iIScience

¢? CellPress

OPEN ACCESS

Single-cell RNA sequencing uncovers the
individual alteration of intestinal mucosal
immunocytes in Duspé knockout mice

Isolation of intestinal CD45+ cells

Sequencing of Generation of

é § ~ CD45+ individual cell gene-cell matrix
o ¢ (@ D6KO
g é 0) = WW wWT
o —(®Co @ \\\—>
§ L . 7 e @ /\/\/\’_'

v Epithelium

v Lamina propria ( N )

L Cell type annotation )

ImmGen database
T R Compositional
oo - o~ alterations of
2> § ki ¥ (e individual cell in
gc % the intestine of
S D6KO mice

17 cell types

73 subtypes #

{ Differentially expressed genes }

= GO
0 .2 =a L
EQ KEGG 7 5
_Q @ . '..',
=5 modPhEA <4\

1]

Transcriptional
alterations of
individual cell in
the intestine of
D6KO mice

£3

ET AR —====7

9 & N :

o et

= =) Lo %

s 27T e ¥ n&

o9 % o B0

£3 ) b, N v Epithelium

=32 ‘ :+Lamina propria
v Peyer's patches

Identification of
critical gene of
individual cell in
the intestine of
D6KO mice

Cherng-Shyang
Chang, Wen-
Hsuan Yu, Chang-
Chao Su, ...,
Hsuan-Cheng
Huang, Hsueh-Fen
Juan, Cheng-Yuan
Kao

chengyuankao@nhri.edu.tw

Highlights

An scRNA-seq dataset

includes CD45" cells of
epithelium and lamina

propria from mice

The D6KO-derived
intestinal leukocytes tend
to stay inactivate or
immature status

D6KO in leukocytes may
link to certain previously
non-immune-related
diseases

Down-regulation of
CCL17 gene was found in
D6KO-derived dendritic
cells

Chang et al., iScience 25,
103738

February 18, 2022 © 2022 The
Author(s).
https://doi.org/10.1016/
j.isci.2022.103738



mailto:chengyuankao@nhri.edu.tw
https://doi.org/10.1016/j.isci.2022.103738
https://doi.org/10.1016/j.isci.2022.103738
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.103738&domain=pdf

iIScience ¢? CellP’ress

OPEN ACCESS

Single-cell RNA sequencing uncovers

the individual alteration of intestinal mucosal
immunocytes in Duspé knockout mice

Cherng-Shyang Chang,’'? Wen-Hsuan Yu,?'? Chang-Chao Su,*'° Jhen-Wei Ruan,” Chiao-Mei Lin,’

Chih-Ting Huang," Yi-Ting Tsai,’ I-Jung Lin," Chao-Yang Lai,"> Tsung-Hsien Chuang,” Wen-Jye Lin,’
Tse-Hua Tan,’ Hsuan-Cheng Huang,® Hsueh-Fen Juan,?’-8 and Cheng-Yuan Kao'!-%11*

SUMMARY

Single-cell RNA sequencing (scRNA-seq) approach can broadly and specifically
evaluate the individual cells with minimum detection bias. To explore the individ-
ual compositional and transcriptional alteration of intestinal leukocytes in the
Dual Specificity Phosphatase six knockout (D6KO) mice, we performed a
scRNA-seq followed by the cell type annotation based on InmGen database.
Composition assessments found that D6KO-derived intestinal leukocytes tend
to stay inactivate or immature status. The enrichment analysis showed that
D6KO-derived intestinal leukocytes are less sensitive to microbes. The mod
PhEA phenotypic analysis showed that the D6KO leukocytes may link to not
only immune-associated but also diverse previously non-immune-related dis-
eases. Integrating our dataset with the published dataset GSE124880 generated
a comprehensive dataset for exploring intestinal immunity. Down-regulation of
Ccl17 gene was found in the D6KO-derived dendritic cells. Our results demon-
strated the advantage of applying scRNA-seq for dissecting the individual alter-
ation of intestinal leukocytes, particularly in the D6KO mice at a naive state.

INTRODUCTION

The gut is constantly challenged by diverse environmental stimuli such as pathogenic/commensal micro-
organisms, dietary products, and inorganic materials and it has been considered as the largest immune or-
gan in the human body. Besides a single layer of intestinal epithelial cells (IECs) providing a separate
anatomical barrier protection, the gutis also equipped with an extremely complex, intrinsicimmune system
comprising intraepithelial lymphocytes (IELs), lymphocytes located immediately below the epithelial layer
in the lamina propria (LPLs) and intestinal specific organized lymphoid structures, Peyer’s patches (PPs). Be-
sides T and B lymphocytes providing adaptive immune responses, the innate immune cells (e.g., dendritic
cells (DCs), monocytes/macrophages and the recently identified heterogeneous groups of innate
lymphoid cells (ILCs) also contribute substantially to maintaining intestinal homeostasis.

The traditional antibody-based or gene-expression-based approaches in analyzing immune cell types in
tissues such as intestines have some limitations due to certain shortcomings of the methodology. The his-
tological analysis of immunohistochemistry or immunofluorescence staining and the breakthrough of
three-dimensional imaging techniques have facilitated the understanding of the distribution of specific im-
mune cell types located in diverse layers of intestinal tissues. However, the limited choice of antibodies
and/or finite color channels of staining naturally restricts the number of target cells to be identified in
one tissue section. These limitations also exist similarly in the flow cytometry approaches in which the cells
are targeted by antigen-antibody reactions. Importantly, the antibody being pre-selected that might result
in the misleading interpretation due to the bias of narrowed targets is indeed considered as the Achilles
heel of these antibody-based approaches. While the quantitative reverse transcription PCR (RT-qPCR) is
widely used for determining the mRNA expression of genes in tissue, this approach is also confined to
certain pre-selected genes that are targeted by primers and lacks the information of each type of cells.
Furthermore, transcriptome analysis based on bulk RNA-seq is not sufficient to assess the gene expression
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Figure 1. The scRNA-seq analysis with InmGen-based annotation reveals the compositional rearrangement of intestinal CD45™ cells in Duspé
knockout mice

(A) The workflow of scRNA-seq analysis for analyzing intestinal CD45" leukocytes. The intestinal CD45" cells from wild-type and Duspé knockout mice were
isolated using MACS followed by FACS, and further analyzed with scRNA-seq according to the guideline of 10X Genomics. The generating matrix of gene
counts versus cells were processed through serial steps including quality control and filtering, feature selection, library integration, clustering and cell-type
annotation. A subsequent differential expression analysis identified the up- and down-regulated differential expressed genes in single-type of cell, which
were further annotated by Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis and model organism phenotype enrichment
analysis (modPhEA).

(B) The t-distributed stochastic neighbor embedding (t-SNE) plots of cells were annotated by ImnmGen database.

(C) Composition of each type of intestinal CD45" cells in wild-type or Duspé knockout mice.

(D) Statistical power of test by comparing the composition of each type of immune cells between wild-type and Duspé knockout. The dot lines indicate the
p = 0.05, Fisher exact test.

See also Figures S1-5S6, Tables 1 and S1.

technological advances in single-cell mRNA sequencing (scRNA-seq) have provided exciting tools for sin-
gle-cell level description of the cellular diversity and enabled identification of distinct cell types in various
tissues (Papalexi and Satija, 2018). The gene expression signature, differentiation profiling, and response
toward the gut microbiota therefore could be assessed within distinct cell types from intestinal tissue
(Haber et al., 2017).

Dual-specificity phosphatase 6 (Duspé), a negative feedback modulator of the mitogen-activated protein
kinase (MAPK) pathway, has been found to be involved in the regulation of certain immune cells. For
example, the CD4'T cells isolated from peripheral blood, spleen, lymph nodes and Peyer's patch of
Duspé knockout mice were shown to have increased proliferation, T helper one differentiation, IFN-g
and IL-21 production, accompanied by decreased survival, regulatory T cell function and IL-17A secretion
(Bertinetal., 2015; Hsu et al., 2018; Li et al., 2012). However, whether the deficiency of Duspé gene affected
the other type of immune cells remains largely unclear. Moreover, the effects of Duspé knockout on the
immune cells that resided within the intestinal epithelium and lamina propria are still unclear. While we
have previously performed a gut transcriptome analysis by bulk RNA-seq and demonstrated that the im-
mune system regulation in particularly lymphocytes regulation and T cell differentiation could be mediated
by Duspé elimination under high-fat diet stimulation (Ruan et al., 2016), the effect of Duspé elimination on
the intestinal immune cells at a naive state has still not been found potentially due to the limitations
mentioned above regarding the bulk RNA-seq transcriptome analysis in whole tissue.

To assess whether Duspé deficiency exerts alteration to intestinal immune cells specifically, we further
applied this state-of-art scRNA-seq with 10X Genomics platform in Duspé-knockout (D6KO) mice and litter-
mate wild-type (WT) control mice under chow diet. The intestines of wild-type and Duspé-knockout mice
(11 weeks old) were harvested and the live intestinal immune cells from the intraepithelial compartment
and the lamina propria were collected with CD45" marker by magnetic-activated cell sorting (MACS)
Microbeads and fluorescence-activated cell sorting (FACS) for downstream 10X Genomics Chromium Sin-
gle Cell 3’ Solution. A computational analysis based on the ImmGen database followed by the enrichment
analysis of gene ontology, biological pathways, and phenotypes was carried out to elucidate the effects of
Duspé elimination on diverse immune cells that lived in the small intestine.

RESULTS

Duspé knockout induces the compositional changes of mucosal immune cells resided within
the epithelium and lamina propria of the small intestine

To investigate the effects of Duspé knockout on intestinal immune homeostasis, the CD45" leukocytes
residing within the intraepithelial compartment and lamina propria of the small intestine in WT and
D6KO mice were isolated. Since Peyer's patches’ immune functions could be significantly different from
the intraepithelial compartment and lamina propria, they were not included for this scRNA-seq analysis
and hence here intestinal immune cells refer to the intraepithelial compartment and lamina propria im-
mune cells. After a single-cell RNA sequencing, a total of 27,998 genes were identified in 7,904 cells
(3,996 cells in WT and 3,908 in D4KO) (Figure 1A). The visualization results displayed a segregated distri-
bution of WT and D6KO cells, suggesting that the deviation existed between WT and D6KO in the orig-
inal/unprocessed dataset (Figure STA). To address the potential bias within the raw data, the generated
gene-cell matrix was processed through serial steps including quality control (QC), filtering, normalization,
and feature selection (Figures S1B-S1D).After data integration and dimensionality reduction, the
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Table 1. Main types of CD45*immunecells resided in intestinal epithelium and lamina propria of WT and D6KO mice

Celltype WT (3760 cells) D6K (3660 cells) WT (%) D6KO (%) Deviation Odds ratio pValue Assessment?
Tgd 3176 3132 84.47% 85.57% 1.11% 0.92 0.1825 1
CD8+T cell 124 108 3.30% 2.95% —0.35% 1.12 0.4235 |
Macrophage 93 102 2.47% 2.79% 0.31% 0.88 0.4249 1
DC 121 73 3.22% 1.99% —-1.22% 1.63 0.0010 1l
B cell 96 82 2.55% 2.24% —-0.31% 1.14 0.4042 |
NKT 20 62 0.53% 1.69% 1.16% 0.31 0.0000 T
NK cell 40 24 1.06% 0.66% —0.41% 1.63 0.0603 |
CD4+T cell 24 31 0.64% 0.85% 0.21% 0.75 0.3438

Treg 19 21 0.51% 0.57% 0.07% 0.88 0.7522 =
ILC1 20 13 0.53% 0.36% —0.18% 1.50 0.2966 |
ILC2 10 4 0.27% 0.11% —0.16% 2.44 0.1797 |
Monocyte 6 7 0.16% 0.19% 0.03% 0.83 0.7878 =
ILC3 5 0 0.13% 0.00% —-0.13% INF 0.0625 l
Other T cell 2 0 0.05% 0.00% —0.05% INF 0.5000 ND
Neutrophil 2 0 0.05% 0.00% —0.05% INF 0.5000 ND
Mast cell 1 1 0.03% 0.03% 0.00% 0.97 1.0000 ND
Basophil 1 0 0.03% 0.00% —0.03% INF 1.0000 ND

D6KO, Duspé knockout; INF, infinite; ND, not determined; WT, wild-type.

See also Figures 1 and S1-5S6 and Table S1.

®Assessment rules: ND, not determined due to insufficiency of sample size (total counts <5) that could be resulted from low isolation rate and/or identification
limitation; =, no difference reflected by a value of Deviation between —0.1 and 0.1%; 1, a trend of increase with no statistical significance; |, a trend of decrease
with no statistical significance; 11, significant increase; | |, significant decrease.

visualization results showed a nicely overlapping of the distribution of WT and DéKO cells (Figure ST1E),
indicating that the gene-cell matrix was thoroughly cleaned and normalized. A subsequent graph-based
clustering was performed (Figure S1F), and approximately 14 clusters were identified. Several clusters
showed the significant difference between WT and D6KO cells (Figures S1G and S1H and Table S1); how-
ever, the biological importance of these differences is unknown due to the lack of information on the cell
type or a possible error resulting from inappropriate classification.

To classify each cell type, we further performed a SingleR (single-cell recognition) computational analysis
based on the ImmGen (Immunological Genome Project) reference set (Jojic et al., 2013; Robinette et al.,
2015). Among the 14 clusters, 17 main cell types including Tgd (6,308 cells), CD8"T cells (232 cells), mac-
rophages (195 cells), DC (194 cells), B cells (178 cells), NKT (82 cells), NK cells (64 cells), CD4*T cells (55
cells), Treg (40 cells), ILC1 (33 cells), ILC2 (14 cells), monocytes (13 cells), ILC3 (5 cells), other T cells (2 cells),
neutrophils (2 cells), mast cells (2 cells) and basophils (1 cell) were assigned (Figure 1B, S2A and S2C). The
distribution of each cell type was further verified by specific markers according to the PanglaoDB (Franzen
etal., 2019) (Figure S3). However, diverse cell types were found within the same cluster in the 2-dimensional
plot. For example, the macrophage and DC were co-distributed within Cluster 10, and NKT, CD4*T cells,
Treg, and ILC1 were co-localized within Cluster 8. A subsequent permutational multivariate ANOVA
(PERMANOVA) test demonstrated that these cells were mostly separable and distinguishable in each Clus-
ter (Figures S4 and S5). In addition, the heatmap of marker gene expression revealed that the gene expres-
sion pattern was different within the phagocytes (Figure S6). These evidences indicated that the cell anno-
tation is successful and suitable for the following analysis.

Because of the low isolation rate and/or identification limitation, it was insufficient to evaluate the alteration
of Basophils, Mast cells, Neutrophils, and other T cells underDuspé knockout (Figures 1C, 1D and Table 1).
We found that the composition of DC was significantly decreased in D6KO mice as compared with that in
WT mice while no notable change of the composition of Treg and Monocytes were found between WT and
D6KO mice. Other immunocytes such as CD8'T cells, ILC1, ILC2, ILC3, B cells, and NK cells also showed a
trend of decreasing in their composition in D6KO mice compared with that in WT mice. In contrast, the

4 iScience 25, 103738, February 18, 2022
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Figure 2. Subpopulation of intestinal CD45™* cells are altered in Duspé knockout mice
Donut plots show the relative abundance of subtyped cells in the main type of intestinal CD45" leukocytes isolated from
wild-type and Duspé knockout mice. D6KO, Duspé gene knockout; WT, wild-type. See also Table 2.

proportion of NKT cells was significantly increased in D6KO mice. The Tgd, macrophages and CD4*T
cells also showed a trend of increased composition in D6KO mice as compared with that in WT mice.
These results suggest that Duspé deficiency induces the compositional rearrangement of intestinal
immune cells.

Duspé knockout alters the activation status of mucosal immune cells in the small intestine
The Tgd cells, a dominant type of immunocytes residing in the intestinal epithelium in mice (Olivares-Vil-
lagomez and Van Kaer, 2018), were largely isolated and identified. However, only a slight difference of the
abundance of Tgd cells was found between WT and D4KO mice. We further questioned whether the
compositional change affected by Duspé knockout could be observed at the subtype levels. According
to the ImmGen database, we found that the Tgd.VG5- (immature) cells were significantly increased in
D6KO mice compared with WT mice (Figure 2; and Table 2). In contrast, the Tgd.VG5+ (mature) and
Tgd.VG5+.ACT (mature and active) cells were decreased in D6KO mice. It has been known that the TCR
gene Vg5 are expressed upon Tgd maturation in secondary lymphoid tissue (Xiong et al., 2008), and there-
fore the impoverishment of Vg5+ cells and enrichment of Vg5-cells that observed in D6KO mice indicate an
attenuated maturation level of Tgd in the intestine of D6KO mice.

The population of macrophages was slightly increased in the D6KO mice as compared with WT mice. By
analyzing the composition at the subtype level, we found this increase was mainly due to the enrichment
of MF.103-11B+ cells, a relatively non-infected/stimulated macrophage in the ImmGen dataset(Figure 2;
and Table 2). In contrast, the MF.103-11B+.SLAM3 cells, another MF.103-110+ subset that had been stim-
ulated by a 3-day infection of Salmonella typhimurium, was decreased in D6KO mice. These changes led to
a higher inactivate-to-activate ratio of MF.103-110+ cells in D6KO mice (ratio = 5.10) as compared with that
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Table 2. Subtypes of CD45" immune cells resided in intestinal epithelium and lamina propria of WT and D6KO mice

Cell counts % of CD45+ cell % of main type
Deviation Odds Deviation Odds

Subtype WT D6KO WT (%) D6KO (%) (%) Assessment® ratio p-value WT (%) D6KO (%)< (%) Assessment® ratio  p-value
Tgd (3176 cells in WT; and 3132 cells in D6KO)
Tgd.VG5- 291 551 7.74 15.05 7.32 Wi 211  0.0000 9.16 17.59 8.43 Wi 2.12  0.0000
Tgd.VG5+ 1530 1327 40.69 36.26 -4.43 1 0.83 0.0001 48.17 42.37 -5.80 1l 0.79 0.0000
Tgd.VG5+.ACT 1334 1230 35.48 33.61 -1.87 l 0.92 0.0921 42.00 39.27 -2.73 ) 0.89 0.0275
Tgd.VG2+ 16 22 0.43 0.60 0.18 T 1.42 0.3306  0.50 0.70 0.20 1 1.40 0.3324
Tgd.mat.VG2+ 4 1 0.11 0.03 -0.08 = 0.26 0.3751 0.13 0.03 -0.09 = 0.25 0.3749
Tgd.imm.VG1+ 0 1 0.00 0.03 0.03 ND INF 0.4933 0.00 0.03 0.03 ND INF 0.4965
Tgd.mat.vg3 1 0 0.03 0.00 -0.03 ND 0.00 1.0000 0.03 0.00 -0.03 ND 0.00 1.0000
CD8+T cell (124 cells in WT; and 108 cells in D6KO)
T.8NVE.OT1 1 0 0.03 0.00 -0.03 ND 0.00 1.0000 0.81 0.00 -0.81 ND 0.00 1.0000
T.8EFF.OT1.12HR.LISOVA 62 34 1.65 0.93 -0.72 1l 0.56 0.0073 50.00 31.48 -18.52 Ll 0.46 0.0050
T.8EFF.OT1.24HR.LISOVA 12 9 0.32 0.25 -0.07 = 0.77 0.6638 9.68 8.33 -1.34 1 0.85 0.8203
T.8EFF.OT1.48HR.LISOVA 4 2 0.11 0.05 -0.05 = 0.51 0.6875 3.23 1.85 -1.37 l 0.57 0.6880
T.8EFF.OT1.D10LIS 7 17 0.19 0.46 0.28 T 2.50 0.0406 5.65 15.74 10.10 T 3.12 0.0163
T.8MEM.OT1.D45.LISOVA 28 34 0.74 0.93 0.18 1 1.25 0.4445 22.58 31.48 8.90 1 1.58 0.1388
T.8EFF.TBET-.OT1LISOVA 0 1 0.00 0.03 0.03 ND INF 0.4933 0.00 0.93 0.93 ND INF 0.4655
T.8Mem 1 0.00 0.03 0.03 ND INF 0.4933 0.00 0.93 0.93 ND INF 0.4655
T.8NVE 1 1 0.03 0.03 0.00 ND 1.03 1.0000 0.81 0.93 0.12 ND 1.15 1.0000
T.CD8.1H 9 8 0.24 0.22 -0.02 = 0.91 1.0000 7.26 7.41 0.15 1 1.02 1.0000
T.CD8.5H 0 1 0.00 0.03 0.03 ND INF 0.4933 0.00 0.93 0.93 ND INF 0.4655
Macrophage (93 cells in WT; and 102 cells in D6KO)
MF.103-11B+ 26 51 0.69 1.39 0.70 T 2.03 0.0028  27.96 50.00 22.04 T 2.58 0.0020
MF.103-11B+.SALM3 18 10 0.48 0.27 -0.21 l 0.57 0.1852 19.35 9.80 -9.55 l 0.45 0.0673
MF.103-11B+24- 1 0 0.03 0.00 -0.03 ND 0.00 1.0000 1.08 0.00 -1.08 ND 0.00 0.4769
MF.103CLOSER 6 5 0.16 0.14 -0.02 = 0.86 1.0000 6.45 4.90 -1.55 l 0.75 0.7598
MF.11CLOSER 17 14 0.45 0.38 -0.07 = 0.85 0.7203 18.28 13.73 -4.55 l 0.71 0.4359
MF.11CLOSER.SALM3 22 17 0.59 0.46 -0.12 l 0.79 0.5228 23.66 16.67 -6.99 l 0.65 0.2824
MF.169+11CHI 3 0.05 0.08 0.03 = 1.54 0.6833 2.15 2.94 0.79 1 1.38 1.0000
MF.11+480LO 0 1 0.00 0.03 0.03 ND INF 0.4933 0.00 0.98 0.98 ND INF 1.0000
MF.SBCAPS 1 1 0.03 0.03 0.00 ND 1.03 1.0000 1.08 0.98 -0.09 ND 0.91 1.0000

(Continued on next page)
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Table 2. Continued (—,)-
Cell counts % of CD45+ cell % of main type 9_
Deviation Odds Deviation Odds g
Subtype WT D6KO WT (%) D6KO (%) (%) Assessment® ratio p-value WT (%) D6KO (%)< (%) Assessment® ratio  p-value (o]
DC (121 cells in WT; and 73 cells in D6KO) ‘D
DC 10 5 0.27 0.14 -0.13 1 0.51 0.3019  8.26 6.85 -1.42 1 0.82 0.7888
DC.103+11B- 5 4 0.13 0.11 -0.02 = 0.82 1.0000 413 5.48 1.35 1 1.34 0.7310
DC.103-11B+24+ 16 6 0.43 0.16 -0.26 1 0.38 0.0526 13.22 8.22 -5.00 1 0.59 0.3543
DC.8+ 6 3 0.16 0.08 -0.08 = 0.51 0.5079 4.96 4.1 -0.85 | 0.82 1.0000
DC.8- 1 0 0.03 0.00 -0.03 ND 0.00 1.0000 0.83 0.00 -0.83 ND 0.00 1.0000
DC.8-4-11B+ 6 0 0.16 0.00 -0.16 1l 0.00 0.0313 4.96 0.00 -4.96 1l 0.00 0.0851
DC.8-4-11B- 12 3 0.32 0.08 -0.24 1l 0.26 0.0352 9.92 4.11 -5.81 1l 0.39 0.1734
DC.LC 2 0 0.05 0.00 -0.05 ND 0.00 0.5000 1.65 0.00 -1.65 ND 0.00 0.5282
DC.PDC.8+ 50 39 1.33 1.07 -0.26 | 0.80 0.3373 41.32 53.42 12.10 1 1.63 0.1052
DC.PDC.8- 13 13 0.35 0.36 0.01 = 1.03 1.0000 10.74 17.81 7.06 1 1.80 0.1933
B cell (96 cells in WT; and 82 cells in D6KO)
B.CD19CONTROL 6 8 0.16 0.22 0.06 = 1.37 0.6024 6.25 9.76 3.51 1 1.62 0.4157
B.FrE 1 0 0.03 0.00 -0.03 ND 0.00 1.0000 1.04 0.00 -1.04 ND 0.00 1.0000
B.T3 0 1 0.00 0.03 0.03 ND INF 0.4933 0.00 1.22 1.22 ND INF 0.4607
B.FO 0 7 0.00 0.19 0.19 1 INF 0.0071 0.00 8.54 8.54 1 INF 0.0038
B.GC 3 1 0.08 0.03 -0.05 ND 0.34 0.6250 3.13 1.22 -1.91 ND 0.38 0.6255
B.FrF 1 0 0.03 0.00 -0.03 ND 0.00 1.0000 1.04 0.00 -1.04 ND 0.00 1.0000
B.MEM 0 1 0.00 0.03 0.03 ND INF 0.4933 0.00 1.22 1.22 ND INF 0.4607
B.MZ 1 0 0.03 0.00 -0.03 ND 0.00 1.0000 1.04 0.00 -1.04 ND 0.00 1.0000
B1A 84 64 2.23 1.75 -0.49 1l 0.78 0.1361 87.50 78.05 -9.45 | 0.51 0.1099
NKT (20 cells in WT; 62 cells in D6KO)
NKT.4+ 11 27 0.29 0.74 0.45 11 253 00086 5500  43.55 11.45 ! 0.63  0.4436
NKT.4- 4 20 0.11 0.55 0.44 T 5.16 0.0008 20.00 32.26 12.26 1 1.90 0.4005
NKT.44+NK1.1+ 5 14 0.13 0.38 0.25 T 2.88 0.0388  25.00 22.58 -2.42 l 0.88 1.0000
NKT.44+NK1.1- 0 1 0.00 0.03 0.03 ND INF 0.4933 0.00 1.61 1.61 ND INF 1.0000
NK cell (40 cells in WT; 24 cells in D6KO)
LPL.NCR+CNK 15 13 0.40 0.36 -0.04 = 0.89  0.8507 37.50  54.17 16.67 1 197 0.2073 %
NK.DAP10- 25 11 0.66 0.30 -0.36 1l 0.45 0.0289 62.50 45.83 -16.67 1l 0.51 0.2073 % O
CD4+T cell (24 cells in WT; and 31 cells in D6KO) E %
T.4EFFA9D+11A+.D8.LCMV 0 2 0.00 0.05 0.05 ND INF 0.2433 0.00 6.45 6.45 ND INF 0.4990 (:(% #
T.AMEM44H62L 4 7 0.1 0.19 0.08 = 1.80 0.3813 16.67 22.58 5.91 1 1.46 0.7385 a 8
)

(Continued on next page)
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Table 2. Continued

Cell counts % of CD45+ cell % of main type
Deviation Odds Deviation Odds

Subtype WT D6KO WT (%) D6KO (%) (%) Assessment® ratio p-value WT (%) D6KO (%)< (%) Assessment® ratio  p-value
T.4Mem 0 1 0.00 0.03 0.03 ND INF 0.4933 0.00 3.23 3.23 ND INF 1.0000
T.CD4.1H 1 0 0.03 0.00 -0.03 ND 0.00 1.0000 4.17 0.00 -4.17 ND 0.00 0.4364
T.CD4.5H 6 5 0.16 0.14 -0.02 = 0.86 1.0000 25.00 16.13 -8.87 | 0.58 0.5049
T.CD4.CTR 1 0 0.03 0.00 -0.03 ND 0.00 1.0000 4.17 0.00 -4.17 ND 0.00 0.4364
T.CD4TESTCJ 12 16 0.32 0.44 0.12 1 1.37 0.4524 50.00 51.61 1.61 1 1.07 1.0000
Treg (19 cells in WT; and 21 cells in D6KO)
T.4FP3+25+ 1 1 0.03 0.03 0.00 ND 1.03 1.0000 5.26 4.76 -0.50 ND 0.90 1.0000
T.Tregs 18 20 0.48 0.55 0.07 = 1.14 0.7462 94.74 95.24 0.50 1 1.1 1.0000
ILC1 (20 cells in WT; and 13 cells in D6KO)
LIV.ILC1.DX5- 4 1 0.11 0.03 -0.08 = 0.26 0.3751  20.00 7.69 -12.31 l 0.33 0.6253
LPL.NCR+ILC1 16 12 0.43 0.33 -0.10 l 0.77 0.5718  80.00 92.31 12.31 T 3.00 0.6253
ILC2 (10 cells in WT; and 4 cells in D6KO)
ILC2 10 4 0.27 0.11 -0.16 l 0.41 0.1797  100.00  100.00 0.00 ND ND 1.0000
Monocyte (6 cells in WT; and 7 cells in D6KO)
MO.6C+II- 6 6 0.16 0.16 0.00 = 1.03 1.0000 100.00 85.71 -14.29 l 0.00 1.0000
MO.6C-I1+ 0 1 0.00 0.03 0.03 ND INF 0.4933 0.00 14.29 14.29 ND INF 1.0000
ILC3 (5 cells in WT; and 0 cell in D6KO)
ILC3.LTI.4+ 1 0 0.03 0.00 -0.03 ND 0.00 1.0000  20.00 ND ND ND ND 1.0000
ILC3.LTI.CD4- 4 0 0.11 0.00 -0.11 ND 0.00 0.1250 80.00 ND ND ND ND 1.0000
Other T cells (2 cells in WT; and 0 cell in D6KO)
IFEE 2 0 0.05 0.00 -0.05 ND 0.00 0.5000 100.00 ND ND ND ND 1.0000
Neutrophil (2 cells in WT; and 0 cell in D6KO)
GN.ARTH 2 0 0.05 0.00 -0.05% ND 0.00 0.5000 100.00 ND ND ND ND 1.0000
Mast cell (1 cell in WT; and 1 cell in D6KO)
MC.ES 1 0 0.03 0.00 -0.03 ND 0.00 1.0000  100.00  0.00 -100.00 ND 0.00 1.0000
MC.TR 0 1 0.00 0.03 0.03 ND INF 0.4933 0.00 100.00 100.00 ND INF 1.0000
Basophils (1 cell in WT; and 0 cell in D6KO)
BA 1 0 0.03 0.00 -0.03 ND 0.00 1.0000  100.00 ND ND ND ND 1.0000

D6KO, Duspé knockout; INF, infinite; ND, not determined; WT, wild-type.

See also Figure 2.

®Assessment rules: ND, not determined due to insufficiency of sample size (total counts <5) that could be resulted from low isolation rate and/or identification limitation; =, no difference reflected by a value of

Deviation between —0.1 and 0.1%; 1, a trend of increase with no statistical significance; |, a trend of decrease with no statistical significance; 11, significant increase; | |, significant decrease.
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in WT mice (ratio = 1.44), and suggests that D6KO have a higher abundance of inactivated macrophages in
the lamina propria of the small intestine.

While the Duspé knockout showed a slight increase of CD4"T cells at the main type level, no notable
change was found at the subtype level. Interestingly, the significant decrease of main type CD8"T cells
by Duspé knockout could be attributed to the decrease of subtype T.8EFF.OT1.12HR.LISOVA, the effector
CD8T cells that were activated by Listeria for 12 h. In contrast, T.8EFF.OT1.D10LIS, the subtype CD8'T
cells that were activated by Listeria for 10 days, significantly increased in D6KO mice. These results reveal
that the Duspé knockout alters both short-term and long-term immune responses of intestinal CD8" cells in
clearance of the invasive pathogens.

The decrease in main type B cells of D6KO mice can be attributed to the decrease in subtype B1A cells, a
type of cells that can be linked to autoimmune diseases (Deng et al., 2016; Duan and Morel, 2006). Surpris-
ingly, the subtype B.FO cells were dramatically increased by Duspé deficiency. The decrease in main type
DC was mainly contributed by the decreases in subtype DC.103-11B+24+, DC.8-4-11B+ and DC.8-4-11B-
cells. In contrast, the proportion of subtype DC.103 + 11B-, DC.PDC.8+ and DC.PDC.8- cells among main
type DC were relatively increased in D6KO mice as compared with WT mice. Besides this, the number of all
subtypes of NKT cells in D6KO was increased as compared with WT mice, leading to the increases in their
percentage of isolated CD45" cells. However, the increase in the percentage of total NKT cells was only
observed in the subtype NKT.4- of D6KO mice compared with WT mice. The proportion of subtype
NKT.4+ and NKT.44 + NK1.1+ were relatively reduced in NKT cells underDuspé deficiency. The decrease
in the main type NK cells was primarily due to the decrease in the subtype NK.DAP10- cells, but relatively,
the proportion of LPL.NCR + CNK cells within total NK cells was increased in D6KO mice as compared with
WT mice. Together, these results suggest that Duspé deficiency alters the proportion of intestinal immune
cells, particularly the ratio of active and inactive subtype cells, which may affect the progress of certain im-
mune-associated diseases.

Duspé6 knockout alters the gene expression patterns of intestinal lymphocytes and
phagocytes

To understand the gene expression alteration effect of Duspé deficiency on the diverse intestinal immune
cells, we then analyzed the differentially expressed genes (DE-Gs) of each type of immune cells (Figure 3;
and Table S2) by Gene Ontology (GO) analysis (Figure 4; and Table S3). We found that the elimination of
Duspé in mice affected the differentiation-associated biological pathways in intestinal B cells and CD8*T
cells (Figure 4A; and Table S3). The Duspé deficient CD8'T cells also showed attenuated immune path-
ways, reflected by up-regulated negative regulation of T cell mediated cytotoxicity, and down-regulated
immune system process, immune response, response to virus and response to interferon-gamma. Similarly,
the D6KO-derived intestinal Tgd cells showed down-regulated pathways including adaptive immune
response and immune response. Interestingly, the up-regulation of pathway of cytokine production was
observed in both CD8"T cells and Tgd cells underDuspé deficiency. An additional Kyoto Encyclopedia
of Genes and Genomes (KEGG) analysis showed that the D6KO-derived intestinal CD8"T cells exhibited
the gene expression patterns of down-regulated influenza A, asthma and Legionellosis pathways, and
up-regulated HTLV-I infection and Measles pathways (Figure 4B; and Table S4). The D6KO-derived intes-
tinal Tgd cells also showed the down-regulation of KEGG pathway of influenza A like in D6KO-derived
CD8T cells, despite the measles pathway being down-regulated in D6KO-derived intestinal Tgd cells.
The T cell receptor signaling pathway was up-regulated in both CD8"T cells and Tgd cells underDuspé
deficiency, and both the Chemokine signaling pathway and HIF-1 signaling pathway were found to be
up-regulated in Duspé deficient Tgd cells. Of note, the hepatitis B and viral carcinogenesis pathways
were also up-regulated in Duspé knockout Tgd cells. Together, Duspé knockout interfered with the intes-
tinal lymphocytes, likely through the alteration of signaling, differentiation and immune pathways, and
could intervene in the response for infectious diseases.

The GO analysis also showed that the intestinal phagocytes including DC and macrophages attenuated
their immune response underDuspé deficiency (Figure 4C; and Table S3). The D6KO-derived DC showed
down-regulated pathways including cellular response to interleukin-1, chemokine-mediated signaling
pathway, cellular response to interferon-gamma and chemotaxis, and these changes were also consistently
observed in D6KO-derived macrophages. Moreover, the pathways that could be linked to the leukocyte
chemotaxis and migration function were also down-regulated in D6KO-derived macrophages,
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Figure 3. Differential expression genes are found in the intestinal immune cells of Dusp6 knockout mice as compared with wild-type mice
Smear plot of all differential expression genes (DE-Gs) with count per million reads (CPM) from Tgd, CD8*T cell, macrophage, DC and B cell. Up-regulated
DE-Gs are shown in red and down-regulated DE-Gs are shown in blue. Genes with False Discovery Rate (FDR) > 0.05 or log, fold change < 1.5 are defined

as not significant (NotSig) and shown in grey. See also Table S2.

accompanied with the down-regulation of several cytokine pathways including positive regulation of cyto-
kine secretion, positive regulation of interferon-gramma production, cellular response to tumor necrosis
factor, and positive regulation of tumor necrosis factor production. Of note, the D6KO-derived intestinal
macrophages showed down-regulated pathways such as response to lipopolysaccharide, cellular response
to lipopolysaccharide, lipopolysaccharide-mediated signaling pathway, defense response to bacterium,
toll-like receptor four signaling pathway, response to molecule of bacterial origin, and positive regulation
of phagocytosis. The KEGG analysis further showed that the pathways associated with bacterial, viral and
parasitic infections were down-regulated in D6KO-derived macrophages (Figure 4D; and Table S4). Thus,
the intestinal macrophages in the D6KO mice may have lower sensitivity in response to microbes. In
contrast, pathways of certain inflammatory diseases or syndromes including rheumatoid arthritis, inflam-
matory bowel disease (IBD), and insulin resistance were also down-regulated in D6KO-derived macro-
phages. A lower sensitivity of immune response in D6KO macrophages may also provide the benefits of
modulating certain inflammatory diseases.

Duspé knockout in intestinal immune cells links to phenotypes of mice

By using the single-cell RNA sequencing approach, we successfully evaluated the effects of Duspé
knockout on intestinal immune cells that we were previously not able to distinguish the difference due
to the technical limitation for whole-tissue lysate. This gave us a chance to further evaluate the possible
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Figure 4. GO and KEGG pathways reveal the alteration of inmune-associated pathways in the intestinal CD45™ cells from Duspé knockout mice
(A and C)GO biological pathways and (B and D) KEGG pathways analyses for up-regulated or down-regulated DE-Gs identified from intestinal lymphocytes
(B cell, CD8"T cell, and Tgd) and phagocytes (DC and macrophage) in Duspé knockout mice. Each GO or KEGG term is represented by a single circle, that
color indicates the-log10 p-values of the term, and the size is proportional to the gene counts. GO, Gene Ontology. KEGG, Kyoto Encyclopedia of Genes

and Genomes. See also Tables S3 and S4.

iScience 25, 103738, February 18, 2022 11




¢? CellPress

OPEN ACCESS

modPhEA Phenotypes

y (MP: 1)

limbs/digits/tail phenotype (MP:0005371)
muscle phenotype (MP:0005369)

pigmentation phenotype (MP:0001186)

piratory system (MP )

Up-regulated DEGs

Down-regulated DEGs

vision/eye phenotype (MP:0005391)

endocrine/exocrine gland phenotype (MP:0005379)
neoplasm (MP:0002006)
craniofacial phenotype (MP:0005382)

leprodumve system phenotype (MP:0005389)

L~

P cordiovascular system phenctype (MP:0005385)
\;
%& hemampolenc system phenotype (MP:0005397)
embryo phenotype (MP:0005380)
) / —
hearing/vestibular/ear phenotype (MP:0005377)
/ cellular phenotype (MP:0005384)
y

. homeostasis/metabolism phenotype (MP:0005376)

behavmr/neurclog\(al phenotype (MP 0005386)

skeleton phenotype (MP:0005390)
renal/urinary system phenotype (MP:0005367)
nervous system phenotype (MP:0003631)
liver/biliary system phenotype (MP:0005370)
integument phenotype (MP:0010771)

adipose tissue phenotype (MP:0005375)

Enriched Depleted
p=0.05 p=<001 ~——p=0.001 p=<005 -——p=0.01 ——p=<0.001

Figure 5. The modPhEA phenotypic analysis reveals the possible links between Duspé deficient immune cells and
diverse phenotypes and diseases

A total of 26 main modPhEA phenotypes are found to be linked with up-regulated or down-regulated DE-Gs of B cell,
CD8"T cell, DC, macrophage and Tgd underDuspé knockout. The phenotypes that significantly enriched or depleted by
DE-Gs of immune cell are highlighted in red. The Fisher's exact test is calculated for p-values. See also Table S5.

links of Duspé deficient immune cells toward the diseases or phenotypes in the body. We therefore applied
a model organism phenotype enrichment analysis (modPhEA) to both up- and down-regulated DE-Gs of
D6KO-derived B cells, CD8 T cells, Tgd cells, macrophages and DC. As a result, the DE-Gs hit numerous
phenotypes of modPhEA, which can be further classified into 26 main phenotypes (Figure 5; and Table
S5).Among these, 14 main phenotypes showed significant links toward the DE-Gs from one cell type.
Consistent with the results from the GO and KEGG analyses, most of the D6KO cells were predicted to
have the hematopoietic system phenotype (MP:0005397) and immune system phenotype (MP:0005387).
This result indicates that modPhEA is reliable and suitable for phenotypic annotation, and also evidences
that the Duspé gene knockout affects the differentiation of each type of immune cells. Interestingly, we
found that all the cell types showed the similar phenotype that their up-regulated DE-Gs implied the
possible effects on the mortality/aging (MP:0010768) and embryo phenotype (MP:0005380). Furthermore,
most of the D6KO-derived cells represented the up-regulated DE-Gs toward the growth/size/body region
phenotype (MP:0005378). These results reveal that the genetic effects of Duspé gene knockout on differ-
entiation exist in diverse intestinal immune cells.

In addition to the immune system, the down-regulated DE-Gs of D6KO-derived CD8'T cells showed
the depleted feature of behavior/neurological phenotype (MP:0005386). The up-regulated DE-Gs
of D6KO-derived DC and Tgd and down-regulated DE-Gs of D6KO-derived macrophages showed
enrichment of the cardiovascular system phenotype (MP:0005385). Down-regulated DE-Gs of D6KO-
derived macrophages showed an enriched homeostasis/metabolism phenotype (MP:0005397). Up-
regulated DE-Gs of D6KO-derived DC showed the depleted reproductive system phenotype
(MP:0005389). The down-regulated DE-Gs of D6KO-derived CD8 T cells and macrophages showed the
enriched phenotype of neoplasm (MP:0002006). Together, these results suggest that Duspé deficiency
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Figure 6. Identification of Duspé deficiency- and healthy-associated genes in intestinal DCs
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(A) Intersection of significant DE-Gs (p<0.05) of DC calculated by healthy mice vs. inflammation mice and D6KO mice vs. WT mice shows the enriched genes
that could be modulated by Duspé deficiency and inflammation in DC. Values of DEG are log2 fold change. The up-regulations are indicated in red, and the

down-regulations are indicated in blue.

(B) Expression means of intersecting genes are obtained from 500 bootstraps, followed by Levene's test for p-value. Data are represented as mean +SD.

*rxp< 0.001.

(C) Immunofluorescence staining of the DC marker CD209 (green) and chemokine CCL17 (red) in the intestinal tissue from the wild-type (WT) and Duspé

knockout (D6KO) mice. Scale bar = 25 um.
See also Figures S7 and S8.

in immune cells can be linked to several pathophysiological phenotypes and play a role in the progress
of multiple diseases.

A scRNA-seq dataset for comprehensively exploring intestinal immunity in mice

Histologically, the immune cells are mainly distributed within three tissue layers in the intestine: the epithe-
lium, lamina propria, and Peyer's patches. To increase the reads number and the resolution of the immune
cells in the intestinal epithelium, we removed the Peyer’s patches and successfully observed the effects of
Duspé knockout on mucosal immune cells at a naive state. A recent study of scRNA-seq by Xu et al. re-
ported an atlas of intestinal immune cells from the lamina propria and Peyer’s patch for exploring intestinal
inflammation (Xu et al., 2019). To generate a comprehensive database that covered entire intestinal im-
mune cells, we integrated our dataset with this published dataset (GSE124880). The GSE124880 dataset
that included 21,270 lamina propria cells and 36,797 Peyer’s patch cells was first processed through serial
steps including QC, filtering, normalization, feature selection, and data integration according to the pro-
cedures described above, and a processed dataset including 19,062 genes and 55,184 cells were obtained.
Finally, that processed data was merged with our processed data, and a matrix of 19,150 genes versus
62,604 cells was generated. The t-SNE plot revealed a nicely overlapping of not only the WT and D6KO cells
but also the cells grouped by healthy, inflammation, lamina propria and Peyer’s patch (Figure S7).The plot
based on individual cell type showed that the epithelial Tgd cells from WT and D6KO mice successfully
filled the vacancy of Tgd cells in the GSE124880 dataset, in particular the region between the Gamma delta
T cell (Xcl1+) and Gamma delta T cell (Gzma+) (Figure S8). In contrast, our B cells were not observed in the
region of the germinal center B cells which is most abundant in the Peyer's patch. In addition, the distribu-
tion of our CD4"T cells was closer to the activated CD4"T cells rather than the resting CD4 T cells that also
mainly existed in the Peyer's patch. Importantly, our macrophages and DC showed a nicely co-distribution
with that from the GSE124880 dataset. These results reveal that these two datasets were successfully inte-
grated and could complement each other.

By analyzing the DE-Gs of DC, four genes that were significantly regulated by both inflammation and Dsupé
deficiency were pulled out (Figure 6A). Among these, only the Ccl17 gene showed the down-regulation in
DCs derived from both healthy mice and D6KO mice (Figure 6B), suggesting a potential link between
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inflammation, Duspé existence, and Ccl17 expression. Furthermore, the immunofluorescence staining of
intestinal tissue revealed that the WT-derived CD209(+) cells expressed the chemokine CCL17 at basal
state (Figure 6C), but this was not observed in the D6KO-derived CD209(+) cells. Collectively, the Duspé
deficiency in mice could diminish the intestinal DCs in both quantitative and quality manner.

DISCUSSION

In this study, we have successfully uncovered the previously unclear effects of Duspé gene knockout on
diverse intestinal immune cells using the scRNA-seq approach. We found that Duspé deficiency induces
arearrangement of the subpopulation and alters their functional status of intestinal immune cells, including
the depletions of DC, CD8'T cells, ILC1, ILC2, ILC3, B cells, and NK cells, and enrichments of NKT, Tgd,
macrophages and CD4'T cells. The analysis at the subtype level further revealed that the intestinal immune
cells in D6KO mice are likely more oriented to inactivated or immature status. A further analysis by GO and
KEGG demonstrated that the D6KO-derived immune cells have lower sensitivity for detecting microbes,
which might decrease the response in particular infectious or inflammatory diseases. The phenotype
enrichment analysis by modPhEA has demonstrated that Duspé deficiency might affect the differentiation
pathway of immune cell lineages and it may not only link to the immune-associated diseases but also in-
cludes neuropsychiatric, cardiovascular, reproductive, metabolic and oncologic diseases. These results
suggest that the Duspé gene is critical for leukocyte differentiation and therefore involved in the progres-
sion of certain inflammatory diseases.

Our phenotypic analysis of D6KO-derived intestinal leukocytes is significantly consistent with numerous
previously reported characteristics of Duspé deficient mice. For example, it has been reported that
Duspé null mice had larger hearts and that could be associated with the increased proliferation and the
decreased apoptosis rate of cardiomyocytes (Maillet et al., 2008). We here found that Duspé gene knockout
could confer the cardiovascular system phenotype (MP:0005385) through up-regulation of genes in DC and
Tgd or down-regulation of genes in the macrophage. The Duspé gene mutation also causes skeletal
dwarfism, coronal craniosynostosis and hearing loss (Li et al., 2007), whereas the DE-Gs from D6KO-derived
intestinal leukocytes can target the skeleton phenotype (MP:0005390), craniofacial phenotype
(MP:0005382), and hearing/vestibular/ear phenotype (MP:0005377). The embryonic lethality was also
observed in the mice with Duspé knockout (Li et al., 2007), and the DE-Gs identified from our D6KO intes-
tinal leukocytes showed the possible effects on embryo phenotype (MP:0005380), growth/size/body
region phenotype (MP:0005378), mortality/aging (MP:0010768), and reproductive system phenotype
(MP:0005389). It has been reported that Duspé is significantly upregulated in the liver of obese and diabetic
mice and promotes glucose output in both cultured liver cells and mouse livers (Feng et al., 2014a). Our
recent study also showed that Duspé deficiency could decrease blood glucose levels, improve insulin sensi-
tivity and confer the resistance to diet-induced obesity (Feng et al., 2014b). In the present study, we found
that Duspé elimination in the intestinal leukocytes was predicted to be linked with metabolic organs, re-
flected by the adipose tissue phenotype (MP:0005375), digestive/alimentary phenotype (MP:0005381),
liver/biliary system phenotype (MP:0005370) and muscle phenotype (MP:0005369). In addition, one func-
tional Leu114Val polymorphism of Duspé gene in human was reported to be positively associated with bi-
polar disorder, and our phenotypic analysis showed that Duspé gene deficiency is associated with
behavior/neurological phenotype (MP:0005386). Collectively, these findings raise the possibility that
Duspé deficiency in immune cells and even in the intestinal resident leukocytes may mediate the diseases
that have taken place in diverse organs/tissues of the body. These clues might have previously been hidden
in the whole-body knockout model, in which disease progression is usually first thought to be caused by the
intrinsic factors of non-immune cells in the target tissues or organs. Our findings have suggested that the
neglected role of Duspé in the immune cells should be also taken into consideration for counteracting un-
solved diseases. Hence, a subsequent study is required to validate the causative role of Duspé-deficient
leukocytes in the diseases.

The role of Duspé in immune cells is still largely unknown, despite It having been reported that Dsupé
deficiency can enhance the development of CD4'T cell lineage (Bertin et al., 2015; Hsu et al., 2018; Li
et al., 2012). Here we also reported that Duspé deficiency enriched the CD4"T cells in the small intestine
of mice. However, only a small amount of CD4'T cells were isolated and identified, which leads to
the lower statistical power in identifying the difference between WT and D6KO mice. The insufficiency
of cell count might also contribute to the decreased resolution of downstream subtyping analysis. Never-
theless, these results represented a real composition of leukocytes in the intestine of D6KO mice, and it
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is plausible to observe the trend of the rearrangement of certain immune cell types. For example, we
found that the composition of intestinal CD8 CD4~ DCs in WT mice (4.96% of DC.8-4-11B+ and
9.92% of DC.8-4-11B- = 14.88% of total DCs) was reduced in D6KO mice (0.00% of DC.8-4-11B+
and +4.11% 9.92% of DC.8-4-11B- = 4.11% of total DCs). Of note, a previous report showed a similar
composition of the splenic CD8 CD4~ DCs in control mice (15% of total DCs) (Flohe et al., 2006), but
these DCs were relatively enriched in mice with polymicrobial sepsis induced by cecal ligation and punc-
ture for 8 h (47% of total DCs). Interestingly it has been known that the DCs play not only protective but
sometimes also pathogenic roles in the intestine. The DCs depletion was evidenced to resist dextran-sul-
fate sodium (DSS)-induced colitis (Berndt et al., 2007). In patients with IBD, the intestinal lamina propria
DCs are found to be activated via up-regulation of microbial recognition receptors and certain patholog-
ically relevant cytokines (Hart et al., 2005). Our GO biological pathway analysis also reveals that Duspé
gene knockout may affect DCs on the migration, NF-kB signaling, and response to cytokines. Therefore
the depletion of DCs by Duspé elimination is likely beneficial for the resistance to colitis. Interestingly, a
subsequent DE-Gs analysis in both our and GSE124880 datasets indicates that the Ccl17 gene expres-
sion is down-regulated in intestinal DCs underDuspé deficiency and/or a healthy/non-inflammation state.
It has been reported that CCL17 promotes intestinal inflammation, and induces the IL12 expression in
DCs (Heiseke et al., 2012). Of note, our data showed that the I112b gene was significantly down-regulated
in the Dusp6-derived DCs. Whether the Dusp6-CCL17-IL12 axis plays a role in IBD is interesting and a
further evaluation is required.

In summary, we have demonstrated that the Duspé gene knockout alters the gene expression profile
within intestinal leukocytes, leading to the change of their biological functions particularly deaffrication,
microbial sensing, and immune responses. The phenotypic analysis has further demonstrated that
these changes may have protective or pathogenic effects on various disease progressions. Importantly,
although we have only evidenced that Duspé gene knockout affects the leukocytes residing in the
small intestine, the resident immune cells in other tissues and organs may also be affected by Duspé.
The overall findings of our study will lay a solid foundation for a better design (e.g., a chemical
compound to modulate intestinal lymphocyte-mediated immunity) in the future of more specific agents
or strategies for the prevention or treatment of diverse inflammatory and/or immune-associated
diseases.

Limitations of the study

In this study, we employed the scRNA-seq technique and ImmGen database to broadly assess the compo-
sitional and functional alterations of intestinal CD45" cells underDuspé gene knockout. However, certain
type of immune cells might not be evaluated due to the limitation of resolution. A higher number of cell
count for increasing the sequencing depth of scRNA-seq would be required to explore the rare immune
cells resided in the tissue. In addition, due to the high-cost nature of scRNA-seq, the evaluation by biolog-
ical repeats is lacking in the present work. A subsequent study for validating the effect of Duspé knockout
on the immune cells particularly the DC is required.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
PE anti-mouse CD45 antibody BioLegend Cat#103105; RRID:AB_312970

Rabb anti-CD209 antibody

Goat anti-CCL17 antibody

Alexa Fluor 488 Goat anti-Rabbit IgG (H + L) Highly
Cross-Adsorbed Secondary Antibody

Alexa Fluor 594 Donkey anti-Goat IgG (H + L)
Cross-Adsorbed Secondary Antibody

LifeSpan BioSciences
R&D systems

ThermoFisher Scientific

ThermoFisher Scientific

Cat#L.S-C782089; RRID: N/A
Cat#AF529; RRID:AB_355416
Cat#A11034; RRID:AB_2576217

Cat#A11058; RRID:AB_2534105

Chemicals, peptides, and recombinant proteins

Hank's Balanced Salt Solution without calcium and

magnesium salts (HBSS w/o)
fetal bovine serum
phosphate-buffered saline
bovine serum albumin
EDTA

DTT

frozen sectionmedia
acetone

Fluoroshield mounting medium

Biological Industries

ThermoFisher Scientific
ThermoFisher Scientific
Biological Industries
Sigma-Aldrich
Sigma-Aldrich

Leica

Sigma-Aldrich

Abcam

Cat#02-018-1A

Cat#10437-28
Cat#70011-044
Cat#03-101-1B
Cat#03690
Cat#43816
Cat#14020108926
Cat#32201
Cat#ab104139

Critical commercial assays

Lamina Propria Dissociation Kit
Dead Cell Removal Kit
CD45 MicroBeads

Miltenyi Biotec
Miltenyi Biotec

Miltenyi Biotec

Cat#130-097-410
Cat#130-090-101
Cat#130-052-301

Live/Dead fluorescent reactive dye Invitrogen Cat#L34957
Deposited data
Raw sequencing data This paper BioProject ID: PRINA734865 (SRA: SRP322434)
Gene Expression Omnibus (GEO) accession
number: GSE176087
Code This paper https://github.com/wenhsuanyuu/Int-CD45-scRNAseq

Experimental models: Organisms/strains

Mouse: B6.12956-Duspé™ '™ N10

The Jackson Laboratory

JAX:009069

Software and algorithms

Cell Ranger (version 2.0.1)

scater (version 1.14.6)
Seurat (version 3.1.5)

SingleR (version 1.4.1)
edgeR (version 3.32.1)

Python
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10x Genomics

McCarthy et al., 2017)
Stuart et al., 2019)
Aran et al., 2019)

McCarthy et al., 2012;
Robinson et al., 2010)

(
(
(
(

R Core Team

Python Software Foundation

https://support.10xgenomics.com/single-cell-vdj/

software/pipelines/2.0/what-is-cell-ranger
http://bioconductor.org/packages/scater/
https://satijalab.org/seurat/
https://github.com/LTLA/SingleR
http://bioinf.wehi.edu.au/edgeR

https://www.r-project.org/

https://www.python.org/
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

D.AV.1.D. (DAVID 6.8 Oct. 2016) (Huang da et al., 2009) https://david.ncifcrf.gov/
modPhEA (2021/01/31 updated) (Weng and Liao, 2017) https://evol.nhri.org.tw/phenome2/
Other

gentleMACS Dissociator Miltenyi Biotec Cat#130-093-235

100 pm strainer Miltenyi Biotec Cat#130-098-463

70 um strainer FALCON Cat#352350

cell sorter BD Biosciences BD Influx

cell counter Nexcelom Bioscience Cellometer Auto T4
confocal microscopy Leica TCS SP5

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Cheng-Yuan Kao (chengyuankao@nhri.edu.tw).

Materials availability
This study did not generate new unique reagents.

Data and code availability

® Raw sequencing data files have been uploaded to NCBI underGene Expression Omnibus (GEO) acces-
sion number GSE176087 of BioProject PRINA734865 (SRA: SRP322434).

® The codes that are used in this study could be retrieved from https://github.com/wenhsuanyuu/
Int-CD45-scRNAseq.

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

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animals

The Duspé gene knockout (D6KO) mice obtained from the Jackson Laboratory were transferred onto a
C57BL/6J genetic background by backcrossing more than 10 generations. The D6KO mice and their litter-
mate wild-type (WT) mice were weaned at 3-4 weeks after birth, and caged separately after weaning
(3 mice/cage). The male mice at 11 weeks of age were euthanized by CO; inhalation for the following ex-
periments. The female mice and the mice of different ages were not examined in the present study, and the
results were only associated with the adult male mice. Animal protocols were approved by the Institutional
Animal Care and Use Committee of the National Health Research Institutes, Taiwan. All mice were housed
in a 12-hours light/dark cycle, fed with autoclaved chow diet, and maintained under semi-specific path-
ogen-free conditions.

METHOD DETAILS
Isolation of intestinal CD45 * immune cells

The cells living in the epithelial layer and lamina propria of the small intestine were isolated via a Lamina
Propria Dissociation Kit (130-097-410, Miltenyi Biotec) and the procedures were according to the manufac-
turer’s instructions. Three male D6KO mice and three littermate male WT mice at 11 weeks of age were
euthanized by CO; inhalation, and perfused with 4°C Hank’s Balanced Salt Solution without calcium and
magnesium salts (HBSS w/o) containing 5% fetal bovine serum (FBS) to remove the blood leukocytes.
Approximately 20 cm of intestine was harvested, and the luminal content was removed by flushing with
HBSS w/o. Peyer's patches were also removed to exclude the leukocytes of secondary gut-associated
lymphoid tissue. The intestine was longitudinally slit, washed by HBSS w/o, and laterally cut into pieces
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of around 0.5 cmin length. The intestinal pieces were incubated with predigestion solution (HBSS w/o con-
taining 5 mM EDTA, 5% FBS, and 1 mM DTT) for 20minsat 37°C on a shaker at 220 rpm, and the solution was
passed through the 100 um strainer. The flow-through fraction was placed on ice for 10 mins, and the su-
pernatant containing the suspended intraepithelial leukocytes was collected. The intestinal pieces were
conducted with the above procedures thrice to obtain the cells from the epithelial layer and to remove
the entire epithelial layer. For the isolation of cells from lamina propria, the remaining pieces were further
incubated with enzymes for 20mins at 37°C on a shaker at 220 rpm, churned by gentleMACS Dissociator,
and passed through the 100 pm strainer. All fractions were centrifugated at 300 rcf for 5minsat 4°C, and the
pellet was resuspended in 4°C PB buffer (Phosphate-buffered saline, PBS, containing 0.5% bovine serum
albumin). The cells isolated from the epithelial layer and lamina propria were pooled together, passed
through the 70 pum strainer, and washed with 4°C PB buffer once. The live cells were isolated using a
Dead Cell Removal Kit (130-090-101, Miltenyi Biotec). The CD45 * cells were selected through a MACS col-
umn with CD45 MicroBeads (130-052-301, Miltenyi Biotec). To increase the purity of live CD45 * intestinal
cells, the cells were further stained with Live/Dead fluorescent reactive dye (L34957, Invitrogen) and PE anti-
mouse CD45 antibody (103105, BioLegend) and sorted by BD Influx™ Cell Sorter (BD Biosciences) in 100%
FBS. The sorted cells were centrifugated at 300 rcf for 5 mins at 4°C, and finally resuspended in 4°C PBS.
Due to low sorting efficacy, one D6KO sample was abandoned. Ultimately, three WT samples and two
D6KO samples were chosen for following single-cell RNA sequencing.

Single-cell RNA sequencing

The isolated intestinal CD45 * cells were counted by Cellometer Auto T4 (Nexcelom Bioscience). Three WT
samples and two D6KO samples were pooled separately. Subsequently, WT and D6KO samples were pro-
cessed by BIOTOOLS Co., Ltd through the GemCode Single Cell Platform using the GemCode Gel Bead,
Chip and 3'-Library v2 Kits (10X Genomics, Pleasanton) according to the manufacturer’s instructions. In
brief, cell suspensions were loaded onto a Chromium Single-Cell Chip along with the reverse transcription
master mix and single cell 3’ gel beads, aiming for 5,000 cells per channel. Following generation of single-
cell gel bead-in-emulsions, reverse transcription was carried out in a Mastercycler ep gradient S thermocy-
cler (Eppendorf). The amplified cDNA was subsequently purified using SPRIselect beads and sequenced on
an lllumina HiSeq X Ten PE150 platform. The raw data contained the following read regions: 26 bp Read 1
(16 bp single cell barcode, 10x barcode; 10 bp Unique molecular identifier, UMI), 98 bp Read 2 (transcript
insert), 8 bp i7 Index (sample index). The Cell Ranger software pipeline (version 2.0.1, 10X Genomics) was
used to demultiplex cellular barcodes, map reads to the genome and transcriptome using the STAR
aligner, and down-sample reads as required to generate normalized aggregate data across samples, pro-
ducing a matrix of gene counts (27,998 genes) versus cells (3,996 cells in WT and 3,908 cells in D6KO).

Quality control and filtering of single-cell RNA sequencing data

The scater (version 1.14.6) package (McCarthy et al., 2017) provides methods to compute relevant quality
control (QC) metrics for an SCESet object. The genes that were not expressed in any cell were first
excluded. The cell-level QC was performed via evaluating the detected genes, library size, and percentage
of mitochondrial genes, in which the cells that out of range of 3 median absolute deviation (MAD) were
identified as the outliers for removal. For gene filtering, only the gene with at least 2 cells and contained
more than 1 transcript was kept. Finally, a total of 7,420 cells (3,760 cells in WT and 3,660 cells in D6KO)
and 27,153 genes (13,509 genes in WT and 13,644 genes in D6KO) were chosen for downstream analysis.

Feature selection, data integration and cell-type annotation

The gene-cell matrices of WT and D6KO libraries were subsequently processed by Seurat (version 3.1.5)
(Stuart et al., 2019) for normalization, feature selection, data integration, dimension reduction, graph-
based clustering, and visualization. In brief, library-size normalization to each cell was performed by the
NormalizeData function. The Seurat v3 using canonical correlation analysis (CCA) and mutual nearest
neighbors (MNNs) was conducted to integrate multiple experimental datasets. A feature selection process
was performed via the FindVariableFeatures function, and the top 2,000 highly variable genes (HVGs) in
either WT or D6KO library were identified. From the union of two HVG lists, 2,000 genes were selected
as the input genes for CCA. The cells were then aligned with the FindIntegrationAnchors function using
30 CC dimensions. Subsequently, the WT and D6KO libraries were combined together by the Integrate-
Data function. The integrated expression data were scaled and centered for each gene by the ScaleData
function before principal component analysis (PCA). The PCA for dimensionality reduction was performed
on the scaled integrated expression matrix with the first 50 principal components (PCs) using the RunPCA
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function. We used the top 18 PCs as input for the downstream analysis, such as clustering and 2D visuali-
zation. The FindClusters function was used to cluster cells using the first 18 PCs at a resolution of 0.5 (total
14 clusters). The clustering results were visualized with t-distributed stochastic neighbor embedding
(t-SNE) dimensionality reduction using the RunTSNE function. Finally, a single-cell recognition (SingleR,
version 1.4.1) package (Aran et al., 2019) with its built-in Immunological Genome Project (ImmGen) refer-
ence dataset (Jojic et al., 2013; Robinette et al., 2015) were used for achieving cell-type annotation at main
cell type and subtype levels. The SingleR function returns the best main cell type and subtype annotation
for each cell in the integrated data. The annotation cells were verified based on the Celltype gene expres-
sion markers selected from PanglaoDB (2020/03/27 updated).

Differentially expressed genes analysis

Differentially expressed genes (DEGs) were calculated using a gene-wise quasi-likelihood negative bino-
mial generalized log-linear model (gImQLFit function) from the edgeR (version 3.32.1) package (McCarthy
etal., 2012; Robinson et al., 2010). In brief, binomial dispersion was estimated using the estimateDisp func-
tion, followed by model fitting using the glmQLFit function, and finally, likelihood ratios for differential
expression were calculated using the gImQLFTest function. Subsequent Gene Ontology (GO) enrichment
analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis were performed using D.A.V.I.D.
(DAVID 6.8 Oct. 2016) (Huang da et al., 2009). The phenotype analyses were performed by the model or-
ganism phenotype enrichment analysis (modPhEA; 2021/01/31 updated) (Weng and Liao, 2017).

Immunofluorescence staining

Intestinal tissue was embedded in frozen section media (Leica, Richmond, IL, USA) and snap-frozen in liquid
nitrogen. The 5 um-thick sections were fixed in ice-cold acetone (Sigma-Aldrich). The sections were im-
muno-stained with anti-CD209 antibody (1:100; LS-C782089, LifeSpan BioSciences) and anti-CCL17 anti-
body (1:50; AF529, R&D systems) followed by Alexa Fluor 488 Goat anti-Rabbit IgG (H + L) Highly Cross-
Adsorbed Secondary Antibody (1:400; A11034, ThermoFisher Scientific) and Alexa Fluor 594 Donkey
anti-Goat IgG (H + L) Cross-Adsorbed Secondary Antibody (1:400; A11058, ThermoFisher Scientific). The
sections were washed with PBS and mounted in Fluoroshield mounting medium (ab104139, Abcam). Immu-
nofluorescent images of intestinal tissue were obtained by confocal microscopy (TCS SP5, Leica).

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis

The two-tailed Fisher's exact test was used to determine statistical significance. The differences and asso-
ciations are considered to be statistically significant at p< 0.05.
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