미성숙 큰포식세포의 유전적 특성은 연구되어 

있지 않기에, 처음으로 두 미성숙 큰포식세포 집단이 공통으로 억제 단백질 IκBα, A20와 

SOCS3에 대한 유전자인 Nfkbia, Tnfaip3와 Socs3를 높게 발현하는 것을 밝혔다. 또한, 

두 미성숙 큰포식세포 집단에서는 다른 두 큰포식세포 집단에서는 발현이 낮았던 TNF와 

IL-1β를 비롯한 염증성 사이토카인에 대한 유전자의 발현도 높았기에, 이를 통하여 앞서 

언급한 Nfkbia, Tnfaip3와 Socs3의 발현이 장내 성숙한 큰포식세포에서 관찰되는 면역 

내성을 달성하는데 기여한다고 추측할 수 있다. 본 연구를 통해 도출된 결과는 장에서의 

다양한 상태에서의 데이터와 비교하기 위한 참조 전사체로서 가치가 있을 것으로 

판단한다. 

 

------------------------------------------------------------- 

주요어: 장 큰포식세포, 미성숙 큰포식세포, 전사체 분석, 단일세포 RNA 염기서열, 

공간전사체 
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