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Abstract
Goal: Wound repair dysfunction is a major worldwide public health problem. Autophagy has been reported to have a significant
correlation with wound healing. Yes-associated protein (YAP) is closely related to wound healing, while the role of YAP in regulating
autophagy during wound healing needs to be further probed.
Approach:Conduct research using comparable methods.
Materials and methods: A full-thickness excisional wounds (8 mm) in mice was created to construct in vivo wound model. HE staining
was employed to examine formation of the epidermis and dermis at the wound. The mRNA and protein expressions were assessed
using RT-qPCR, western blot and IHC. The viability, proliferation and migration of fibroblast were examined using MTT assay and
wound healing assay.
Results:  We found that the autophagy inhibitor (3-MA) accelerated wound closure in vivo. Loss-of-function experiments
subsequently revealed that YAP knockdown led to accelerated wound closure in vivo and increased fibroblast cell proliferation and
migration as well as reduced autophagy. In addition, our results revealed that YAP could positively regulate En1 expression in
fibroblasts. En1 knockdown promoted the proliferation and migration of  fibroblasts, meanwhile resulted in increased mTOR level and
reduced autophagy.
Discussion: Skin injury is a common event after accidental trauma . Delayed wound healing has always been an important health
problem worldwide, especially among diabetic patients and the elderly . Wound healing is a complicated process, the specific
mechanism of wound healing has not been fully understood. In the current study, it was found that autophagy inhibition promoted
wound closure in vivo. We subsequently investigated the regulatory mechanisms of autophagy during wound healing in vitro, our
results revealed that YAP promote autophagy in wound healing by regulating the En1/mTOR axis, providing potential therapeutic
target for wound healing dysfunction.
Autophagy refers to a catabolic process which removes unwanted components via lysosomal degradation pathways. The function of
autophagy in tissue regeneration is intriguing. A previous study revealed that advanced glycation end-products resulted in refractory
wounds through autophagy activation . In addition, it was observed that the autophagy inhibitor accelerated wound healing in normal
mice or diabetic wounds . Herein, we also observed that 3-MA treatment could accelerate wound closure in vivo. However, studies on
autophagy in wound healing also found that autophagy activation promotes wound healing . Autophagy is a dynamic process in wound
healing. Thus, autophagy has a dual role in regulating wound healing and can determine different clinical outcomes depending on the
tissue or cell in which it occurs. Although the current research on autophagy in skin wound healing has achieved some results, the
dual role of autophagy requires further in-depth studies to confirm its potential clinical efficacy.
As widely described, YAP, as a transcriptional coactivator of the Hippo signaling, plays a critical role in skin wound repair . As proof,
ectopic expression of activated YAP mutants or deregulation of upstream regulators of YAP localization resulted in an uncontrolled
epidermal injury response . More importantly, it was also previously reported that verteporfin (YAP inhibitor) or YAP knockdown could
promote wound regeneration with restoration of skin attachment, ultrastructure and mechanical strength . It’s suggested that YAP is
a risking factor affecting wound healing, while the function of YAP in regulating autophagy during wound healing is still unclear.  Loss-
of-function experiments  revealed that YAP knockdown resulted in accelerated wound closure in vivo as well as reduced autophagy
in wounds. Consistently, YAP silencing promoted the proliferation and migration of  fibroblasts, whereas its knockdown inhibited
autophagy. Therefore, we came to the conclusion that YAP knockdown accelerated wound healing in vitro and in vivo by suppressing
autophagy. As previously described, YAP inhibition promoted wound regeneration by suppressing En1 activation , indicating that En1
might function as the target of YAP in regulating wound healing. En1-history-naive fibroblasts and present scarring abilities . Herein,
we observed that En1 was remarkably upregulated in wound tissues of patients with skin defect. In addition, it was found that YAP
could positively regulate En1 expression in  fibroblasts. As expected, En1 knockdown promoted the proliferation and migration of
fibroblasts. mTOR, a serine/threonine kinase, is a master regulator of autophagy . mTOR activation results in inhibition of autophagy .
Our results revealed that En1 knockdown led to increased mTOR level and reduced autophagy in  fibroblasts. Collectively, YAP
knockdown increased mTOR level by inhibiting En1 expression, thereby repressing autophagy during wound healing.
Taken together, YAP knockdown repressed autophagy in wound healing by regulating the En1/mTOR axis. Our research provided a
hopeful strategy for wound repair dysfunction.
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Background: Fibrotic scars are common in both human and mouse skin wounds.
However, wound-induced hair neogenesis in the murine wounding models often results in
regenerative repair response. Herein, we aimed to uncover cellular functional
heterogeneity in dermis between fibrotic and regenerative wound healing fates.

Methods: The expression matrix of single-cell RNA sequencing (scRNA-seq) data of
fibrotic and regenerative wound dermal cells was filtered, normalized, and scaled;
underwent principal components analysis; and further analyzed by Uniform Manifold
Approximation and Projection (UMAP) for dimension reduction with the Seurat package.
Cell types were annotated, and cell–cell communications were analyzed. The core cell
population myofibroblast was identified and the biological functions of ligand and receptor
genes between myofibroblast and macrophage were evaluated. Specific genes between
fibrotic and regenerative myofibroblast and macrophage were identified. Temporal
dynamics of myofibroblast and macrophage were reconstructed with the Monocle tool.

Results: Across dermal cells, there were six cell types, namely, EN1-negative
myofibroblasts, EN1-positive myofibroblasts, hematopoietic cells, macrophages,
pericytes, and endothelial cells. Ligand and receptor genes between myofibroblasts
and macrophages mainly modulated cell proliferation and migration, tube development,
and the TGF-b pathway. Specific genes that were differentially expressed in fibrotic
compared to regenerative myofibroblasts or macrophages were separately identified.
Specific genes between fibrotic and regenerative myofibroblasts were involved in the
mRNAmetabolic process and organelle organization. Specific genes between fibrotic and
regenerative macrophages participated in regulating immunity and phagocytosis. We then
observed the underlying evolution of myofibroblasts or macrophages.

Conclusion: Collectively, our findings reveal that myofibroblasts and macrophages may
alter the skin wound healing fate through modulating critical signaling pathways.

Keywords: skin wound healing, fibrosis, regeneration, myofibroblast, macrophage, single-cell RNA sequencing
org May 2022 | Volume 13 | Article 8754071
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INTRODUCTION

The skin is the organ with the largest surface area in the human
body that provides an efficient protective barrier against
mechanical injury, microbial pathogens, and trauma (1). The
skin ’s immune system is divided into two structural
compartments: epidermis and dermis, both of which contain a
plethora of immunocompetent cell types (2). The epidermis is
home to the main skin-resident immune cells, Langerhans cells,
and melanocytes. Meanwhile, immune-specialized cells like
dendritic cells, macrophages, and T cells reside in the dermis
(3). The communications within immune populations and the
skin environment are critical to the effectiveness of the skin
immune system (4). Wound healing is a complex process in the
human body, where numerous cell populations with different
functions are involved in the stages of hemostasis, inflammatory
response, growth, re-epithelialization, and remodeling (5). It is
essential to repair the skin after damage (6). Skin wound healing
involves three primary phases: inflammation, re-epithelialization,
and tissue remodeling (7). Nevertheless, effective therapeutic
strategies of accelerating healing and decreasing scarring remain
lacking. Single-cell RNA sequencing (scRNA-seq) technology has
emerged as an indispensable tool for elucidating cellular
phenotype and functional heterogeneity (8). Deciphering the
role of each cell type and interactions within cells is of
importance to understand the mechanism of normal wound
closure (9). Alterations in the microenvironment may influence
cellular recruitment or activation, resulting in damaged states of
wound healing. ScRNA-seq can be applied for deciphering the
cellular changes in chronic wounds and hypertrophic scarring,
thereby promoting the development of more effective therapeutic
solutions for healing wounds (10). Moreover, in-depth
understanding of the differences between fibrotic and
regenerative wound healing fates is a prerequisite for developing
more effective therapeutic interventions (2). Here, the purpose of
this study was to reveal cellular functional heterogeneity in the
dermis between fibrotic and regenerative wound healing fates.
MATERIALS AND METHODS

Acquisition of scRNA-seq Profiles
10× genomics scRNA-seq data of regenerative [GSM4213633;
large full-thickness excision (1 cm2) allows de novo follicle
regeneration] and fibrotic (GSM4213632; large wounds lead to
hairless scars) wound-induced hair neogenesis (WIHN) wounds
of adult 6- or 7-week-old C57Bl/6j mice were curated from the
Gene Expression Omnibus (GEO) repository (https://www.ncbi.
nlm.nih.gov/gds/). The accession number was GSE141814 (11).
Regenerative wounds were defined as hair neogenesis, decreased
contraction, decreased Wnt and TGF-b signaling activity, and
decreased collagen production, while fibrotic wounds were
defined as decreased hair neogenesis, increased contraction,
increased Wnt and TGF-b signaling activity, and increased
collagen production. This dataset was based on the platform of
GPL21103 Illumina HiSeq 4000 (Mus musculus).
Frontiers in Immunology | www.frontiersin.org 2
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Quality Control
The DropletUtils package (v 3.13) was adopted to read unique
molecular identifiers (UMI) count matrix, identify cells from
empty droplets, remove barcode-swapped pseudo-cells, and
downsample the count matrix (12). The calculateQCMetrics
function of the Scater package was used for counting the
expression of genes in cells (13). Cells with proportions of
mitochondrial genes ≤ 10% and ribosomal genes ≥ 10% were
determined for further analysis.

Data Preprocessing and Principal
Component Analysis
The expression matrix was normalized with the NormalizeData
function of the Seurat package (14). The top 2,000 highly variable
genes were screened by the FindVariableFeatures function. Then,
expression data were linearly scaled utilizing the ScaleData
function. Finally, principal component analysis (PCA) was
performed with the RunPCA function based on the 2,000 genes.

Cell Cluster and Annotation
The principal components with large standard deviations were
selected. Then, cell clustering analysis was performed using the
FindNeighbors and FindClusters function of the Seurat package.
With the RunUMAP funct ion , Uni form Mani fo ld
Approximation and Projection (UMAP) was carried out for
dimension reduction. Cell types were annotated on the basis of
the known marker genes.

Identification of Novel Marker Genes
To calculate the differentially expressed genes between each
cluster and all other cells, the FindAllMarkers function of the
Seurat package was used and novel marker genes were identified
according to the following criteria: |log fold change (FC)| ≥ 0.1,
the minimum expression ratio of cell population = 0.25, and p-
value ≤ 0.05.

Ligand–Receptor Network Analysis
Based on the ligand–receptor pairs from the previous literature
(15), the relationship pairs of receptors and ligands were
analyzed based on the marker genes of various cells. Then, a
cell–cell communication network was conducted and visualized
with the Cytoscape software (16). The core cell population was
identified according to the largest number of receptor–ligand
pairs in the network. Moreover, the receptor and ligand genes
were extracted.

Function Enrichment Analysis
Function enrichment analysis of the indicated genes was carried
out utilizing the clusterProfiler package, including Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis (17). GO categories contain biological process,
cellular component, and molecular function. Terms with p < 0.05
were considered significantly enriched.

Protein–Protein Interaction Analysis
The Search Tool for the Retrieval of Interacting Genes (STRING)
database (version 11.0; https://string-db.org/) was utilized for
May 2022 | Volume 13 | Article 875407
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exploring the functional interactions between marker gene-
encoded proteins (18). Then, PPI networks were constructed
and the top 20 hub genes were identified.

Pseudotime Analysis
Pseudotime analysis was carried out with the Monocle 3 tool
(19). Firstly, genes that were expressed in at least 5% of the cells
were selected. Then, the reduceDimension function was utilized
to perform dimensionality reduction analysis, followed by cell
cluster with the clusterCells function. Afterwards, the
differentialGeneTest function was adopted to determine
candidate genes with differences between the clusters with p <
0.05. The dimensionality reduction analysis of the cells was carried
out using the DDRTree approach and the reduceDimension
function based on the candidate genes. Through the orderCells
function, the cells along the quasi-chronological trajectory were
sorted and visualized.

Gene Set Variation Analysis
The single-sample gene set enrichment analysis (ssGSEA)
function of the Gene Set Variation Analysis (GSVA) package
was utilized for comparisons of the differences in GO and KEGG
terms between groups (20).

Isolation and Culture of Fibroblasts
C57BL/6 male mice (8–10 weeks old; Sankyo) were used for
fibroblast isolation. Briefly, mice were sacrificed by cervical
dislocation. The trunk skin was separated in the ultra-clean
bench, immersed in 75% ethanol for disinfection, and then cut
into small pieces. Blood was removed by rinsing with PBS buffer
and transferred evenly to cell culture dishes. DMEM complete
medium (Wako) was added to submerge the tissue block that was
placed in a constant temperature incubator to fully cultivate. After
24 h, DMEM complete medium was added, which was replaced
every 3 days. The mouse skin fibroblasts were purified by the
differential adhesion method and were used for subsequent
experiments. Our study was approved by the Animal Ethics
Committee of Keio University School of Medicine [12090(5)].

Transfection
Using the TransIT-TKO Transfection Reagent (Mirus), siRNA-
Engrailed-1 (horizon) and siRNA-control were transfected into
fibroblasts in a constant-temperature incubator. Forty-eight
hours later, the knockdown effect of siRNA was confirmed by
real-time quantitative polymerase-chain reaction (RT-qPCR).

RT-qPCR
Total RNA was extracted from fibroblasts using the Isogen reagent
(Nippon Gene) following the manufacturer’s instructions. cDNA
synthesis was achieved based on the cDNA Synthesis System (Bio-
Rad). RT-qPCR was carried out utilizing SYBR Qpcr Mix (Toyobo)
on a 7500 Real-Time PCR system (Applied Biosystems). The primer
sequences were as follows: EN1, 5’-ACACAACCCTGCGATCC
TACT-3’(forward) and 5’-GGACGGTCCGAATAGCGTG-3’
(reverse); ACTB, 5’-GGC TGTATTCCCCTCCATCG-3’(forward)
and 5’-CCAGTTGGTAACAATGCCATGT-3’ (reverse). The
relative expressions were calculated with the 2−DDCt method.
Frontiers in Immunology | www.frontiersin.org 3
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Wound Healing Assay
Fibroblasts were plated onto a 6-well plate (about 3 × 105 cells/
well). When the confluence reached 100%, the fibroblast
monolayer was scratched with a 1000-ml pipette tip.
Additionally, detached fibroblasts were removed with serum-free
medium. At 0 h and 24 h, the wounded area was photographed.

Statistical Analysis
All statistical analysis was performed using the R language
(version 3.6.1) and R Bioconductor packages. p < 0.05
indicated statistical significance.
RESULTS

Quality Control of scRNA-seq Data of
Fibrotic and Regenerative Wound
Dermal Cells
Herein, we collected scRNA data of dermal cells from large
skin wounds on day 18 with two distinct healing fates
(fibrosis: GSM4213632 or regeneration: GSM4213633) from
the GSE141814 dataset. Before analysis, we presented quality
control of scRNA data. Barcode rank plots separately
depicted the distribution of barcodes in total UMI count for
fibrotic and regenerative wound dermal cells (Supplementary
Figures 1A, B). Knee and inflection points in the barcode
rank plots indicated the transition of the total UMI count
distribution, which reflected the difference between empty
droplets and cell droplets. After filtrating empty droplets, we
counted the expression of genes in each cell (Supplementary
Figures 1C, D). Afterwards, we filtrated out cells with
proportions of mitochondrial genes > 10% and ribosomal
genes < 10% (Supplementary Figures 1E, F).

Cell Cluster of Fibrotic and Regenerative
Wound Dermal Cells
After normalizing scRNA data, we screened the top 2,000
highly variable genes across fibrotic and regenerative wound
dermal cells (Figure 1A). Then, scRNA data were linearly
scaled and analyzed by dimensionality reduction with PCA.
Here, we screened the top two principal components for
subsequent analysis (Figure 1B). PCA results uncovered the
prominent difference between fibrotic and regenerative wound
dermal cells (Figure 1C). According to the elbow point, we
identified the optimal principal components as 8 (Figure 1D).
Heatmaps depicted the top 20 marker genes in each principal
component (Figure 1E). With the UMAP method, dermal cells
were clustered into 15 clusters (Figure 1F). The top ten marker
genes of each cell cluster are presented in Figure 1G.

Identification of Cell Types and Their
Marker Genes Across Fibrotic and
Regenerative Wound Dermal Cells
This study attempted to identify cell types across fibrotic and
regenerative wound dermal cells. Based on the known marker
genes, six cell types were annotated, as follows: EN1-negative
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myofibroblasts (n = 6,392), EN1-positive myofibroblasts (n =
2,219), hematopoietic cells (n = 3,774), macrophages (n = 1,461),
pericytes (n = 1,493), and endothelial cells (n = 303; Figure 2A).
Table 1 lists the cell ratio of each cell type. In particular, we
noticed the differences in ratios of EN1-negative and -positive
myofibroblasts between fibrotic and regenerative wound dermal
cells (Figure 2B). With |logFC| ≥ 0.1, the minimum expression
ratio of cell population = 0.25, and p-value ≤ 0.05, we identified
novel marker genes in each cell type (Supplementary Table 1).
The top ten marker genes in each cell type were visualized, as
follows: EN1-negative myofibroblasts (Aebp1, Col1a1, Col1a2,
Col3a1, Col8a1, Dcn, Eln, Mfap2, Mfap4, and Sparc),
Frontiers in Immunology | www.frontiersin.org 4
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hematopoietic cells (AW112010, Cd3d, Cd3g, Cd52, Hcst, Ltb,
Ptprcap, Rac2, Srgn, and Trbc2), macrophages (Apoe, C1qb, Ccl9,
Cd74, Ctss, Fcer1g, H2-Eb1, Lyz2, Ms4a6c, and Tyrobp),
pericytes (Acta2, Col4a1, Col4a2, Gm13889, Higd1b, Myl9,
Mylk, Rgs5, Sparcl1, and Tagln), EN1-positive myofibroblasts
(Birc5, Pclaf, Stnm1, Ube2c, Hist1h2ap, Col5a3, Cks2, Aqp1,
Tnfaip6, and Timp1), and endothelia cells (Egfl7, Cldn5, Cdh5,
Ramp2, Ecscr, Pecam1, Cd200, Ltbp4, Aqp1, and Hist1h2ap)
(Figure 2C). Furthermore, we detected the expression levels of the
known marker genes that were used for annotating cell types, as
follows: endothelial cells (Cldn5, Pecam1, and Cd74), EN1-
negative and -positive myofibroblasts (En1, Col1a1, Dcn, Sfrp4,
A B
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G
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FIGURE 1 | Cell cluster of fibrotic and regenerative wound dermal cells. (A) The top 2,000 highly variable genes across fibrotic and regenerative wound dermal cells
according to standard deviation. Red dots meant highly variable genes. The top ten highly variable genes were marked. (B) Two of the most principal components
according to standard deviation. (C) PCA plots of wound dermal cells between fibrotic (fib) and regenerative (reg) conditions. Reference atlas was colored by tissue
of origin (fibrotic and regenerative wounds). (D) Determination of the optimal principal components through elbow plot. (E) Heatmaps showing the top 20 marker
genes in each principal component. (F) Cell cluster based on the screened principal components. (G) Heatmap showing the expression patterns of the top ten
marker genes in each cell cluster.
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TABLE 1 | Cell ratio of each cell type.

Cell type Group Count Total Ratio

Endothelial cell Fibrotic 76 5,130 0.014815
Endothelial cell Regenerative 112 10,512 0.010654
EN1-negative myofibroblasts Fibrotic 772 5,130 0.150487
EN1-negative myofibroblasts Regenerative 5,620 10,512 0.534627
EN1-positive myofibroblasts Fibrotic 454 5,130 0.088499
EN1-positive myofibroblasts Regenerative 1,765 10,512 0.167903
Hematopoietic cell Fibrotic 2,439 5,130 0.475439
Hematopoietic cell Regenerative 1,335 10,512 0.126998
Macrophage Fibrotic 725 5,130 0.141326
Macrophage Regenerative 851 10,512 0.080955
Pericytes Fibrotic 664 5,130 0.129435
Pericytes Regenerative 829 10,512 0.078862
Frontiers in Immunology | www.frontiersin.org
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FIGURE 2 | Identification of cell types and their marker genes across fibrotic and regenerative wound dermal cells. (A) UMAP plots showing cell types identified
by marker genes. Each cell type was colored by a unique color. (B) The cell ratio of EN1-negative and -positive myofibroblasts among fibrotic and regenerative
wound dermal cells. (C) Heatmap visualizing cell-type-specific gene expression patterns. Each column represented the average expression after cells were
grouped. (D) Integrated analysis showing marker genes across cell types. The size of each circle reflected the percentage of cells in each cell type where the
gene was detected, and the color shadow reflected the average expression level within each cell type. (E–J) UMAP plots of expression of the marker genes for
endothelial cells, EN1-negative and -positive myofibroblasts, macrophages, hematopoietic cells, and pericytes.
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Fndc1, and Lum), macrophages (Cd14, Cd68, and Csf1r), and
hematopoietic cells (Ptprc, Cd69, Acta2, and Rgs5)
(Figures 2D–J).

Cell–Cell Interactions Based on Ligand–
Receptor Interactions
Wound healing is a complex process that necessitates the
collaborative efforts of diverse cell lineages (21). Cell-to-cell
communications across diverse cell types thoroughly govern
appropriate functions of metazoans as well as widely rely on
interactions between secreted ligands and cell-surface receptors.
Based on the marker genes, ligand–receptor interactions were
matched. The number of ligands/receptors for myofibroblasts,
pericytes, endothelial cells, macrophages, and hematopoietic cells
Frontiers in Immunology | www.frontiersin.org 6
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was 114, 91, 32, 28 and 17, respectively (Figure 3A). According
to the number of intercellular receptor–ligand pairs, we screened
out myofibroblasts as the core cell population.

Biological Functions of Ligand and
Receptor Genes Between Myofibroblasts
and Macrophages
We further evaluated the biological functions of ligand and
receptor genes between myofibroblasts and macrophages. Our
results demonstrated that ligand and receptor genes between
myofibroblasts and macrophages were mainly involved in tube
morphogenesis and development, regulation of cell migration,
and motility (Figure 3B). Moreover, we found that the
TGF-b signaling pathway was markedly enriched by these
A

B

D E F

C

FIGURE 3 | Cell–cell interactions and biological functions of ligand and receptor genes between myofibroblasts and macrophages. (A) The network of ligand–
receptor-mediated multicellular signaling. The arrow pointed to the recipient cell, and the number on the line indicated the number of receptor–ligand pairs. (B) GO
enrichment results of ligand and receptor genes between myofibroblasts and macrophages. (C) KEGG pathways enriched by ligand and receptor genes between
myofibroblasts and macrophages. (D) RT-qPCR for the mRNA expressions of EN1 in fibroblasts transfected with siRNA of EN1. (E, F) Wound healing assay for the
migration of EN1-knockdown fibroblasts. Bar, 20 mm. ***p < 0.001.
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ligand and receptor genes between myofibroblasts and
macrophages (Figure 3C).

Knockdown of EN1 Facilitates
Fibroblast Migration
We further verified the effects of EN1 on the migration of
fibroblasts. Firstly, siRNA against EN1 was designed and
transected into fibroblasts. RT-qPCR demonstrated that EN1
mRNA expression was distinctly reduced following siRNA-EN1
transfection (Figure 3D). According to wound healing results,
EN1-knockout fibroblasts displayed significantly enhanced
migration capacity (Figures 3E, F). Hence, EN1 suppression
enabled to facilitate fibroblast migration.

Identification of Specific Genes Between
Fibrotic and Regenerative Myofibroblasts
and Their Biological Functions
With the cutoffs of |FC| > 1.2 and p < 0.05, we identified 546 up-
and 481 downregulated specific genes in regenerative compared
to fibrotic myofibroblasts (Figures 4A–C). Table 2 lists the first
20 up- and downregulated specific genes between regenerative
and fibrotic myofibroblasts. As depicted in Figure 4D, we
observed that the specific genes markedly participated in
Frontiers in Immunology | www.frontiersin.org 7
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collagen-containing extracellular matrix, posttranscriptional
regulation of gene expression, positive regulation of cell
migration, mRNA metabolic process, and apoptotic signaling
pathway. Moreover, ribosome and thermogenesis were
prominently enriched by the specific genes (Figure 4E).

Identification of Specific Genes Between
Fibrotic and Regenerative Macrophages
and Their Biological Functions
With the cutoffs of |FC| > 1.2 and p < 0.05, we found that 100
specific genes were significantly upregulated while 197 specific
genes were significantly downregulated in regenerative
compared to fibrotic macrophages (Figures 5A–C). Table 3
lists the first 20 up- and downregulated specific genes between
fibrotic and regenerative macrophages. GO enrichment analysis
uncovered that the specific genes were markedly involved in the
negative regulation of programmed cell death, the regulation of
cell migration, innate immune response and apoptotic signaling
pathway, collagen-containing extracellular matrix, the positive
regulation of T cell activation, and response to interferon g
(Figure 5D). Moreover, we observed that antigen processing
and presentation, pathways in cancer, phagosome, ribosome, and
tuberculosis were prominently enriched by the specific
genes (Figure 5E).
A B
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FIGURE 4 | Identification of specific genes between fibrotic and regenerative myofibroblasts and their biological functions. (A, B) Scatter plots and volcano diagram
for the up- and downregulated specific genes in regenerative (reg) compared to fibrotic (fib) myofibroblasts. Red dots meant upregulated genes while blue dots
meant downregulated genes. (C) Heatmap visualizing the expression patterns of the specific genes in fibrotic and regenerative myofibroblasts. Yellow represented
upregulation and purple represented downregulation. (D) GO enrichment results of specific genes that were abnormally expressed between fibrotic and regenerative
myofibroblasts. (E) KEGG pathways involved in specific genes that were abnormally expressed between fibrotic and regenerative myofibroblasts.
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PPI Network Analysis of Specific Genes
Between Fibrotic and Regenerative
Myofibroblasts or Macrophages
With the STRING tool, we probed the interactions between
myofibroblast- or macrophage-specific gene-encoded proteins.
In Figure 6A, there were 616 nodes in the PPI network of
myofibroblasts , reflect ing the close interact ions of
myofibroblast-specific gene-encoded proteins. According to
degree, the top 20 nodes were identified as hub genes,
including Rps27a, Rps11, Rps23, Rps3, Rps5, Rps15a, Rps6,
Rps9, Rps13, Rps14, Rps25, Rps3a1, Rps27, Rps8, Rps19,
Rps28, Rps7, Rpl8, Rps18, Rpl26, Rpl32, and Rps16,
indicating that the above genes were the core of the network.
Figure 6B depicts the interactions between macrophage-
specific gene-encoded proteins. The 20 hub genes were as
follows: Uba52, Rps9, Gnb2l1, Rpl27, Rpl38, Rps13, Rps15a,
Fau, Rpl18, Rpl30, Rpl35a, Rpl7, Rplp2, Rps24, Rpl13a, Rpl4,
Rps10, Rps12, Rps27rt, and Rps2. The above genes deserve in-
depth explorations.
Frontiers in Immunology | www.frontiersin.org 8
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Reconstruction of the Temporal Dynamics
of Myofibroblast and Macrophage
To investigate the underlying evolution amongmyofibroblasts and
macrophages, this study adopted the Monocle tool to reveal a
pseudotemporal ordering for the similarity of cell clusters with
developmental lineages. For myofibroblasts, the results clearly
demonstrated the uniform development of myofibroblasts from
cluster 6 to cluster 10 (Figure 7A). The trends of pseudotime‐
dependent genes along the pseudo‐timeline were divided into six
cell clusters of myofibroblasts with diverse expression dynamics.
Furthermore, we observed that macrophage under fibrotic
conditions was in the beginning position of the differentiation
process and was sequentially transformed into macrophage under
regenerative conditions (Figure 7B).

GSVA Between Clusters 6 and 10 of
Fibrotic and Regenerative Myofibroblasts
According to the results of pseudotime analysis of myofibroblasts,
we carried out GSVA between the initially differentiated cluster 6
TABLE 2 | The first 20 up- and downregulated specific genes between fibrotic and regenerative myofibroblasts.

Gene log2FC p-value Q-value Regenerative Fibrotic

Rplp0 0.870992 0 0 5.166991 4.295999
Ifitm2 0.843781 1.12E−173 1.94E−169 3.837826 2.994046
Mfap5 0.826158 5.93E−128 1.03E−123 4.591184 3.765026
Lgals1 0.820706 4.86E−284 8.43E−280 6.19352 5.372813
Hist1h2bc 0.81979 4.50E−90 7.81E−86 2.042755 1.222965
Serf2 0.805752 1.37E−310 2.39E−306 4.973459 4.167707
Rpl35 0.801322 0 0 5.164454 4.363133
Rps5 0.795055 5.07E−274 8.79E−270 4.725084 3.930029
Basp1 0.794315 1.55E−93 2.69E−89 2.268422 1.474106
Rpl6 0.792999 4.84E−266 8.40E−262 4.489802 3.696803
Ybx1 0.791379 6.39E−117 1.11E−112 2.98192 2.19054
Rps19 0.790084 0 0 5.198609 4.408525
Ost4 0.782118 2.55E−123 4.42E−119 3.079057 2.296939
Rpl29 0.780779 1.14E−175 1.98E−171 3.875578 3.094799
H19 0.767949 8.58E−45 1.49E−40 3.185378 2.417429
Rps11 0.763653 3.10E−260 5.37E−256 4.655295 3.891641
Rpl15 0.760256 2.28E−207 3.96E−203 4.262648 3.502392
Ift20 0.758 1.47E−93 2.55E−89 2.397842 1.639842
Ssr4 0.745387 2.11E−101 3.67E−97 2.89302 2.147633
Ubb 0.744921 1.14E−144 1.97E−140 4.529784 3.784862
mt-Nd4l −2.08112 0 0 0.883721 2.964844
mt-Atp6 −1.85976 0 0 5.349053 7.20881
Hspa1b −1.85125 4.49E−209 7.79E−205 0.611879 2.463132
mt-Co2 −1.84169 0 0 4.106449 5.948142
AC160336.1 −1.81875 4.98E−104 8.63E−100 0.763221 2.58197
Hspa1a −1.79337 2.08E−164 3.61E−160 1.385872 3.179244
mt-Nd4 −1.60147 3.51E−321 6.08E−317 3.543676 5.145146
mt-Nd5 −1.59322 2.78E−221 4.83E−217 1.144946 2.738165
mt-Cytb −1.57454 0 0 4.565919 6.140456
Igfbp2 −1.4162 1.28E−20 2.21E−16 2.045862 3.462061
mt-Nd3 −1.41514 1.13E−177 1.96E−173 1.403288 2.818428
mt-Nd1 −1.4142 4.61E−280 8.00E−276 4.509633 5.923829
mt-Co3 −1.39259 1.24E−268 2.15E−264 5.529273 6.921861
mt-Co1 −1.35374 1.30E−265 2.26E−261 5.598606 6.952347
mt-Nd2 −1.32088 1.81E−190 3.14E−186 2.765453 4.086338
Gm26917 −1.31863 7.03E−191 1.22E−186 0.653702 1.972335
Cd74 −1.15624 2.79E−193 4.84E−189 0.624805 1.781046
Lars2 −0.96874 2.21E−146 3.83E−142 0.232192 1.200933
Luc7l2 −0.91132 1.16E−98 2.01E−94 1.18695 2.098275
Hspg2 −0.90368 3.60E−128 6.24E−124 2.381196 3.284878
-
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and the final differentiated cluster 10. Compared with cluster 10 of
myofibroblasts in fibrotic and regenerative dermal cells, biological
processes such as the metabolic process significantly activated
cluster 6 of myofibroblasts in fibrotic and regenerative dermal
cells (Figure 8A). As depicted in Figure 8B, we noticed the
prominent activation of cellular components such as
mitochondria in cluster 6 of fibrotic and regenerative
myofibroblasts in comparison to those in cluster 10. Moreover,
we observed that fibrotic and regenerative myofibroblasts in cluster
6 had significantly activated molecular functions like oxidoreductase
activity compared with fibrotic and regenerative myofibroblasts in
cluster 10 (Figure 8C). We also compared the differences in KEGG
pathways between clusters. Diverse signaling pathways like
metabolic pathways, RNA transport, spliceosome, thermogenesis,
oxidative phosphorylation, carbon metabolism, ribosome, cell cycle,
protein processing in the endoplasmic reticulum, and biosynthesis
of amino acids were prominently activated in fibrotic and
regenerative myofibroblasts in cluster 6 compared to those in
cluster 10 (Figure 8D).

GSVA Between Fibrotic and Regenerative
Macrophages
GSVA was also presented between fibrotic and regenerative
macrophages. In Figure 9A, we determined that biological
processes such as the metabolic process and immune response
Frontiers in Immunology | www.frontiersin.org 9
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were markedly activated in fibrotic macrophages compared to
regenerative macrophages. The significantly activated cellular
components such as the spliceosomal complex, catalytic complex,
ribonucleoprotein complex, nuclear lumen, nucleoplasm, nucleolus,
cytosol, nucleus, catalytic step 2 spliceosome, chromosome, and
protein-containing complex were found in fibrotic macrophages
compared with regenerative macrophages (Figure 9B). As shown
in Figure 9C, we investigated the marked activation of molecular
functions like RNA binding, ATP binding, mRNA binding, adenyl
ribonucleotide binding, adenyl nucleotide binding, drug binding,
nucleic acid binding, heterocyclic compound binding, organic cyclic
compound binding, and ATPase activity in fibrotic macrophages in
comparison to regenerative macrophages. Moreover, our results
showed that KEGG pathways such as spliceosome, NOD-like
receptor signaling pathway, Fc gamma R-mediated phagocytosis,
antigen processing and presentation, endocytosis, necroptosis, and
natural killer cell-mediated cytotoxicity displayed marked
activation in fibrotic macrophages compared to regenerative
macrophages (Figure 9D).
DISCUSSION

Skin wound healing involves complicated coordinated interactions
within cells. Through scRNA-seq data, this study identified six cell
A B
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C

FIGURE 5 | Identification of specific genes between fibrotic and regenerative macrophages and their biological functions. (A, B) Scatter plots and volcano diagram
showing the up- and downregulated specific genes in regenerative (reg) compared to fibrotic (fib) macrophages. Red dots meant upregulated genes while blue dots
meant downregulated genes. (C) Heatmap visualizing the expression patterns of the specific genes in fibrotic and regenerative macrophages. Yellow represented
upregulation and purple represented downregulation. (D) GO enrichment results of specific genes that were abnormally expressed between fibrotic and regenerative
macrophages. (E) KEGG pathways involved in specific genes that were abnormally expressed between fibrotic and regenerative macrophages.
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TABLE 3 | The first 20 up- and downregulated specific genes between fibrotic and regenerative macrophages.

Regenerative Fibrotic

5.010571 2.536548
5.266303 2.928133
5.327119 3.192269
5.223726 3.218163
2.785851 0.949745
2.600128 0.764269
2.200177 0.551399
2.775437 1.202871
2.023966 0.65299
2.844128 1.812282
3.268016 2.263742
7.663418 6.728815
2.497856 1.669632
1.978589 1.154062
2.328203 1.53905
2.761737 2.043317
4.783109 4.168928
3.726565 3.115666
2.966403 2.373113
2.447508 1.855417
1.266466 2.715092
2.518111 3.475109
0.782974 1.701314
1.082872 1.999131
4.517284 5.40733
0.858755 1.737986
3.320621 4.155527
3.967573 4.752638
4.934988 5.70545
0.967289 1.723739
5.220528 5.972878
1.801335 2.553547
1.012111 1.740482
0.682842 1.35307
1.805651 2.465465
1.387319 2.038016
1.99459 2.636836
2.746255 3.382547
2.787025 3.415118
2.037704 2.654947
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Gene name log2FC p-value Q-value

Sparc 2.474022 3.60E−97 6.24E−93
Col1a1 2.33817 6.49E−90 1.13E−85
Col1a2 2.13485 3.01E−78 5.21E−74
Col3a1 2.005563 1.16E−91 2.01E−87
Dcn 1.836106 2.30E−46 3.98E−42
Bgn 1.83586 5.99E−50 1.04E−45
Fstl1 1.648779 1.28E−39 2.22E−35
Postn 1.572566 2.54E−51 4.40E−47
Mfap5 1.370976 2.18E−39 3.79E−35
Hbb-bs 1.031846 1.21E−39 2.10E−35
Cxcl2 1.004274 2.60E−15 4.51E−11
Actb 0.934603 1.46E−21 2.53E−17
Klf2 0.828223 1.34E−34 2.33E−30
Timp2 0.824526 1.09E−35 1.89E−31
Neat1 0.789153 1.13E−33 1.96E−29
Nfkbia 0.718421 2.88E−35 4.99E−31
Lgals1 0.61418 3.23E−47 5.60E−43
Fn1 0.610899 5.21E−31 9.03E−27
Pim1 0.59329 1.34E−26 2.32E−22
Cd63 0.592092 2.84E−21 4.92E−17
Hspa1b −1.44863 2.08E−61 3.60E−57
Hsp90aa1 −0.957 1.59E−41 2.76E−37
Gm26917 −0.91834 3.81E−57 6.61E−53
Gm42418 −0.91626 1.85E−56 3.20E−52
Tpt1 −0.89005 3.21E−101 5.57E−97
mt-Nd5 −0.87923 1.13E−46 1.96E−42
Hspa1a −0.83491 4.80E−34 8.32E−30
mt-Co2 −0.78506 1.59E−46 2.76E−42
mt-Atp6 −0.77046 5.82E−42 1.01E−37
Mycbp2 −0.75645 1.65E−49 2.86E−45
H2-Eb1 −0.75235 6.73E−15 1.17E−10
Fcgr2b −0.75221 7.44E−61 1.29E−56
Mrc1 −0.72837 6.62E−26 1.15E−21
mt-Nd4l −0.67023 7.15E−38 1.24E−33
AC160336.1 −0.65981 5.00E−25 8.66E−21
Prkcd −0.6507 2.95E−59 5.12E−55
Cybb −0.64225 8.79E−67 1.52E−62
Tgfbi −0.63629 6.10E−51 1.06E−46
H2-K1 −0.62809 3.72E−45 6.44E−41
Ier5 −0.61724 5.52E−41 9.58E−37
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A B

FIGURE 6 | PPI network analysis of specific genes between fibrotic and regenerative myofibroblasts or macrophages. (A) The PPI network of specific genes between
fibrotic and regenerative myofibroblasts. (B) The PPI network of specific genes between fibrotic and regenerative macrophages.
A

B

FIGURE 7 | Pseudotime ordering of myofibroblasts and macrophages. (A) Myofibroblasts and (B) macrophages. Each dot represented one cell and each branch
represented one cell state. The left plot was labeled with cell states and the right plot was labeled with developmental time.
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populations, namely, EN1-negative myofibroblasts, EN1-positive
myofibroblasts, hematopoietic cells, macrophages, pericytes, and
endothelial cells, across the dermis. Evidence suggests that EN1-
positive fibroblasts are known to function in scarring, and EN1-
negative fibroblasts yield wound regeneration. Thus, we used EN1
as a marker to divide the subgroups. Dynamic cellular events after
skin injury rely on bidirectional cell–cell communications against
effective wound healing (22). Our results demonstrated the cross-
talks between myofibroblasts, hematopoietic cells, macrophages,
pericytes, and endothelial cells in the dermis based on the ligand–
receptor interactions. As per previous studies, CX3CR1 may
mediate the recruitment of bone marrow-derived monocytes or
macrophages in skin wound healing, thereby releasing profibrotic
Frontiers in Immunology | www.frontiersin.org 12
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as well as angiogenic mediators (23). Moreover, macrophages
support proliferation and heterogeneity of myofibroblasts in skin
repair (24). Serum endothelial cell-derived extracellular vesicles
facilitate diabetic wound healing via enhancing myofibroblast
proliferation and decreasing senescence (25). Intradermal
adipocytes modulate the recruitment of myofibroblasts in skin
wound healing (26). Fibroblasts promote NG2+ pericyte
populations in murine skin development as well as repair (27).
On the basis of the above lines of evidence, there were remarkable
interplays between diverse cell types during dermis progression.
According to the number of ligands and receptors, we identified
myofibroblasts as the core cell population. Our function
enrichment analyses uncovered that the ligand and receptor
A B

DC

FIGURE 8 | GSVA between clusters 6 and 10 of fibrotic and regenerative myofibroblasts. (A–D) Heatmaps showing the differences in activation of biological processes,
cellular components, molecular functions, and KEGG pathways between clusters 6 and 10 of fibrotic (fib) and regenerative (reg) myofibroblasts.
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genes between myofibroblasts and macrophages were mainly
involved in regulating cell proliferation and migration, tube
development, and the TGF-b pathway. The TGF-b signaling
pathway plays an important role in the formation of collagen in
fibroblasts and myofibroblasts (28). Cytokine TGF-b may induce
dermal dendritic cells to express IL-31, thereby activating sensory
neurons as well as stimulating wound itching during skin would
healing (29). Hence, targeting the TGF-b pathway is the promising
therapeutic intervention to reduce abnormal skin scar formation.

To explore the differences in molecular mechanisms involving
myofibroblasts between fibrotic and regenerative wound healing
fates, we identified 546 up- and 481 downregulated specific genes in
regenerative compared to fibrotic myofibroblasts. This revealed the
heterogeneity of myofibroblasts between fibrotic and regenerative
wound healing. Our GO and KEGG enrichment analysis
uncovered the key biological functions involving the specific
genes between fibrotic and regenerative myofibroblasts. As a
Frontiers in Immunology | www.frontiersin.org 13
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result, these specific genes between fibrotic and regenerative
myofibroblasts prominently participated in the mRNA metabolic
process and organelle organization. Extracellular matrix of
connective tissues is synthesized by myofibroblasts that play a
critical role in sustaining the structural integrity of various
tissues (30).

Skin wound macrophage is an important regulator of skin
repair, and its dysfunction may cause chronic and non-healing
skin wounds (31). Further analysis identified that 100 specific
genes were significantly upregulated while 197 specific genes
were significantly downregulated in regenerative compared to
fibrotic macrophages. Functional enrichment analysis uncovered
that these specific genes between fibrotic and regenerative
macrophages primarily participated in regulating inflammatory
response, immunity, and phagocytosis. Immunity is the most
important function of the skin, which can prevent harmful
exposure from the external and internal environment (32).
A B

DC

FIGURE 9 | GSVA between fibrotic and regenerative macrophages. (A–D) Heatmaps visualizing the differences in activation of biological processes, cellular components,
molecular functions, and KEGG pathways between fibrotic (fib) and regenerative (reg) macrophages.
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Furthermore, late wound macrophage phagocytosis of the Wnt
inhibitor may induce chronic Wnt activity during fibrotic skin
healing (11). Collectively, our findings revealed that the
heterogeneity of myofibroblasts or macrophages might
determine wound healing fate as regenerative or fibrotic.
CONCLUSION

Taken together, this study uncovered cellular functional
heterogeneity in dermis between fibrotic and regenerative wound
healing fates. Moreover, myofibroblasts and macrophages may
change the skin wound healing fates by modulating critical
signaling pathways. Therefore, our data provided an insight into
the development of more effective therapeutic interventions for
improving healing fates.
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Cutaneous melanoma refers to a common skin tumor that is dangerous to health with a great risk of metastasis. Previous
researches reported that autophagy is associated with the progression of cutaneous melanoma. Nevertheless, the role played by
genes with a relation to autophagy (ARG) in the prediction of the course of metastatic cutaneous melanoma is still largely
unknown. We observed that thirteen ARGs showed relations to overall survival (OS) in the Cox regression investigation based
on a single variate. We developed 2-gene signature, which stratified metastatic cutaneous melanoma cases to groups at great
and small risks. Cases suffering from metastatic cutaneous melanoma in the group at great risks had power OS compared with
cases at small risks. The risk score, T phase, N phase, and age were proved to be individual factors in terms of the prediction
of OS. Besides, the risk scores identified by the two ARGs were significantly correlated with metastatic cutaneous melanoma.
Receiver operating characteristic (ROC) curve analysis demonstrated accurate predicting performance exhibited by the 2-gene
signature. We also found that the immunization and stromal scores achieved by the group based on large risks were higher
compared with those achieved by the group based on small risks. The metastatic cutaneous melanoma cases achieving the
score based on small risks acquired greater expression of immune checkpoint molecules as compared with the high-risk group.
In conclusion, the 2-ARG gene signature indicated a novel prognostic indicator for prognosis prediction of metastatic
cutaneous melanoma, which served as an important tool for guiding the clinical treatment of cutaneous melanoma.

1. Introduction

Cutaneous melanoma refers to one type of skin malignant
tumor exhibiting high malignancy and ineffective prediction
of disease courses [1, 2]. Occult onset and easy invasion and
metastasis are important clinical features of cutaneous mela-
noma [3]. According to the statistics, cutaneous melanoma’s
incidence in China rose to about 3-5% [4]. Although cutane-
ous melanoma’s incidence within China and other Asian
countries is relatively low compared with those in Europe
and America, cutaneous melanoma’s incidence within China
is increasing rapidly [5]. Once cutaneous melanoma cases
have distant metastasis, they are diagnosed as advanced or
metastatic cm, so the survival time of cutaneous melanoma
cases is often short [6]. In the current treatment strategies
of metastatic cutaneous melanoma, targeted therapy and
immunotherapy play an important role. Metastatic tumor
surgery and radiotherapy can also be used selectively [7].

Due to the high metastasis rate of cutaneous melanoma, it
is necessary to find a new prognosis model to provide theo-
retical guidance for the treatment of metastatic cutaneous
melanoma.

Autophagy is a process in which cytoplasmic compo-
nents, or organelles are encapsulated and transported to
lysosomes for degradation by forming double membrane
autophagosomes [8, 9]. Autophagy can be induced by
DNA damage, chemical drugs, ion irradiation, reactive oxy-
gen species, and abnormal growth of tumor cells [10].
According to existing works, autophagy refers to a barrier
against malignant transformation of carcinoma cells [11,
12]. Some major oncogenes, such as mTOR and Akt, are
considered to be negative regulators of autophagy [13, 14].
According to considerable works, mutant tumor suppressors
such as PTEN and TSC1/2 can activate autophagy [15]. It is
controversial whether autophagy has a tumor promoting or
antitumor effect on the occurrence and development of
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cancer. At present, according to some studies, autophagy
impacts tumor inhibition in the early stage of cancer, but it
plays a role in promoting cancer in the formed tumor and con-
tributes to the generation of drug resistance of cancer cells [16,
17]. Therefore, autophagy is considered to help promote the
survival of cancer cells in the advanced phase. At present, there
are few comprehensive studies on exploring autophagy-
relevant genes within the disease course prediction and immu-
notherapy of metastatic cutaneous melanoma.

Here, we obtained RNA-seq and clinic information
regarding cutaneous melanoma cases from The Cancer
Genome Atlas (TCGA) database. By several bioinformatics
investigations, a multigene signature of ARG was constructed.
Relationships of risk model and clinicopathological features of
metastatic cutaneous melanoma were confirmed. Then, we
carried out Cox regression investigations based on single and
multiple variates for the identification of individual factors
for the OS of metastatic cutaneous melanoma. A nomogram
containing independent prognostic factors was built using
“rms” package.We carried out GSVA for exploring the biolog-
ical processes and pathways involved in the groups based on
great and small risks. Furthermore, the analysis was conducted
on the landscape of immune infiltration and the expression of
immune checkpoint molecules in metastatic cutaneous mela-
noma. This work might provide a new idea for prognosis
and immunotherapy of later phase metastasis melanoma.

2. Material and Method

2.1. Data Acquisition and Preprocessing. We retrieved the
RNA-seq and clinic data regarding the cases with cutaneousmel-
anoma according to The Cancer Genome Atlas (TCGA) cohort
(https://portal.gdc.cancer.gov/), which contained 103 primary
and 367metastatic cancer cases. Totally, 232ARGswere acquired
in the Human Autophagy Database (http://autophagy.lu/).

2.2. Differentially Expressed Analysis. For screening the gene
that achieves different expressions (DEGs) in the metastatic
and primary carcinoma samples, the “limma” package was
used with regulated P value < 0.05 as well as ∣log 2 ðfold
changeÞ ∣ >0:5 [18]. The expression of Top100 genes that
achieved different expressions between the metastatic and
primary carcinoma samples was shown in a heat map. Then,
the DEGs were overlapped with the ARGs to obtain the
ARGs that achieved different expressions (DE-ARGs), which
were chosen to conduct the subsequent investigation.

2.3. Development and Verification of the Prognostic Signature
in relation to Autophagy. Subsequently, metastatic cutaneous
melanoma cases indiscriminately fell to the test set (n = 93)
and the training set (n = 217) at 3 : 7. To explore whether each
DE-ARG is related to overall survival (OS), we performed Cox
regression investigation based on a single variate in the train-
ing set. The DE-ARGs with the P value < 0.05 were identified,
followed by the subsequent analysis based on Cox regression
investigation based on multiple variates to obtain the best risk
model. In the Cox regression investigation based on multiple
variates, this study applied the stepwise regression function
and set the “direction” as “both.”

Based on the risk model, the score of risk of the respec-
tive metastatic cutaneous melanoma case was obtained by:
risk score = ðβ 1G 1 + β2G 2 + β3G 3+⋯+β nGnÞ. In the
calculated formula, β stands the coefficient of gene, and G
stands the expression level of each gene. The metastatic cuta-
neous melanoma cases were then stratified into the group
based on small risks and group based on large risk in accor-
dance with the mean value of risk score. Furthermore, the
OS of these groups was compared using the Kaplan-Meier
(K-M) approach on the basis of the log-rank test. In addi-
tion, using “survivalROC” R package, we obtained the curves
of receiver operating characteristic (ROC) of 1, 3, and 5
years [19]. To be specific, we obtained the area under the
curve (AUC) for assessing the risk model’s effectiveness.
The model of risk was further verified based on the test set.

2.4. Functional Enrichment Analysis. According to the gene
sets files, we carried out GSVA (PMID: 23323831) for the
exploration of the potential biology process and pathways
most relevant to groups based on large risk and small risk
of metastatic cutaneous melanoma cases. Using the “gsva”
package of R software, we carried out a single sample gene
set enrichment investigation (ssGSEA) for calculating infil-
trating immune cells’ proportion in cases with metastatic
cutaneous melanoma [20].

2.5. Evaluation of Immune Microenvironment. We imple-
mented “ESTIMATE” R package for obtaining the immuni-
zation and stromal scores of metastatic cutaneous melanoma
cases within TCGA database [21]. Furthermore, the expres-
sions of immunization checkpoint molecules were examined
in the metastatic cutaneous melanoma samples.

2.6. Statistical Analysis.We carried out the statistical investi-
gations with R software (Version 3.5.3). We investigated var-
ious groups’ OS on the basis of K-M investigation and
compared OS by the log-rank test. Cox regression investiga-
tions based on single and multiple variates were applied to
investigate the individual prognostic factors for OS. The
nomogram containing clinicopathological features was con-
structed by “rms” package. The differences between two
groups were compared using Wilcox.test. Differences were
considered statistically significant when P < 0:05.

3. Result

3.1. Identification of Autophagy-Related Genes with Different
Expressions (DE-ARGs) in Metastatic Cutaneous Melanoma.
To seek the ARGs in relations to the disease course predic-
tion of cutaneous melanoma, we first analyzed the DEGs
between the primary and metastatic cancer samples of
TCGA database using “limma” package. Under the thresh-
old of regulated P value < 0.05 as well as ∣log 2 ðfold
changeÞ ∣ >0:5, we identified 886 DEGs in total, covering
554 significantly upregulated and 332 significantly decreased
genes within metastatic cancer samples in comparison with
the primary cancer samples (Figure 1(a)). Figure 1(b) reveals
the expression of Top100 DEGs between the primary and
metastatic cancer samples of the TCGA database. Further-
more, we combined the 886 DEGs with 222 ARGs, obtaining
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13 DE-ARGs, to carry out the following investigation
(Figure 1(c)).

3.2. Establishment and Validation of the Prognostic Signature
in relation to Autophagy. For more specifically assessing

whether the DE-ARGs are related to the survival of metasta-
tic cutaneous melanoma cases, the Cox regression investiga-
tion based on single variate was performed within the
training set (Figure 2(a)). The result indicated that two genes
had significant relations to the metastatic cutaneous
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Figure 1: Identification of DE-ARGs in metastatic cutaneous melanoma. (a) Volcano plot of DEGs, including 554 significantly upregulated
and 332 significantly downregulated genes were identified in metastatic cancer samples compared to the primary cancer samples. Threshold:
∣log 2 ðfold changeÞ ∣ >0:5 and adjusted P value < 0.05. Blue dot for downregulated genes; red dot for upregulated genes. (b) The expression
of Top100 DEGs between the primary and metastatic cancer samples of TCGA database. (c) Venn plot for combination of 886 DEGs (blue
circle) and 222 ARGs (yellow circle), obtaining 13 DE-ARGs.
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Figure 2: Training set for establishment of the autophagy-related prognostic signature. (a) The univariate Cox regression analysis for
HSPB8, CCR2 with the survival of metastatic cutaneous melanoma in the training set. (b) The multivariate Cox regression analysis for
combination of HSPB8 and CCR2 with the survival of metastatic cutaneous melanoma in the training set. (c) The distribution of patient
risk scores and survival status in the training set. (d) The K-M survival analysis of the metastatic cutaneous melanoma patients between
high-risk score and low-risk patients in overall survival. Red line for high risk; green line for low risk. (e) The time-dependent ROC
curve and AUC values of 1-, 3-, and 5-year OS in the training set.
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melanoma cases’ OS (P < 0:05), of which HSPB8 was a risk
factor (HR > 1), and CCR2 was a protective factor (HR < 1
) in metastatic cutaneous melanoma. Then, we reported a
2-gene signature based on the Cox regression investigation
based on multiple variates (Figure 2(b)). Two ARGs and
their corresponding coefficients were utilized for determin-
ing the score of risk of the respective metastatic cutaneous
melanoma case. The calculated equation in terms of the
score of risk is presented as 0:0103 × ðexpression value of
HSPB8Þ + ð−0:124Þ × ðexpression value of CCR2Þ within the
training and test sets. Figure 2(c) illustrates the distributions

of case risk scores and survivals. The K-M survival investiga-
tion revealed that the metastatic cutaneous melanoma cases
with high-risk scores had a significantly poorer OS in com-
parison with that of cases based on small risks (Figure 2(c),
P < 0:05). Besides, according to the ROC depending on time,
the AUC of 1-, 3-, and 5-year OS reached 0.733, 0.658, and
0.629, separately (Figure 2(e)). Lastly, we verified the 2-
ARGs prognosis signature with the use of OS information
according to the test set, complying with the results of the
training set (Figures 3(a)–3(c)), in which AUC of 1-, 3-,
and 5-year OS reached 0.711, 0.627, and 0.683, separately.
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Figure 3: Validation set for the autophagy-related prognostic signature. (a) The distribution of patient risk scores and survival status in the
validation set. (b) The K-M survival analysis of the metastatic cutaneous melanoma patients between high-risk score and low-risk patients in
overall survival. Red line for high risk; green line for low risk. (c) The time-dependent ROC curve and AUC values of 1-, 3-, and 5-year OS in
the validation set.
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Taken together, all the results suggested the reliable predict-
ing performance exhibited by the prognosis signature con-
structed by the two ARGs.

3.3. The Associations between the Risk Score and the
Clinicopathological Features in Cases with Metastatic
Cutaneous Melanoma. The expression of the two screened
ARGs of the small- and great-risk samples within the TCGA
dataset is illustrated by heatmaps (Figure 4(a)). We observed
differences with statistical significance in these groups within
the training and test sets. To further investigate the associa-
tions of the risk scores and clinicopathology characteristics,
this study quantitatively analyzed the risk score in metastatic
cutaneous melanoma (Figures 4(b)–4(g)). As a result, the
risk scores and the survival probability were both signifi-
cantly different in these groups with the TCGA dataset com-
partmentalized by Phase and T phase. However, the risk
scores were no significant differences in these groups divided
by age, gender, M, and N phase. Moreover, the survival

probability was significantly different in these groups classi-
fied by age and N phase.

By the same taken, we performed the stratified survival
investigation on the clinicopathological features. According
to Figure 5(a), greater risk scores showed relations to lower
survival according to male cases, whereas female cases
showed an insignificant difference. Furthermore, high-risk
score noticeably caused a poorer OS in metastatic cutaneous
melanoma cases with Phase I-II, Phase III-IV (Figure 5(b)),
M0, N0, and N1, whereas it was not found to be risk factors
in terms of metastatic cutaneous melanoma cases with phase
M1 (Figures 5(c) and 5(d)). The results demonstrated that
the risk scores identified by two ARGs were significantly cor-
related with metastatic cutaneous melanoma.

3.4. Individual Prognosis Value Achieved by the 2-Gene
Signature within Metastatic Cutaneous Melanoma. To fur-
ther demonstrate whether this risk score acted as an individ-
ual factor in terms of the prediction of the course of
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Figure 4: The associations between the risk score and the clinicopathological features in patients with metastatic cutaneous melanoma. (a)
The expression of the two screened ARGs between the low- and high-risk samples in the TCGA dataset are displayed by heatmaps. Left:
training set; right: validation set. Red for high risk; blue line for Low risk. (b)–(g) Violin plot for the associations between the risk score
and clinicopathological features, involved with stage and T stage, age, gender, M, and N stage, respectively. ns: no significance; ∗: P <
0:05; ∗∗: P < 0:01; ∗∗∗: P < 0:001.
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Figure 5: Continued.
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metastatic cutaneous melanoma according to the clinico-
pathology characteristics of age, gender, T phase, N phase,
M phase, and Pathological Phase. The result of univariate
Cox regression investigations indicated that the risk score,
age, pathologic phase, T phase, and N phase showed notice-
able relations to the prediction of the course of metastatic

cutaneous melanoma (Figure 6(b), P < 0:05). Based on these
significant clinicopathological features, we further performed
Cox regression investigation based on multiple variates. As
revealed from the result, the risk score, T phase, N phase,
and age are significantly correlated with the OS (Figure 6(b),
P < 0:05).
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Figure 5: The survival analysis between the risk score and the stratified clinicopathological features in patients with metastatic cutaneous
melanoma. (a)–(d) The K-M survival analysis of the metastatic cutaneous melanoma patients between high-risk score had and low-risk
patients in overall survival, involved with stage I-II, stage III-IV, M0, M1, N0, and N1, respectively; red line for high risk; green line for
low risk.
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3.5. Development and Evaluation of the Nomogram for OS in
Metastatic Cutaneous Melanoma. Then, we established the
nomogram using the five clinicopathological features includ-
ing risk score, age, pathologic phase, T phase, and N phase
(Figure 7(a)). The accurate prediction efficiency of 1-year
survival and 3-year survival in the TCGA database was
investigated by the calibration curve (Figure 7(b)). More-
over, according to the analysis in terms of decision curve
(DCA), the risk model with the addition of clinicopathologi-
cal features showed better net benefit than the risk only
model (Figure 7(c)), which suggested the ability of the
nomogram in the accurate prediction of the prognosis of
metastatic cutaneous melanoma cases.

3.6. Functional Analyses in the TCGA Database. Further-
more, GSVA was performed for elucidating the biology process
and channels related to the risk score. According to Figure 8(a),
many immune-related GO terms, including GO_TOLL_LIKE_
RECEPTOR_7_SIGNALING_PATHWAY, GO_REGULA-
TION_OF_NATURAL_KILLER_CELL_MEDIATED_IMMU-
NITY, GO_NATURAL_KILLER_CELL_CHEMOTAXIS, GO_
T_CELL_ACTIVATION_VIA_T_CELL_RECEPTOR_CON-
TACT_WITH_ANTIGEN_BOUND_TO_MHC_MOLECULE
_ON_ANTIGEN_PRESENTING_CELL, and GO_POSITIVE_
REGULATION_OF_TYPE_2_IMMUNE_RESPONSE,
showed enrichment within the groups with the score based
on small risks. Besides, the KEGG pathway analyses also
indicated the KEGG_INTESTINAL_IMMUNE_NETWORK_

FOR_IGA_PRODUCTION, KEGG_PRIMARY
_IMMUNODEFICIENCY, KEGG_ANTIGEN_PROCESS-
ING_AND_PRESENTATION, KEGG_AUTOIMMUNE_
THYROID_DISEASE, KEGG_GRAFT_VERSUS_HOST_DIS-
EASE, KEGG_ALLOGRAFT_REJECTION, and KEGG_
TYPE_I_DIABETES_MELLITUS were enriched in high-risk
groups (Figure 8(b)), further suggesting that these prognostic
genes might participate in the progression of cutaneous mel-
anoma metastasis.

3.7. The Landscape of Immune Infiltration within Metastatic
Cutaneous Melanoma. With the use of the ESTIMATE, the
content of stromal and immunization cells within metastatic
cutaneous melanoma tumor tissues was calculated. We
found that the immunization and stromal scores achieved
by the group based on great risks exceeded those achieved
by the group based on low risks (Figures 9(a) and 9(b), P
< 0:05). Moreover, we analyzed the ESTIMATE of the two
groups and obtained the same trends (Figure 9(c), P < 0:05
). To investigate relations of the score of risk and immuniza-
tion state, this study determined the enrichment score of
immunization gene sets. Interestingly, the score of Th1 cells,
TFH, Tem, Tcm, T helper cells, T cells, pDC NK CD56dim
cells, neutrophils, mast cells, macrophages, iDC, iDC, eosin-
ophils, DC, cytotoxic cells, CD8 T cells, B cells, aDC, Th17
cells, Th2 cells, and TReg showed noticeable distinctions in
the groups based on small and great risks in the TCGA
group (all P < 0:05, Figure 9(d)). Accordingly, the immune
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Figure 6: Independent prognostic value of the 2-gene signature in metastatic cutaneous melanoma. (a) The result of univariate Cox
regression between the risk score and clinicopathological features of age, gender, T stage, N stage, M stage, and pathological stage. (b)
The result of multivariate Cox regression between the risk score and clinicopathological features of age, gender, T stage, N stage, M
stage, and pathological stage.
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infiltration in metastatic cutaneous melanoma may act as
targets for immunotherapy and may have potential clinical
implications.

3.8. The Expressions of Immune Checkpoint Molecules. Pro-
grammed cell death receptor ligand 1 (PD-L1) and blocking
programmed cell death 1 receptor (PD-1) have been a spe-

cial interest in developing antibodies for a subset of cancer
cases (PMID: 31488176). Therefore, immune checkpoint
proteins have diverse clinical implications in the immuno-
therapy of cancers. We then investigated any potential rela-
tion of the score of risk and the expressions achieved by
immunization checkpoint molecules. According to
Figure 10, the metastatic cutaneous melanoma cases
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Figure 7: Clinical prediction model of clinicopathological features for OS in metastatic cutaneous melanoma. (a) The nomogram plot using
the five clinicopathological features including risk score, age, pathologic stage, T stage, and N stage to predict the OS. (b) The calibration
curve for accurate prediction efficiency of 1-, 3-, and 5- year survival in the TCGA database. (c) The decision curve analysis (DCA)
compared the risk model with the addition of clinicopathological features by net benefit.
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achieving low-risk score had greater expression of immune
checkpoint molecules than the high-risk group. Accordingly,
the low-risk cases suffering from metastatic cutaneous mela-
noma might have a more promising treatment to respond
for immunotherapies.

4. Discussion

Autophagy and autophagy-related genes play an important
role in metastatic cutaneous melanoma. Ryabaya et al.
reported that autophagy inhibitor integration chloroquine
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Figure 8: The result of functional analyses in the TCGA database. (a) GSVA analysis to elucidate the biological processes and pathways
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or LY294002 and TMZ could enhance the cytotoxicity of
alkylating agents on human melanoma cell lines [22]. Zhang
et al. investigated that CX-F9, a novel Ribosomal S6 Kinase 2
(RSK2) inhibitor, could significantly suppress the prolifera-
tion, invasion, and autophagy of melanoma in vitro and
in vivo [23]. In the present study, thirteen ARGs showed
correlations to OS in the Cox regression investigation based
on a single variate. A 2-gene signature was developed, which

stratified metastatic cutaneous melanoma cases into the
groups based on great and small risks. Cases with metastatic
cutaneous melanoma in the high-risk group had worse OS
than that of the group based on small risks. The risk score,
T phase, N phase, and age were proved to be individual fac-
tors for predicting OS. Besides, the risk scores identified by
the two ARGs were significantly correlated with metastatic
cutaneous melanoma. Receiver operating characteristic

Low risk

Wilcoxon, p = 6.9e−132000

1000

–1000

–2000

St
ro

m
al

 sc
or

e

0

High risk

(a)

Wilcoxon, p <2.2e−164000

2000

Im
m

un
e s

co
re

0

Low risk High risk

(b)

Wilcoxon, p <2.2e−16
5000

2500

–2500

Es
tim

at
e s

co
re

0

Low risk High risk

(c)

⁎⁎⁎⁎ ⁎⁎⁎⁎ ⁎⁎⁎⁎ ⁎⁎⁎⁎ ⁎⁎⁎⁎ ⁎ ⁎⁎⁎⁎ ⁎⁎⁎⁎ ⁎ ⁎⁎⁎⁎ ns ⁎⁎⁎⁎ ns ⁎⁎⁎⁎ ⁎⁎⁎⁎ ⁎⁎⁎⁎ ⁎⁎⁎⁎ ⁎⁎⁎⁎ ⁎⁎⁎⁎ ns ⁎⁎⁎⁎ ⁎ ⁎⁎ ⁎⁎⁎⁎

aD
C

B 
ce

lls

CD
8 

T 
ce

lls

Cy
to

to
xi

c c
el

ls

D
C

Eo
sin

op
hi

ls

iD
C

M
ac

ro
ph

ag
es

M
as

t c
el

ls

N
eu

tr
op

hi
ls

N
K 

CD
56

br
ig

ht
 ce

lls

N
K 

CD
56

di
m

 ce
lls

N
K 

ce
lls

pD
C

T 
ce

lls

T 
he

lp
er

 ce
lls

Tc
m

Te
m

TF
H

Tg
d

Th
1 

ce
lls

Th
17

 ce
lls

Th
2 

ce
lls

TR
eg

V
al

ue

0.6

0.4

0.2

0.0

–0.2

–0.4

Risk
Low risk
High risk

(d)

Figure 9: The landscape of immune infiltration in metastatic cutaneous melanoma. (a) ESTIMATE algorithm result of stromal score in
metastatic cutaneous melanoma tumor between low risk and high risk. (b) ESTIMATE algorithm result of immune score in metastatic
cutaneous melanoma tumor between low risk and high risk. (c) ESTIMATE score in metastatic cutaneous melanoma tumor between low
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(ROC) curve analysis demonstrated accurate predictive per-
formance of the 2-gene signature. Functional enrichment
analysis indicated that immune-related biological processes
and channels were significantly enriched. The infiltrating
immune cell content was different between the two risk
groups. We also found that the immune scores and stromal
scores of the high-risk group were higher compared with
that of group based on low risks. The metastatic cutaneous
melanoma cases achieving low-risk scores had greater
expression of immune checkpoint molecules as compared
with the high-risk group.

Although autophagy-related genes play a crucial role in
some diseases, there is no comprehensive study on the prog-
nosis and immunotherapy of autophagy-related genes in
cases suffering from metastatic cutaneous melanoma. This
study reports for the first time the role of autophagy-
related genes in the prognosis and immunotherapy of cases
with metastatic cutaneous melanoma. The risk models of
HspB8 and CCR2 were established by univariate Cox and
multivariate Cox analysis. HspB8 acts as an oncogene in sev-
eral cancers. Shen et al. reported that HSPB8 promoted can-
cer cell growth by activating the ERK-CREB pathway and
predicted a poor prognosis in gastric cancer cases [24]. The
expression of HSPB8 is investigated to correlate with breast
cancer progression [25]. In addition, HSPB8 is responsible
for the rug resistance of breast cancer cells. The mTOR
inhibitor (AZD8055) could inhibit the tamoxifen resistance
in breast cancer cells by suppressing the expression of
HSPB8 [26]. Several studies have shown that CCR2 acts as
a novel biomarker in metastatic cutaneous melanoma [27,
28]. Furthermore, Zhang et al. demonstrated that Toll-like
receptors 7 and 8 expression correlated with the expression
of immune biomarkers (CCR2, CCR5, CCL3, and CCL5)
and positively predicted the clinical outcome of cases with
melanoma [29]. This work is the first time to stratify cases
with metastatic cutaneous melanoma based on autophagy-

related genes, which provides new insights for predicting
the efficacy of immunotherapy and possible differentiation
targets.

We further performed functional analyses of ARGs in the
TCGA database. The results of GSVA elucidated that
autophagy-related genes may be closely related to tumor immu-
nity. For example, the ARGs were enriched in GO_TOLL_
LIKE_RECEPTOR_7_SIGNALING_PATHWAY, GO_NAT-
URAL_KILLER_CELL_CHEMOTAXIS, and GO_POSI-
TIVE_REGULATION_OF_TYPE_2_IMMUNE_RESPONSE.
These pathways are associated with the tumor immunity of
melanoma [30–32]. The KEGG pathway analyses also indicated
the KEGG_INTESTINAL_IMMUNE_NETWORK_FOR_
IGA_PRODUCTION, KEGG_PRIMARY_IMMUNODEFI-
CIENCY, KEGG_ANTIGEN_PROCESSING_AND_PRESEN-
TATION, KEGG_AUTOIMMUNE_THYROID_DISEASE,
KEGG_GRAFT_VERSUS_HOST_DISEASE, KEGG_ALLO-
GRAFT_REJECTION, and KEGG_TYPE_I_DIABETES_
MELLITUS were enriched in high-risk groups. These pathways
participated in the process of immune escape in cutaneous mel-
anoma metastasis [33, 34]. The results revealed that these prog-
nostic genes might participate in the progression of cutaneous
melanoma metastasis.

Since the discovery of immune checkpoint proteins, the
development of antibodies against programmed cell death
receptor-1 (PD-1) and programmed cell death receptor
ligand-1 (PD-L1) has aroused special interest in the treat-
ment of some cancer cases [35, 36]. PD-1 signal carries out
the negative regulation of T cell-mediated immune response,
which is one of the mechanisms of tumor escaping antigen-
specific T cell immune response [37]. It facilitates tumor
development and progression by improving the survival rate
of tumor cells [38]. In this context, PD-1 signaling is a valu-
able new and effective target for cancer immunotherapy.
Javed et al. reported that significant differences existed in
PD-L1 expression between metastatic uveal melanoma and
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metastatic cutaneous melanoma. The higher PD-L1 expres-
sion was observed in metastatic cutaneous melanoma [39].
This work reported that the expressions achieved by the
mentioned key immune checkpoints increased in the group
based on small risks. The key immune checkpoints including
BTLA, CD86, CD244, and PDCD1 are recognized as predic-
tors of sentinel lymph node metastasis in cutaneous mela-
noma [40, 41]. Our results indicated that the low-risk cases
with metastatic cutaneous melanoma might have a more
promising treatment to respond for immunotherapies.

In conclusion, the 2-ARG gene signature indicates a
novel prognostic indicator for prognosis prediction of
metastatic cutaneous melanoma, which served as an impor-
tant tool for guiding the clinical treatment of cutaneous
melanoma.
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１．研究概要（1）

1）目的（Goal）
To investigate the value of Indocyanine Green fluorescence imaging in preventing postoperative anastomotic leakage after
esophagectomy.
2）戦略（Approach）
Esophageal cancer is a common and deadly cancer, with esophageal squamous cell carcinoma being the most prevalent type globally.
Presently, surgical resection remains a critical component of potentially curative treatment of cancer of the esophagus. However,
esophagectomy accompanies with highly morbidity and mortality. Anastomotic fistula is the most common and serious complication
after esophagectomy, and the most important factor that leads to long hospital stay and perioperative deaths. The rate of
anastomotic leakage reportedly ranges from 6.2% to 27%. There are many factors affecting anastomotic leakage after operation,
including blood supply around the anastomotic stoma, tension around the anastomotic stoma and contamination around the
anastomotic stoma during operation.
It is widely accepted among surgeons that sufficient blood supply to the esophagus and the site of anastomosis is a crucial factor for
successful healing after surgery.
Further elaborating on the topic of blood supply around the anastomotic site after esophageal cancer surgery, it is necessary to
consider the blood supply to the gastric conduit and residual esophagus. In the case of cervical anastomosis, the blood supply to the
cervical esophagus is generally supplied by the inferior thyroid artery and is relatively stable. Therefore, the quality of blood supply
around the anastomotic site is primarily evaluated based on the blood supply to the top of the gastric conduit. When evaluating the
quality of organ blood supply, both arterial input and venous output must be considered as they are interdependent and
indispensable. If arterial input is poor or venous output is compromised, both can impact the organ's blood circulation. Therefore,
when assessing the blood circulation of the gastric conduit after esophageal cancer surgery, attention should not only be given to
arterial input via the right gastroepiploic artery but also to ensuring venous output is preserved. In the traditional process of creating
a gastric conduit, a vertical incision is made along the lesser curvature of the stomach, starting at a point 5 centimeters from the
pylorus. However, a new technique has been employed in our center since 2021, whereby the incision is made on the lesser curvature
at the point where the right and left gastric veins converge, and the cutting angle is adjusted to form a blunt angle with the stomach
wall towards the proximal end. The purpose of this technique is to preserve the right gastric vein and blood circulation of the gastric
body to the greatest extent possible, thereby improving the blood supply to the gastric conduit and reducing the risk of anastomotic
leakage.
In recent years, indocyanine green (ICG) fluorescence imaging has emerged as a valuable technique for mapping blood perfusion in
the gastrointestinal tract, particularly in cases where a sufficient blood supply is crucial, such as in esophageal surgery. By using ICG
fluorescence imaging, surgeons can confirm the adequacy of blood supply at the border and determine the optimal anastomotic site.
As previously reported, we have utilized indocyanine green (ICG) imaging to visually assess the blood supply of the gastric conduit
and anastomotic site. Furthermore, we have implemented quantitative technological improvements to evaluate the blood supply of
the gastric conduit and anastomotic site.
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3）材料と方法（Materials and methods）
We conducted a retrospective study between December 2018 and September 2021, which enrolled 249 patients with esophageal
cancer who underwent esophagectomy at Tokai University Hospital. During the surgical procedures, we employed the indocyanine
green (ICG) fluorescence imaging technique and quantitatively processed the data for all the patients above. Based on the
improvement in the modified sleeve gastrectomy technique, which was implemented in 2021 in our center, the patients were divided
into two groups.
The cancer stage was determined based on the 8th edition of the International Union Against Cancer TNM Classification of Malignant
Tumors. The study was conducted in accordance with the guidelines established by the Institutional Review Board for Clinical
Research of the Tokai University School of Medicine, and all patients provided informed consent for the operative procedures and
ICG fluorescence imaging study.
Correlations with categorizable variables were evaluated using a chi-square test and the Fisher exact test, while those with
continuous variables were evaluated using the Mann–Whitney U test. The Student’s t-test or Welch t-test was used to compare the
number of dissected LNs after checking for equal variances using the Levene test. The statistical examinations were performed using
SPSS 21.0 (IBM SPSS, New York, USA). All tests were two-sided, and p values < 0.05 were considered to indicate statistical
significance.
4）実験結果（Results）&5考察（Discussion）
Our research results are currently being discussed and interpreted. As we analyze the data, we are working to understand the
implications and draw meaningful conclusions. We are committed to ensuring that our interpretation of the findings is accurate and
relevant, and will continue to review and refine our conclusions as necessary.
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Perioperative outcomes of
neoadjuvant chemotherapy plus
camrelizumab compared with
chemotherapy alone and
chemoradiotherapy for locally
advanced esophageal squamous
cell cancer

Baihua Zhang1† , Hongbo Zhao2†, Xun Wu1, Lianghui Gong1,
Desong Yang1, Xu Li1, Xiaoyan Chen3, Jigang Li3,
Wenxiang Wang1, Jie Wu1* and Qin Xiao4*

1The Second Department of Thoracic Surgery, Hunan Clinical Medical Research Center of Accurate
Diagnosis and Treatment for Esophageal Carcinoma, Hunan Cancer Hospital and The Affiliated Cancer
Hospital of Xiangya School of Medicine, Central South University, Changsha, China, 2Department of
Thoracic Surgery, National Cancer Center/National Clinical Research Center for Cancer/Cancer
Hospital and Shenzhen Hospital, Chinese Academy of Medical Sciences and Peking Union Medical
College, Shenzhen, China, 3Department of Pathology, Hunan Cancer Hospital and The Affiliated Cancer
Hospital of Xiangya School of Medicine, Central South University, Changsha, China, 4Key Laboratory of
Translational Radiation Oncology, Hunan Province, The First Department of Thoracic Radiation Oncology,
Hunan Cancer Hospital, The Affiliated Cancer Hospital of Xiangya School of Medicine, Central South
University, Changsha, Hunan, China
Purpose: Neoadjuvant chemoimmunotherapy (nCIT) is becoming a new

therapeutic frontier for resectable esophageal squamous cell carcinoma (ESCC);

however, crucial details and technical know-how regarding surgical techniques

and the perioperative challenges following nCIT remain poorly understood. The

study investigated and compared the advantages and disadvantages of

esophagectomy following nCIT with neoadjuvant chemotherapy (nCT) and

chemoradiotherapy (nCRT).

Methods: We retrospectively analyzed data of patients initially diagnosed with

resectable ESCC at clinical stage T2-4N+ and received neoadjuvant therapy

followed by esophagectomy at the Hunan Cancer Hospital between October

2014 and February 2021. Patients were divided into three groups according to

neoadjuvant treatment: (i) nCIT; (ii) nCT; and (iii) nCRT.

Results: There were 34 patients in the nCIT group, 97 in the nCT group, and 31 in

the nCRT group. Compared with nCT, nCIT followed by esophagectomy achieved

higher pathological complete response (pCR; 29.0% versus 4.1%, p<0.001) and

major pathological response (MPR; 52.9% versus 16.5%, p<0.001) rates, more

resected lymph nodes during surgery (25.06 ± 7.62 versus 20.64 ± 9.68,

p=0.009), less intraoperative blood loss (200.00 ± 73.86 versus 266.49 ± 176.29

mL, p=0.035), and comparable results in other perioperative parameters.

Compared with nCRT, nCIT achieved similar pCR (29.0% versus 25.8%) and MPR

(52.9% versus 51.6%, p=0.862) rates, with significantly more lymph nodes resected
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during surgery (25.06 ± 7.62 versus 16.94 ± 7.24, p<0.001), shorter operation time

(267.79 ± 50.67 versus 306.32 ± 79.92min, p=0.022), less intraoperative blood loss

(200.00 ± 73.86 versus 264.53 ± 139.76 mL, p=0.022), and fewer ICU admissions

after surgery (29.4% versus 80.6%, p<0.001). Regarding perioperative adverse

events and complications, no significant statistical differences were detected

between the nCIT and the nCT or nCRT groups. The 3-year overall survival rate

after nCIT was 73.3%, slightly higher than 46.1% after nCT and 39.7% after nCRT,

with no statistically significant differences (p=0.883).

Conclusions: This clinical analysis showed that nCIT is safe and feasible, with

satisfactory pCR and MPR rates. Esophagectomy following nCIT has several

perioperative advantages over nCT and nCRT, with comparable perioperative

morbidity and mortality. The long-term survival benefits after nCIT still requires

further investigation.
KEYWORDS

neoadjuvant therapy, programmed cell death protein-1 inhibitors, immunotherapy,
esophagectomy, neoadjuvant chemoradiotherapy, esophageal squmaous cell carcinoma
Introduction

In 2020, esophageal carcinoma was the seventh most prevalent

cancer and sixth leading cause of cancer-related death worldwide (1).

The predominant esophageal cancer subtype in Asia is esophageal

squamous cell carcinoma (ESCC) (2). ESCC accounts for over 84% of

newly diagnosed esophageal cancers annually (3, 4). Surgical resection

remains the gold standard for patients with locally advanced

resectable ESCC. However, studies have shown that local recurrence

and distant metastasis occur in approximately 33% of patients who

receive surgery alone (5, 6). Thus, ESCC treatment is challenging and

requires a multidisciplinary approach to improve the surgical

therapeutic effect in locally advanced resectable disease.

Following the launch of a new era in immunotherapy (including

programmed cell death-ligand 1 [PD-L1] and programmed cell death

protein-1 [PD-1] inhibitors), further exploration of neoadjuvant

immunotherapy alone or combined with chemotherapy or

chemoradiotherapy is expected to further improve the therapeutic

effect in locally advanced resectable ESCC. In a recent systematic

review including 27 phase 2 or 3 clinical trials with 815 patients, the

pooled pathological complete response (pCR) rate was 32.4% in ESCC

after neoadjuvant chemoimmunotherapy(nCIT), with the pooled

incidence of treatment-related severe adverse events of 26.9% (7). Zhu

et al. reported that neoadjuvant immunochemoradiotherapy could not

improve the pCR rate than neoadjuvant chemoradiotherapy (nCRT) for

ESCC, but significantly increased the risk of severe adverse events (8).

Another multicenter retrospective study that included 370 ESCC

patients showed that the pCR rates of mono-immunotherapy, nCIT,

and nCRT plus immunotherapy were 12.1%, 25.5%, and 42.3%,

respectively (9). Hence, neoadjuvant PD-1/PD-L1 inhibitors in

combination with chemotherapy or chemoradiotherapy are becoming

a new therapeutic frontier for resectable ESCC with promising clinical

outcomes. However, long-term follow-up are warranted to validate the

survival benefits of nCIT or nCRT plus immunotherapy.
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Camrelizumab is a PD-1 inhibitor produced in China by Jiangsu

Hengrui Pharmaceuticals Co, Ltd. (Lianyungang, China). The

ESCORT-1st study showed that first-line camrelizumab plus

chemotherapy could achieve better disease control and long-term

survival in advanced ESCC than chemotherapy alone (10). Several

prospective phase-II clinical trials have also demonstrated that after

neoadjuvant chemotherapy plus camrelizumab (nCIT) for ESCC,

pCR rates ranged from 24.1% to 42.5%, with major pathological

response (MPR) rates of between 45% and 68.8% (11–14). However,

these sample sizes were small, and only a few studies reported survival

results. Additionally, crucial details and technical know-how

regarding the surgical techniques and perioperative challenges

following nCIT are still poorly understood.

In the present study, we retrospectively reviewed the perioperative

outcomes of esophagectomy following nCIT to compare it with

surgery after nCT and nCRT. This study aimed to investigate the

potential advantages and disadvantages of esophagectomy after nCIT.
Patients and methods

Inclusion and exclusion criteria

This is a retrospective, single-center, observational study. Patients

initially diagnosed with resectable ESCC at clinical stages T2-4N+

(American Joint Committee on Cancer, 8th edition) and received

neoadjuvant therapy followed by curative-intent surgery between

October 2014 and February 2021 at the Hunan Cancer Hospital

were recruited. The Eastern Cooperative Oncology Group’s

performance status of all patients was 0 or 1. Patients were

included on the basis of the following criteria; (1): only squamous

cell carcinoma components; (2); thoracic ESCC; (3); patients who

received neoadjuvant chemotherapy (nCT), nCIT (only

camrelizumab), or nCRT followed by esophagectomy; and (4) the
frontiersin.org-
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chemotherapy regimens only consisted of paclitaxel and platinum.

The exclusion criteria were as follows; (1): pathological non-

squamous cell carcinoma components; (2); patients with

unresectable primary tumors, more than seven lymph node

metastases (N3), or distant metastasis (M1) before neoadjuvant

treatment; (3); patients with previous cancer type(s) or other

concurrent malignant tumors; (4); patients that received other

forms of treatment before surgery; and (5) incomplete

medical records.

All clinical data were obtained from medical records and

retrospectively analyzed. This study was conducted per the

Declaration of Helsinki (as revised in 2013). The Ethics Committee

of Hunan Cancer Hospital approved this study (No. 2022097), and

patients’ written informed consent was obtained.
Neoadjuvant treatment modalities

Patients were retrospectively divided into three groups according

to the neoadjuvant treatment modality they received; (1): the nCT

group, including patients who received one to four cycles of paclitaxel

combined with platinum chemotherapy (21 days per cycle); (2); the

nCIT group, including patients who received conventional

chemotherapy (1–4 cycles of paclitaxel and platinum) and

camrelizumab (200 mg) on the first day of each cycle; and (3) the

nCRT group, including patients who received concurrent

chemotherapy (1–4 cycles of paclitaxel and platinum) and

radiotherapy (6-MV X-ray, 39.6–45.0 Gy/1.8–2.0 Gy/f)

before esophagectomy.
Surgery and adjuvant therapy

Generally, patients would receive a tumor re-evaluation within 2

to 6 weeks after the last neoadjuvant treatment cycle. Following

multidisciplinary discussion, a curative-intent surgical resection was

immediately performed when the tumor was considered operable.

Overall, esophagectomy with the stomach as the esophageal substitute

and cervical or thoracic anastomosis were performed in all patients,

while experienced surgeons regularly conducted a standard 2-field

lymphadenectomy. Cervical lymphadenectomy (3-field) was

performed only when lymph node metastasis was suspected in the

neck region.

Adjuvant treatments were then performed on the basis of

pathological tumor stage and each patient’s recovery condition.

After multidisciplinary discussion, postoperative chemoradiotherapy

or chemotherapy alone might be recommended for patients with ypN

+ or palliative resection. In the nCIT group, adjuvant therapy with

camrelizumab might be recommended for 1 year after surgery.
Outcome measures and follow-up

As reported in previous studies (15, 16), pCR was defined as no

viable tumor cells in the resected specimen. In contrast, MPR was

defined as <10% viable residual tumor cells detected in the specimen.

Pathological responses were evaluated independently by two
Frontiers in Immunology 03-289
experienced pathologists. Treatment-related adverse events (TRAEs)

were graded as per the National Cancer Institute Common

Terminology Criteria for Adverse Events (CTCAE) version 5.0.

Weight loss at initial diagnosis was defined as weight loss detected

within six months before the diagnosis of ESCC. Operation time was

calculated from incision to wound closure.

Radiographic evaluations were conducted every 3 months for the

first 2 years after surgery, and then every 6 months thereafter.

Whenever recurrence was suspected, rebiopsy and/or 18F-FDG

positron emission tomography-computed tomography (PET-CT) or

both were performed to identify the possible recurrence.
Statistical analysis

The primary endpoint was the MPR rate, and the secondary

endpoints were the pCR, perioperative morbidity, and 3-year OS

rates. OS was defined as the time (in months) from surgery to the date

of death or the last follow-up. Survival analyses were calculated and

compared using Kaplan–Meier curves and the log-rank test.

Differences in clinicopathological features between groups were

calculated using the chi-square (c2) test or t-test. SPSS software 23.0

(IBM Corp., Armonk, NY, USA) was used to perform all statistical

analyses. A p-value <0.05 (two-sided) was considered to be

statistically significant.
Results

Overview of patient cohorts

Between October 2014 and February 2021, 194 patients were

screened for eligibility. Eventually, 162 patients were enrolled for

further analysis (34 patients in the nCIT group, 97 in the nCT group,

and 31 in the nCRT group) (Figure 1). All 162 patients in the study

finished one to four cycles of neoadjuvant therapy. As summarized in

Table 1, the enrolled patients in the nCIT group have a mean age of

60.68 ± 7.44 years old and predominantly consisted of males (91.2%),

which were consistent with the nCT and nCRT groups. No significant

differences were detected between the nCIT and the nCT or nCRT

groups in other baseline characteristics, including cigarette

consumption, alcohol abuse, weight loss at initial diagnosis, body

mass index, tumor location, tumor length, cN, and pathological

differentiation. However, the cT4 percentage in the nCIT group was

35.3%, which was significantly higher than in the nCT group (16.5%,

p=0.021) but comparable to that in the nCRT group (19.4%, p=0.238).
Perioperative outcomes

All patients successfully received esophagectomy and most

achieved radical resection with no significant statistical differences

(Table 2). The time interval between final neoadjuvant therapy and

surgery in the nCIT group was 35.91 ± 6.76 days, which was

significantly longer than in the nCT group (32.70 ± 7.56 days,

p=0.024) but shorter than in the nCRT group (41.87 ± 10.60 days,
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p=0.010). Patients in the nCIT group (267.79 ± 50.67 min) required a

shorter operation time than those in the nCRT group (306.32 ±

79.92 min, p=0.022). Meanwhile, no significant difference was

detected between the nCIT and nCT groups (291.40 ± 71.48 min,

p=0.078). Additionally, intraoperative blood loss in the nCIT group

(200.00 ± 73.86 mL) was less than in the nCT (266.49 ± 176.29 mL,

p=0.035) and nCRT (264.53 ± 139.76 mL, p=0.022) groups. Notably,

2-field lymphadenectomy was the principal method for lymph node

resection in all groups. However, the average number of resected

lymph nodes in the nCIT group (25.06 ± 7.62) was significantly

higher than in the other two groups (p=0.009, p<0.001, respectively).

Three-incisional esophagectomy with anastomosis in the neck

was the principal surgery in all three groups. As summarized in

Table 2, no significant differences were detected between the groups in

the total drainage after operation, duration of chest tube, and hospital

stay after surgery. The frequency of ICU stay after surgery in the nCIT

group (29.4%) was comparable with that in the nCT group (32.0%,

p=0.783) but significantly lower than in the nCRT group

(80.6%, p<0.001).
Frontiers in Immunology 04-290
Pathological efficacy

In the pathological analysis after surgery, MPR was observed in 18

patients in the nCIT group (52.9%), including nine primary tumor

pCRs (26.4%) (8 T0N0 [23.5%], 1 T0N+ [2.9%]), and nine patients

(26.5%) had 1% to 10% viable residual tumor cells detected in the

specimens. In the nCT group, MPR was achieved in 16 patients

(16.5%), including four primary tumor pCRs (4.1%) (3 T0N0 [3.1%],

1 T0N+ [1.0%]), which was significantly lower than in the nCIT

group (p<0.001). In the nCRT group, 16 patients (51.6%) achieved

MPR, including eight primary tumor pCRs (25.8%) (7 T0N0 [22.6%],

1 T0N+ [3.2%]), which was similar to the nCIT group (p=0.862).

Accordingly, the ypT0-2 percentage in the nCIT group (67.6%)

was also significantly higher than in the nCT group (39.2%, p=0.004)

but similar to the nCRT group (58.1%, p=0.424). No significant

differences were detected between the groups for other pathological

parameters including ypN stage, ypTNM stage, positive lymph node

number, and lymphovascular invasion (LVI), or perineural invasion.

After surgery, approximately half of the patients received adjuvant
FIGURE 1

Patient selection flowchart.
frontiersin.org-

https://doi.org/10.3389/fimmu.2023.1066527
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2023.1066527
therapy, with no statistically significant difference observed among

the three groups.
Perioperative adverse events
and complications

The adverse events related to neoadjuvant therapy are

summarized in Table 3. The frequency of adverse events in the
Frontiers in Immunology 05-291
nCIT group was 47.1%, which was comparable with the nCT and

nCRT groups. Regarding CTCAE grade, the frequency of severe

adverse events (grade III/IV) in the nCIT group was 25.0%, which

was similar to the 16.2% and 41.1% in the nCT and nCRT groups,

respectively. No deaths related to neoadjuvant therapy (CTCAE grade

V) were observed in any group. As to the adverse event types,

myelosuppression and erythra were the principal events in the

nCIT group, which was different from that of myelosuppression

and gastrointestinal react in the nCT group (p=0.002).
TABLE 1 Clinical characteristics for ESCC patients received neoadjuvant therapy.

Variables nCIT (n=34) nCT (n=97) P value nCIT (n=34) nCRT (n=31) P value

Age

Mean ± SDa, y 60.68 ± 7.44 60.08 ± 7.78 0.699 60.68 ± 7.44 57.23 ± 6.79 0.056

Gender

Male 31 (91.2) 94 (96.9) 0.169 31 (91.2) 30 (96.8) 0.348

Female 3 (8.8) 3 (3.1) 3 (8.8) 1 (3.2)

Cigarette consumption

Former/current 30 (88.2) 86 (88.7) 0.947 30 (88.2) 27 (87.1) 0.889

No 4 (11.8) 11 (11.3) 4 (11.8) 4 (12.9)

Alcohol abuse

Former/current 28 (82.4) 78 (80.4) 0.804 28 (82.4) 29 (93.5) 0.170

No 6 (17.6) 19 (19.6) 6 (17.6) 2 (6.5)

Weight loss at initial diagnosis

Yes 21 (61.8) 50 (51.5) 0.303 21 (61.8) 15 (48.4) 0.279

No 13 (38.2) 47 (48.5) 13 (38.2) 16 (51.6)

BMI index

Mean ± SD a 21.82 ± 2.74 21.35 ± 3.17 0.442 21.82 ± 2.74 21.77 ± 1.91 0.932

Tumor location

Upper thoracic 3 (8.8) 10 (10.3) 0.642 3 (8.8) 4 (12.9) 0.169

Middle thoracic 11 (32.4) 39 (40.2) 11 (32.4) 16 (51.6)

Lower thoracic 20 (58.8) 48 (49.5) 20 (58.8) 11 (35.5)

Tumor length before treatment

Mean ± SD a, cm 5.36 ± 1.81 5.11 ± 1.89 0.512 5.36 ± 1.81 5.21 ± 1.72 0.736

cT

T2/3 22 (64.7) 81 (83.5) 0.021 22 (64.7) 25 (80.6) 0.151

T4 12 (35.3) 16 (16.5) 12 (35.3) 6 (19.4)

cN

N1 17 (50.0) 59 (60.8) 0.271 17 (50.0) 11 (35.5) 0.238

N2 17 (50.0) 38 (39.2) 17 (50.0) 20 (64.5)

Pathological differentiation

Poor/moderate 27 (79.4) 70 (72.2) 0.407 27 (79.4) 27 (87.1) 0.409

Well 7 (20.6) 27 (27.8) 7 (20.6) 4 (12.9)
-
 fron
aVariables were described by mean (x) and standard deviation (s).
ESCC, esophageal squamous cell carcinoma; cT, clinical T stage before treatment; cN, clinical N stage before treatment; nCT, neoadjuvant chemotherapy; nCIT, neoadjuvant chemotherapy plus
Camrelizumab; nCRT, neoadjuvant chemoradiotherapy.
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TABLE 2 The perioperative outcomes of esophagectomy after neoadjuvant therapy.

Variables nCIT (n=34) nCT (n=97) P value nCIT (n=34) nCRT (n=31) P value

Interval days

x ± s a(day) 35.91 ± 6.76 32.70 ± 7.56 0.024 35.91 ± 6.76 41.87 ± 10.60 0.010

Surgical radicality

Radical 33 (97.1) 89 (91.8) 0.293 33 (97.1) 29 (93.5) 0.500

Palliative 1 (2.9) 8 (8.2) 1 (2.9) 2 (6.5)

Operation time

x ± s a(min) 267.79 ± 50.67 291.40 ± 71.48 0.078 267.79 ± 50.67 306.32 ± 79.92 0.022

Intraoperative blood loss

x ± s a(ml) 200.00 ± 73.86 266.49 ± 176.29 0.035 200.00 ± 73.86 264.53 ± 139.76 0.022

Extent of lymph node resection

2-field 34 (100.0) 96 (99.0) 0.552 34 (100.0) 30 (96.8) 0.291

3-field 0 1 (1.0) 0 1 (3.2)

Resected lymph nodes number

x ± s a 25.06 ± 7.62 20.64 ± 9.68 0.009 25.06 ± 7.62 16.94 ± 7.24 <
0.001

Anastomosis position

Neck 33 (97.1) 90 (92.8) 0.370 33 (97.1) 26 (83.9) 0.067

Thoracic 1 (2.9) 7 (7.2) 1 (2.9) 5 (16.1)

Total drainage after operation

x ± s a(ml) 1925.29 ± 2239.05 2476.25 ± 3335.70 0.285 1925.29 ± 2239.05 3664.35 ± 6581.08 0.151

Duration of chest tube

x ± s a(day) 8.00 ± 4.70 8.78 ± 3.47 0.378 8.00 ± 4.70 11.42 ± 19.98 0.336

ICU stay after surgery

Yes 10 (29.4) 31 (32.0) 0.783 10 (29.4) 25 (80.6) <
0.001

No 24 (70.6) 66 (68.0) 24 (70.6) 6 (19.4)

Hospital stays after surgery

x ± s a(day) 12.76 ± 7.30 12.27 ± 4.71 0.713 12.76 ± 7.30 15.65 ± 19.38 0.423

Pathological response

MPR 18 (52.9) 16 (16.5) <
0.001

18 (52.9) 16 (51.6) 0.862

PR 9 (26.5) 48 (49.5) 9 (26.5) 7 (22.6)

SD/PD 7 (20.6) 33 (34.0) 7 (20.6) 8 (25.8)

ypT stage

T0-2 23 (67.6) 38 (39.2) 0.004 23 (67.6) 18 (58.1) 0.424

T3-4 11 (32.4) 59 (60.8) 11 (32.4) 13 (41.9)

ypN stage

N- 20 (58.8) 45 (46.4) 0.212 20 (58.8) 18 (58.1) 0.951

N+ 14 (41.2) 52 (53.6) 14 (41.2) 13 (41.9)

ypTNM stage

(Continued)
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Postoperative complications related to surgery within 30

days occurred in 17 patients (50.0%) in the nCIT group,

approximately 37 patients (38.1%) in the nCT group, and 13

patients (41.9%, p=0.227) in the nCRT group (p=0.515)

(Table 4). The principal complications included pulmonary

complications, anastomotic leakage, hoarseness, and cardiac

complications, and these were unrelated to the neoadjuvant

therapeutic modality. One patient in the nCIT group received
Frontiers in Immunology 07-293
a reoperation within 30 days due to diaphragmatic hernia and

chyle, four patients in the nCT group due to anastomotic leakage

or tracheostomy, and one patient in the nCRT group due to

intrathoracic anastomotic leakage.

Only one patient suffered from sudden death, which was 11 days

after surgery, and the patient was in the nCT group. The 90-day

mortality rate was 8.8% in the nCIT group, and 7.2% in the nCT

group (p=0.761), while no deaths within 90 days were observed in the
TABLE 2 Continued

Variables nCIT (n=34) nCT (n=97) P value nCIT (n=34) nCRT (n=31) P value

0-II 22 (64.7) 45 (46.4) 0.179 22 (64.7) 20 (64.5) 0.839

III 9 (26.5) 41 (42.3) 9 (26.5) 7 (22.6)

IVA 3 (8.8) 11 (11.3) 3 (8.8) 4 (12.9)

Positive lymph nodes number

x ± s a 1.32 ± 2.43 1.51 ± 2.36 0.707 1.32 ± 2.43 1.06 ± 1.98 0.642

LVI/perineural invasion

Yes 6 (17.6) 14 (14.4) 0.654 6 (17.6) 2 (6.5) 0.170

No 28 (82.4) 83 (85.6) 28 (82.4) 29 (93.5)

Adjuvant therapy

Yes 20 (58.8) 46 (47.4) 0.253 20 (58.8) 15 (48.4) 0.399

No 14 (41.2) 51 (52.6) 14 (41.2) 16 (51.6)
-
 fron
aVariabls were described by mean (x) and standard deviation (s).
nCIT, neoadjuvant chemotherapy plus Camrelizumab; nCT, neoadjuvant chemotherapy; nCRT, neoadjuvant chemoradiotherapy; Interval days, interval days between final neoadjuvant therapy and
surgery; ypT, pathological T stage after neoadjuvant therapy; ypN, pathological N stage after neoadjuvant therapy; ypTNM, pathological TNM stage after neoadjuvant therapy; ICU, intensive care unit;
LVI, lymphovascular invasion; MPR, major pathological response; PR, partial response; SD, stable disease; PD, progressive disease.
TABLE 3 The adverse events of neoadjuvant therapy.

Variables nCIT (n=34) nCT (n=97) P value nCIT (n=34) nCRT (n=31) P value

Adverse events

Yes 16 (47.1) 37 (38.1) 0.362 16 (47.1) 17 (54.8) 0.531

No 18 (52.9) 60 (61.9) 18 (52.9) 14 (45.2)

CTCAE grade

Any grade N=16 N=37 N=16 N=17

I 6 (37.5) 15 (40.5) 0.765 6 (37.5) 4 (23.5) 0.596

II 6 (37.5) 16 (43.2) 0.877 6 (37.5) 6 (35.3) 0.859

III 2 (12.5) 3 (8.1) 0.465 2 (12.5) 4 (23.5) 0.329

IV 2 (12.5) 3 (8.1) 0.465 2 (12.5) 3 (17.6) 0.566

V 0 0 0 0

Adverse event types

Myelosuppression 7 (43.8) 18 (48.6) 0.002 7 (43.8) 12 (70.6) 0.129

Erythra 7 (43.8) 1 (2.7) 7 (43.8) 1 (5.9)

Hepatic dysfunction 1 (6.3) 4 (10.8) 1 (6.3) 1 (5.9)

Gastrointestinal react 1 (6.3) 12 (32.4) 1 (6.3) 2 (11.8)

Renal dysfunction 0 2 (5.49) 0 1 (5.9)
nCT, neoadjuvant chemotherapy; nCIT, neoadjuvant chemotherapy plus Camrelizumab; nCRT, neoadjuvant chemoradiotherapy; CTCAE, Common Terminology Criteria for Adverse Events (version 5.0).
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nCRT group. No statistically significant difference was found between

the nCIT and nCRT groups (p=0.09).
Overall survival and analysis of
prognostic factors

Until July 30, 2022, the median follow-up of the entire cohort was

20.45 months, with a range of 0.36 to 84.76 months. In the nCIT

group, the 1- and 3-year OS rates were 82.4% and 73.3%, respectively,

which were not significantly different from the nCT group (77.3% and

46.1%, respectively) and the nCRT group (83.9% and 39.7%,

respectively) (Figure 2A, p=0.883). Furthermore, the 3-year OS for

patients who achieved MPR was 68.7%, which was significantly

higher than 46.3% for partial responders and 23.8% for those with

stable/progressive disease (Figure 2B, p<0.001). Patients who achieved

radical esophagectomy attained a much better 3-year OS rate than

those who achieved palliative surgery (49.7% versus 0%, Figure 2C,

p<0.001). In the analysis of postoperative pathological stage, patients

with stage ypN- achieved a 3-year OS of 60.6%, which was longer than

the 29.0% for patients with ypN+ (Figure 2D, p<0.001). Further

analysis showed that patients with earlier ypT0-2 and yp0-II staged

disease also had better long-term survival rates (Figures 2E,

F, p<0.001).
Frontiers in Immunology 08-294
Interestingly, the 3-year OS rate of patients with weight loss at

initial diagnosis was 38.7%, which was significantly shorter than the

55.8% for patients without weight loss (p=0.032). Additionally, the 3-

year OS for patients without LVI/perineural invasion was 48.3%,

which was longer than the 33.8% for patients with LVI/perineural

invasion (p=0.022). However, age, sex, body mass index, tumor length

at initial diagnosis, tumor location, pathological differentiation, and

adjuvant systemic therapy were not significantly correlated with OS in

univariate Cox analysis (Table 5).

In the multivariate analysis, which included significant factors

identified by univariate analysis, only surgical radicality (hazard ratio

[HR]: 5.882, 95% confidence interval [CI]: 2.799–12.359, p<0.001),

pathological response (HR: 1.493, 95% CI: 1.040–2.143, p=0.030), and

ypN stage (HR: 2.100, 95% CI: 1.245–3.542, p=0.005) were found to

be independent prognostic factors for OS other than neoadjuvant

modality (Table 5).
Discussion

This study described potential intraoperative technical challenges

after nCIT and compared them with other neoadjuvant treatment

modalities including nCT and nCRT. Compared with nCT, nCIT

followed by esophagectomy achieved higher pCR and MPR rates,
TABLE 4 Perioperative complications within 30 days after surgery and mortality.

Variables nCIT (n=34) nCT (n=97) P value nCIT (n=34) nCRT (n=31) P value

Postoperative complications

Yes 17 (50.0) 37 (38.1) 0.227 17 (50.0) 13 (41.9) 0.515

No 17 (50.0) 58 (61.9) 17 (50.0) 18 (58.1)

Complication types n=17 n=37 n=17 n=13

Hoarseness 2 (11.8) 6 (16.2) 2 (11.8) 1 (7.7)

Pulmonary complications 7 (41.7) 10 (27.0) 7 (41.7) 3 (23.1)

Cardiac complications 2 (11.8) 1 (2.7) 2 (11.8) 2 (15.4)

Chyle 1 (5.9) 3 (8.1) 1 (5.9) 0

Anastomotic leakage 2 (11.8) 8 (21.6) 2 (11.8) 4 (30.8)

Gastric and intestinal complications 1 (5.9) 3 (8.1) 1 (5.9) 0

Other complications 2 (11.8) 6 (16.2) 2 (11.8) 3 (23.1)

Reoperation in 30 days

No 33 (97.1) 93 (95.9) 0.757 33 (97.1) 30 (96.8) 0.947

Yes 1 (2.9) 4 (4.1) 1 (2.9) 1 (3.2)

30-day mortality

No 34 (100.0) 96 (99.0) 0.552 34 (100.0) 31 (100.0) 1.000

Yes 0 1 (1.0) 0 0

90-day mortality

No 31 (91.2) 90 (92.8) 0.761 31 (91.2) 31 (100.0) 0.09

Yes 3 (8.8) 7 (7.2) 3 (8.8) 0
-
 fron
nCT, neoadjuvant chemotherapy; nCIT, neoadjuvant chemotherapy plus Camrelizumab; nCRT, neoadjuvant chemoradiotherapy.
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more resected lymph nodes during surgery, less intraoperative blood

loss, and comparable results in other perioperative parameters.

Compared with nCRT, nCIT achieved similar pCR and MPR rates,

significantly more resected lymph nodes during surgery, shorter

operation time, less intraoperative blood loss, and less frequent ICU

stays after surgery. Regarding postoperative complications, no
Frontiers in Immunology 09-295
significant statistical difference was detected between the nCIT and

the nCT or nCRT groups.

Over the past decade, there have been lingering controversies

concerning the effects of neoadjuvant chemotherapy (nCT),

chemoradiotherapy (nCRT), and immunotherapy for ESCC. There

is still no convincing evidence to prove which neoadjuvant
A B

D E F

C

FIGURE 2

Overall survival (OS) curves for the 162 ESCC patients. (A) OS was not significantly different in the neoadjuvant chemoimmunotherapy (nCIT) group
compared with the neoadjuvant chemotherapy (nCT) and neoadjuvant chemoradiotherapy (nCRT) groups (p=0.883). (B) OS was significantly increased
for patients who achieved major pathological response (MPR) compared with those who achieved partial response (PR) and stable disease (SD)/
progressive disease (PD) (p<0.001). (C) OS was increased for patients who achieved radical esophagectomy compared with those who achieved palliative
surgery (p<0.001). (D) OS was increased in patients with stage ypN- compared with those who had stage ypN+ (p<0.001). (E) OS was increased in
patients with stage ypT0-2 compared with those who had stage ypT3/4 (p<0.001). (F) OS was increased in patients with stage yp0-II compared with
those who had stage ypIII and ypIVA (p<0.001).
TABLE 5 Univariate and multivariate analysis of OS for 162 ESCC patients treated with surgery following neoadjuvant therapy.

Characteristics
Univariate Multivariate

HR (95% CI) P HR (95% CI) P

Age (y): < 60 vs ≥ 60 1.039 (0.660-1.634) 0.870

Gender: Male vs Female 0.564 (0.138-2.299) 0.424

Weight loss at initial diagnosis: Yes vs No 1.679 (1.047-2.692) 0.032*

BMI index: < 22 vs ≥ 22 0.870 (0.545-1.390) 0.561

Tumor length at initial diagnosis: <5 vs ≥5cm 0.981 (0.620-1.553) 0.936

Tumor location: Lower vs Upper/middle 1.250 (0.793-1.972) 0.337

Pathological differentiation: Poor/moderate vs Well 1.170 (0.673-2.035) 0.579

Surgical radicality: Palliative vs Radical 7.415 (3.765-14.605) <0.001* 5.882 (2.799-12.359) <0.001

Pathological response: SD(PD) vs PR vs MPR(CR) 2.090 (1.533-2.849) <0.001* 1.493 (1.040-2.143) 0.030

ypT stage: ypT3-4 vs ypT0-2 2.555 (1.569-4.161) <0.001*

ypN stage: ypN+ vs ypN- 2.601 (1.615-4.190) <0.001* 2.100 (1.245-3.542) 0.005

ypTNM stage: IVA vs III vs 0-II 1.588 (1.300-1.939) <0.001*

LVI/perineural invasion: Yes vs No 2.026 (1.105-3.715) 0.022*

Neoadjuvant therapeutic modality: nCRT vs nCIT vs nCT 0.990 (0.872-1.125) 0.883

Adjuvant systemic therapy: Yes vs No 0.957(0.606-1.511) 0.849
-

*Factors included into multivariate analysis.
ESCC, esophageal squamous cell carcinoma; OS, overall survival; nCIT, neoadjuvant chemotherapy plus Camrelizumab; nCT, neoadjuvant chemotherapy; nCRT, neoadjuvant chemoradiotherapy;
ypT, pathological T stage after neoadjuvant therapy; ypN, pathological N stage after neoadjuvant therapy; ypTNM, pathological TNM stage after neoadjuvant therapy; vs, versus; HR, hazard ratio; CI,
confidence interval.
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therapeutic modality is best for locally advanced resectable ESCC.

Pathological responses including pCR andMPR have been considered

as principal surrogate endpoints to evaluate the therapeutic efficacy of

different neoadjuvant treatments. Previous large-scale randomized

clinical trials have reported that nCRT could achieve higher pCR rates

(43.2-49%) than nCT (3.8-10.7%) in ESCC, but nCRT might have

more postoperative complications and higher postoperative

mortality, with no identified overall survival differences (4, 17–24).

Therefore, in Western countries, many institutions have adopted

nCRT followed by esophagectomy, but globally, many other

countries support nCT alone (4, 25).

In this study, the pCR rate for the primary tumor was 26.4%, and

the MPR rate was 52.9% after nCIT, consistent with previous reports

(9, 11, 12, 26–30). However, after nCT for ESCC, the pCR rate in

previous studies is usually between 3.8% and 10.7% (23, 24, 31), which

is close to the 4.1% for the primary tumor in this study and

significantly lower than the results for nCIT. In contrast, the pCR

rate for nCRT has reached approximately 28.9% to 49% in previous

studies, which is slightly better than the 25.8% in this study (21, 24,

31–33). Xu et al. demonstrated that the pCR rate was comparable

between nCIT and nCRT (29.8% vs 34.0%), with no significant

differences in the incidence of postoperative complications and 30-

day mortality (34). Thus, this study showed that ESCC might achieve

better therapeutic efficacy from nCIT and nCRT on the basis of pCR

and MPR results.

Although the pathological efficacy was better for nCIT and nCRT,

controversies concerning the long-term survival results remained.

Previous prospective trials on esophageal cancer, including

JCOG9907, OEO2, CROSS, and NEOCRTEC5010 have

demonstrated that nCT or nCRT can achieve better OS results than

surgery alone or postoperative chemotherapy (20, 21, 32, 35).

Nonetheless, survival differences between different neoadjuvant

therapeutic modalities have not been clarified. Klevebro et al. and

Wang et al. showed that nCRT could result in a higher pCR rate than

nCT, but with no significant survival benefits (24, 31). Another study

showed no significant differences in the 5-year OS or the 5-year

relapse-free survival (RFS) rates between nCRT and nCT (36). Two

separate meta-analyses also reported that nCRT did not show

significant long-term survival benefits as nCT (37, 38). In this

study, the 1-year OS rate in the nCIT group were 82.4%, consistent

with the 1-year OS of between 87.6% and 92.8% in previous reports

(29, 39), but not significantly different from nCT (77.3%) and nCRT

(83.9%). In a few propensity score matching analyses, the 1-year OS

rate in the nCIT group was 94.5-95.7%, slightly better than 84.8% in

the nCT group and 86.2% in the nCRT group, but with no significant

statistical differences (40, 41). Although no statistically significant

difference was observed in our data, the 3-year OS after nCIT was

73.3%, slightly higher than 46.1% after nCT and 39.7% after nCRT.

However, the sample size and follow-up time in the present study

were too limited to report mature OS results. Therefore, the survival

benefit after nCIT in locally advanced resectable ESCC still requires

further investigation. Furthermore, as previously reported (4, 36, 42),

our further analysis showed that radical esophagectomy, MPR, and

ypN0 (no lymph node metastasis) were independent favorable

prognostic factors for OS after neoadjuvant therapy. As to adjuvant

therapy, approximately half of the patients received adjuvant therapy

in each group, and no statistically significant difference was observed
Frontiers in Immunology 10-296
among the three groups. No survival difference was observed between

patients received adjuvant therapy or not in our analysis.

This study also highlighted advantages for esophagectomy, as nCIT

had more lymph nodes resected and less intraoperative blood loss

compared with nCT. During our surgery, tumor and metastatic

lymph nodes regression was more significant in the nCIT group than

in the nCT group, facilitating lymph node clearance and reducing

operation times. Qiao et al. also reported that patients who received

nCIT had more lymph nodes cleared during surgery than those who

received nCT (34 vs. 30, p<0.001), with comparable incidence of

complications (23). Furthermore, when compared with nCRT,

esophagectomy after nCIT also achieved more resected lymph nodes,

shorter operation times, less intraoperative blood loss, and less frequent

ICU stays after surgery. Based on our surgical experience, mild or

moderate tissue adhesions were more frequently observed in the nCIT

group compared to the nCRT group, which might help reduce the

intraoperative difficulties. In certain propensity score matching analyses

by Hong et al. and Xiao et al, esophagectomy after nCIT required shorter

operative times, and dissected more lymph nodes than after nCRT (41,

43). Cheng et al. also reported that the nCIT group had minimal

intraoperative blood loss, shorter operative times, and fewer

perioperative complications than the nCRT group (37). However, the

extent of lymph node resection and positive lymph node numbers after

nCIT were similar to after nCT and nCRT in this study. Regarding other

perioperative parameters such as radical resection rate and several

postoperative recovery parameters, no significant differences were

detected among the three groups.

Perioperative morbidity and mortality are the principal concerns

in surgical treatment following neoadjuvant therapy. This study

detected no significant statistical differences in the CTCAE grade

related to neoadjuvant therapy and postoperative complication types

among the three groups. Thus, the addition of camrelizumab to nCT

did not increase morbidity or mortality. Additionally, another study

by Qiao et al. showed that the total incidence of adverse events during

nCIT was lower (77.1%) than nCT (91.7%, p=0.003) (23). As reported

in previous studies (26, 30), pneumonia was the most prevalent major

30-day postoperative complication in this study. Other common

complications included hoarseness, cardiac complication, and

anastomotic leakage. Fortunately, no treatment- or surgery-related

deaths were observed within 30 days after esophagectomy in this

study, except for one sudden death in the nCT group, proving that

esophagectomy following nCIT is safe and feasible.

Some limitations are apparent in this study. First, selection biases

were inevitable between groups due to the limited sample size and the

retrospective design. For example, the cT4 percentage in the nCIT

group was 35.3%, which was significantly higher than in the nCT

group. Second, the follow-up and recurrences data are insufficient to

report mature OS and disease-free survival results. Third, each

neoadjuvant therapy might have specific benefits for patient

subgroups. The information on predictive biomarkers for

therapeutic efficacy, such as PD-L1 expression, was absent in the

present study. Therefore, the problem remains with selecting optimal

patients who might benefit from different therapeutic modalities.

Hence, more prospective phase III clinical trials with larger sample

sizes and multiple centers should be conducted to identify the

advantages and disadvantages of each neoadjuvant therapy in

locally advanced resectable ESCC.
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Conclusion

In conclusion, this real-world analysis showed that nCIT is safe

and feasible, with satisfactory pCR and MPR rates. Esophagectomy

following nCIT achieved several perioperative advantages over nCT

and nCRT, with comparable perioperative morbidity and mortality.

Although the 3-year OS after nCIT is slightly higher, the long-term

survival benefits still require further investigation.
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１．研究概要（1）

1）目的（Goal）
  2020年6月末に日本における在留外国人数は288万5904人、日本の総人口のおよそ2％を占めている。在日外国人医療に
関する病院や診療所では「言葉・コミュニケーション」「保健・経済的側面」「保健医療システムの違い」「異文化の理
解」などの課題を抱えているが、これらの問題解決のために、医療通訳が果たす役割は重要である。しかし、医療の現場
では死産や癌の告知、余命の説明や抗がん剤の治療など、精神的に負担の大きい内容の通訳を強いられることがある。時
には、患者や家族のやり場のない怒りやストレスのはけ口が医療従事者や通訳士に向けられることもあり、心的外傷を受
けた医療通訳は苦しみ、仕事に復帰できずに辞めてしまうケースもあるという。特に、精神科医療における通訳は、様々
な精神的症状を呈している患者と精神科医の間に立ち、一般身体の医療通訳以上に心理的な影響を受けていると報告され
ている。さらに、日本では医療通訳が国家資格として確立されず、多くがボランティアベースで取り組む医学アマチュア
であることも、通訳の心理的負担の要因になっている。したがって、本研究は、日本における医療通訳、特に精神科医療
通訳者が医療通訳の仕事によって受ける心理的影響について、明らかにすることを目的とする。

2）戦略（Approach）
　構築主義的グランデッドセオリーに基づき、データを収集し、データをLine by lineコード化する。コーディングに
よって新たなカテゴリーを生成する。カテゴリーを確かめるために、さらにデータを収集する。元々のデータに戻って、
読み直し、他に新たなカテゴリーが生まれる余地がないかを確認する。必要に応じて、新たなリサーチクエスチョンを立
てる。分析過程で生成したカテゴリーをデータと絶えずに比較をしていく。新しいコード・内容が出てこなくなるまで、
調査をしていく。最終的に状況限定理論（その適用が特定の状況に限定される理論）を形成していくのを目的にする。

3）材料と方法（Materials and methods）
　本研究の調査が主に医療通訳者（精神科医療通訳の経験を持つ）を対象とする。候補者はNPO、精神科クリニックおよ
び大学病院などに所属する通訳者たちとなる。可能な範囲で、対象者の多様性（年齢、性別、言語、所属機関など）を重
視する。
　半構造化インタービューの方法を採用する。新型コロナウイルスの影響で、対面方式ではなく、遠隔方式（「ZOOM」ま
たは「テンセント会議」）を使用する。時間は一人当たり1−2時間で、インタービューをする際に録音の許可をいただ
き、録音機2台で録音させていただいた後、文字起こしをし、逐語録を作る。

4）実験結果（Results）
　調査中であり、まだ結果を出していない。現段階で9名の対象者をインタービュした。属性に関しては、女性8名で男性
1名；NPO所属7名で大学病院所属2名；通訳8名でコーディネーター1名；50代以上7名で50代以下2名となる。文字起こしと
コーディング作業をしているが、現段階では、年齢、雇用形態および性別で違いが見られたため、次の段階では、若い世
代、大学病院所属の医療通訳、男性を重点的に探して、調査していく予定である。

5）考察（Discussion）
　結果が出ていないため、考察段階ではないが、質的研究の結果を持って、量的研究を行い、検証していくことも視野に
入れている。
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一般投稿

精神科医療通訳の「患者擁護」について
“Patient Advocacy” for Psychiatric Interpreters

金沢大学人間社会環境研究科 博士後期課程 周 　英
金沢大学融合研究域 教授 堤 敦朗

【Abstract】
Globalization has facilitated international travel, and the number of non-native patients receiving psychiatric 
services in Japan is increasing. Consequently, diff erences in language and culture have become the biggest 
issues faced by psychiatric institutions. Therefore, psychiatric interpreters are expected to play a major 
role. Studies have indicated that medical interpreters require advocacy, especially in psychiatric settings. 
This article clarifies what is meant by the term “advocacy” and why it is required in psychiatric 
interpretation.

【Key words】
Psychiatric interpreters, Advocacy, Community interpreters

はじめに

　世界規模でグローバル化が進み、人々の国境を跨

ぐ移動が容易となっている。出入国在留管理庁［1］

によると、2020 年 6 月末に日本における在留外国

人数は 288 万 5904 人で、日本の総人口のおよそ

2%を占めている。

　日本全国の精神医療機関に対して実施された「精

神医療機関における外国人患者受入の現状と課題把

握に関する調査」［2］（2020 年 3 月）で、精神医療機

関を受診する外国人患者の対応には多くの施設が苦

慮していて、その背景に「言語面」や「文化的」背

景が存在すること、また日本にいる外国人に対応す

るために「同意書および告知文書」の多言語版の作

成や精神保健福祉法の早急な整備など、精神科医療

における外国人患者の受け入れ環境の整備の必要性

などが認識された。

　このような状況下において、医療通訳が大きな役

割を担うことができる。「言葉」の問題に関して、

「心の病を患うと、外国語能力が極端に落ちる」「母

語以外で自分の内面を語ることは難しい」［3］ことが

あるため、医療通訳が間に立つと、患者が母語で病

状や心境などを語ることができる。さらに「文化」

の問題に関しては、両方の文化を知る医療通訳者が

いる場合、文化の違いによる理解の差に気づき、適

度な範囲内で補足説明をすることで医師と患者の間

の意思疎通がよりスムーズになり、医師の病状把握

や患者の安心感につながることが期待できる。

　本稿では、精神科の医師と患者の間に立つ医療通

訳者のことを「精神科医療通訳」とする。「精神科

医療通訳」は「一般身体の医療通訳」と区別をする

ために名づけたもので、既存の固有名詞ではない。

また、医療通訳は「コミュニティ通訳」の一種であ

るため、医療通訳を論ずるにあたり、まずコミュニ

ティ通訳について論ずる必要がある。

1日中医学　2022.11：Vol.37 No.3-305-
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コミュニティ通訳とは

　通訳の種類の分類方法には大きく分けて 2 つあ

る。一つは通訳の手法で分類する方法であり、「同

時通訳」「逐次通訳」「ウィスパリング通訳」があ

る。もう一つは目的によって分類する方法であり、

「会議通訳」「エンターテインメント通訳」「ビジネ

ス通訳」「放送通訳」「コミュニティ通訳」「通訳ガ

イド」などがある 1。

　本稿で取り扱う「コミュニティ通訳」とは、在住

外国人が専門職と話す時に使う通訳であり、具体的

には「医療通訳」「司法通訳」「行政通訳」「教育通

訳」などが挙げられる［4］。これらの異なるタイプの

通訳者は異文化の媒介者として意思疎通のための役

割を果たす点においては同じだが、通訳者が置かれ

ている環境がそれぞれ異なるため、通訳に求められ

る「言葉の伝達」以外の要素が異なってくる。例え

ば、「司法通訳」は中立性が極端に求められる［5］の

に対し、医療通訳は医師と患者のつなぎ役として患

者の擁護をする必要がある［6］。

精神科医療通訳の特殊性

　医療通訳の役割を決定するいくつかの要素の中の

一つに「医療科の特質」がある。

　精神科医療の特質は、精神科医が患者の「行動・

振る舞い」「認知能力」「コミュニケーション能力」

を確認して診断をする点にある。これらの要素を判

断するために、Turner［7］は患者の話し方の要素、

すなわち「構文」「語順」「語彙の整合性」「言葉の

脱落」「文化や宗教との整合性」「母国語での言語能

力」の 6つに注目すべきだと述べている。

　つまり精神科医療における医療通訳では、患者の

話す言葉の構文や語順の自然さ、不自然さを再現

し、語彙の選択や整合性に問題があればそれも再現

し、患者が話す事柄がその所属する文化や宗教にお

いて適切なものであるかも説明し、さらには通訳す

るだけではわからない患者の母国語での言語能力の

評価を行うことまでもが求められるのである。精神

科医療において医療通訳は、辻褄の合わないものは

辻褄の合わないまま通訳して、その説明も求められ

る［8］。例えば、統合失調症の幻覚妄想状態の患者が

いるとする。統合失調症患者の最も重要な障害は思

考障害で、精神科医が患者の訴えを聞いても、思考

に論理の飛躍があるため、話の脈絡がうまくつかめ

ず、理解不能であったりする。構文や語順の崩れ、

語彙の整合性の不具合、言葉の脱落、自分自身で新

しい言葉を作るという言語新作もみられる［6］。しか

し、通訳者はそのまま通訳し、その内容についても

説明しなければならない。

　さらに、上述の 6つの要素を再現するには「機械

的な通訳」では足りないため、事前に医師と通訳者

が打ち合わせを行う必要がある。Turner が診察前

の打ち合わせ項目として「患者の医療背景」「患者

の文化背景」「医療通訳の役割」「異文化問題への対

処法」そして「中断方法」を提起している。さらに

診察後の確認項目として、「診断に重要な要素の確

認」と「通訳者の精神状態の把握」を指摘してい

る［7］。

　事前の打ち合わせに関して、精神科医の阿部先生

は、通訳者と患者が行うことも必要だと指摘す

る［6］。診察をスムーズに進めるためには、患者が受

　　　　　　　　　　
1　通訳の分類法は国や地域、ひいては通訳派遣会社などによって違うため、上記の分類法は、状況や場面によって呼称が変わ
る場合がある。
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診に至った背景を通訳者が事前に聞き取っておく必

要があり、そのため通訳者は、精神科医療に関する

医学的知識をある程度有しておく必要がある。ま

た、医師と通訳者の事前打ち合わせと比較して、患

者と通訳者の事前打ち合わせは、患者に通訳者が自

分の味方であると感じさせやすいため、患者と通訳

者の信頼構築につながる可能性がある。

　精神科医療において同じ通訳者が担当することが

より良いと考えられている。同じ通訳が継続的に担

当すると患者と通訳者の間に個人的な関係が生ま

れ、「中立的」な立場が取りにくくなる懸念もある

が、他方で同じ通訳者が担当することで、前述した

6つの要素に精通しやすくなり、患者との信頼関係

の構築が容易になるメリットもある。その結果、診

断に必要な要素を効率よく、正確に伝えることが可

能になる［8］。

　したがって、精神科医療以外の医療における通訳

は主に身体疾患に関わる医学的な知識が求められる

が、精神医療における通訳は、精神疾患の症状、診

断名や精神医療制度などに関する専門的知識が求め

られる。また、精神科医と患者の心をつなぐ理解者

として位置づけられなければならないため、語学力

以外に文化の理解や患者の擁護が求められる［8］。

　精神医療の通訳者に求められる専門性とは、精神

疾患名とその疾患の概念、精神症状、診断方法、治

療法、薬物の効用と副作用、治療経過、予後と精神

医療制度の知識を指す。さらに、診察室で患者と精

神科医をつなぐ通訳者として、自分の感情をできる

だけ排除し、習得した知識を用いて両者の橋渡しを

することである。そのためには、両者の表情に気を

配り、患者の苦悩や文化社会的背景を理解し、それ

ぞれの感情と会話を正確な訳語で適切に伝え、患者

と精神科医が通訳内容に対して同じ解釈をしている

かを見抜いて、両者のつながりに揺るぎなく位置す

ることが求められる［6］。

精神科医療通訳の「患者擁護」とは

　日本看護協会［9］によると、「患者擁護」＝アドボ

カシー（advocacy）とは権利擁護や代弁などとい

う意味であり、看護実践において看護職は、患者の

アドボケーター（権利擁護者、代弁者）として患者

の権利を擁護し、患者の価値や信念に最も近い決定

ができるように援助し、さらに患者の人間としての

尊厳、プライバシーなどを尊重しなければならない

という。

　通訳の立場での「患者擁護」の定義について、国

際的な規定やアメリカ、日本の規定、また専門家の

見解を以下に示す。

・　 国際医療通訳者協会［10］（IMIA：International 

Medical Interpreters Association）は医療通訳

者の行動に関する倫理規定を策定した。倫理規

程においては「通訳者は、患者の権利を擁護す

る役割、および情報伝達のために適切かつ必要

な場合に限り、専門的な判断力で、異文化間の

仲介者として医療提供者と患者に文化の違いや

慣行を説明する役割を担う。」との記述がある。

・　 全米医療通訳協議会［11］（NCIHC）は 2004 年 7

月に「全米医療通訳倫理規定」を発表した。こ

の規定で「患者擁護」について「患者の健康、

福利、あるいは尊厳が危険にさらされている場

合、通訳者は、アドボケーター（擁護者）とし

てふるまうことを正当化されるかもしれない。

アドボカシー（擁護的行為）とは、健康上の良

い結果を支援するという意図を伴い、コミュニ

ケーション促進の範囲を超えて、個人のために

行われる行為であると理解される。擁護は、状

況を慎重に思慮深く分析した後に、そして、他

のより介入的でない手段によって問題が解決さ

れなかった場合にのみ、行われるべきである。」
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と示している。

・　 日本における規程に関して、厚生労働省の「医

療通訳」［12］テキストでは、権利擁護（アドボ

カシー）に関して「権利擁護（アドボカシー）

とは患者が生命の尊厳や危機にさらされている

場合には、適切な知識と判断によって権利擁護

を果たすことである。」と示している。さらに、

「通訳者が権利擁護を行うことは、通訳者の役

割を超えており、すべきではないと禁止してい

る国もあるが、本基準では、医療通訳において

は、適切な状況分析をした上で、患者の安全や

生命が脅かされる、危機にさらされている場合

に限り、本来の医療通訳者としての役割から外

れて、権利擁護のための行動を取ることができ

る」と付け加えている。

・　 専門家は通訳者の「患者擁護」について、飯

田［13］は「医療通訳士は患者と医療従事者の言

葉と文化、置かれる状況を理解するから、全て

の人に適切な医療サービスが提供されるよう尽

力することが求められ、患者擁護ができる。」、

また「権利の擁護は医療通訳士が直接的代理や

代行を行うことでなく、患者が自らの権利を確

保し回復して行くための支援を行うこと」と述

べている。

・　 エレーラ・ルルデス［14］は「患者擁護」につい

て、「外国人の患者などが言葉の壁によって自

分を語れない（自身を代弁できない）場合、通

訳士は「救済者」として手を差し伸べる」、「日

本に暮らす外国人の社会的・経済的状況を把握

したり、患者のわずかな顔の表情から文化的、

家族的、個人的な状況を読み取ったりして必要

な擁護を行う」、「通訳士は外国人に対する情報

提供者（情報源）の役割を担っている。患者は

通訳士に対して色々な期待を寄せているが、通

訳者は、いつ直接介入すべきか、いつ他者に援

助を求めるべきかについて判断しなければなら

ない」、「通訳士という仕事は、良心的で粘り強

く、過保護にならない程度の暖かさを持った尊

敬されるような対人援助である」と述べてい

る。

　以上の倫理規定および専門家の観点を踏まえ、通

訳者の立場における「患者擁護」は「患者が危険に

さらされ、他の介入的な手段がない場合にのみ行っ

て良いという極めて稀な行為だ」と一部に認識され

ている一方、「通訳者が患者を観察し、患者が危険

にさらされている場合には、患者の権利が尊重され

るように患者の代弁者になったり、文化の理解者と

して患者と医者との間の文化的なギャップを埋めた

り、情報提供者になったり、患者のために他の人に

助けを求めたりして患者の回復を支援することであ

る」と暫定的に定義づけることもできる。

終わりに

　精神科医療通訳の特殊性と「患者擁護」の定義に

ついて論じた。しかし、実際の現場で精神科医療通

訳をしている医療通訳者たちは「患者擁護」をどの

ように認識・実行しているのか、また実行する際の

課題の有無に関して、引き続き研究をしていきた

い。
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前　言

全球化正在世界范围进行，人们可以更容易的在

世界各地移动。根据日本出入国在留管理厅［1］的数

据显示，截至 2020 年 6 月底，在日本的外国人人数

为 288 万 5904 人，约占日本总人口的 2%。

根据以日本全国范围的精神科医疗机构为对象开

展的“精神科医疗机构接收外国人患者的现状和问题

把握的相关调查”［2］（2020 年 3 月）显示，许多精神

科医疗机构在接诊外国患者时感到困惑，并表示其原

因在于“语言”和“文化”的不同。为了更好地应对

在日本的外国患者，有必要准备更多种语言版本的

“知情同意书和告知文件”，尽早完善精神保健福祉

法，以改善对外国患者的接收环境。

在这样的大背景下，医疗口译员可以发挥重要作

用。在“语言”的问题上，由于“当一个人患有精神

疾病时，他的外语能力会极大降低。”“使用母语之外

的语言来谈论自己内心感受是很困难的”［3］，所以医

疗口译员可以帮助患者使用母语来谈论自己的病情和

感受。此外，在“文化”方面，可以预见，了解两种

文化的医疗口译员更明白文化差异造成的理解偏差，

并能在合理的范围内提供补充说明，从而使医生和患

者之间的沟通更加顺畅，使医生更好的了解患者病情

并使患者更为放心。

在本文中，将介于精神科医生和患者之间的医疗

口译员称为“精神科医疗口译”。它并非固定术语，

是为了与“一般身体类医疗口译”区分，才冠以此

名。医疗口译是“社区口译”的一种，在探讨医疗口

译之前，需要首先认识什么是社区口译。

什么是社区口译

口译主要有两种分类。一种是按照翻译方式，可

分为“同声传译”、“交替传译”和“耳语翻译”。另

精神科医疗口译的“患者拥护”
“Patient Advocacy” for Psychiatric Interpreters

金泽大学人间社会环境研究科 博士后期课程 周  　英
金泽大学融合研究域 教授 堤  敦朗

【Abstract】
Globalization has facilitated international travel, and the number of non-native patients receiving psychiatric 
services in Japan is increasing. Consequently, diff erences in language and culture have become the biggest 
issues faced by psychiatric institutions. Therefore, psychiatric interpreters are expected to play a major 
role. Studies have indicated that medical interpreters require advocacy, especially in psychiatric settings. 
This article clarifies what is meant by the term “advocacy” and why it is required in psychiatric 
interpretation.

【Key words】
Psychiatric interpreters, Advocacy, Community interpreters
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一种是按照翻译目的划分。主要类别包括“会议口

译”、“娱乐口译”、“商务口译”、“广播口译”、“社区

口译”和“导游口译”等 1。

而本文所涉及的“社区口译”是指居住在日本的

外国居民与专职人员交谈时所使用的口译。具体包括

“医疗口译”、“司法口译”、“行政口译”和“教育口

译”［4］。这些不同类型的口译员作为不同文化间的中

介，发挥促进沟通的作用方面是相同的，但由于口译

员所处的环境不同，所以对他们除了“语言传播”之

外的素质要求也不同。比如，“司法口译”被要求必

须极为中立［5］，而与此相对，医疗口译则更需要口译

员作为医生与患者之间的纽带，对患者进行拥护［6］。

精神科医疗口译的特殊性

有几个要素决定了医疗口译的实际作用，其中之

一是“医疗部门的特质”。

精神科医学的特殊性在于医生诊断时需要考虑患

者的“行动和行为”、“认知能力”以及“沟通能力”。

Turner［7］认为，精神科医生需要关注患者的表达，

即“句法”、“词序”、“词汇的一致性”、“单词的遗

漏”、“与文化和宗教的一致性”、“母语的语言能力”

这六要素。

也就是说，精神科医疗口译，需要在翻译中再现

出患者所表达的语言的句法和词序是否自然，如果词

汇的选择和一致性方面出现问题也应将其体现在翻译

中，并对患者所说的事由是否与其所属的文化与宗教

相契合进行说明。并且，因为仅靠翻译无法评估患者

的母语水平，口译员还需要对其母语能力进行评价。

也就是说，精神科医疗口译如果遇到患者的话语不合

常理不合逻辑，也应该使用不合常理不合逻辑的方式

进行翻译［8］。例如，假设有一位精神分裂症的患者出

现幻觉和妄想。由于精神分裂症患者最严重的问题是

思维障碍，所以精神科医生即使倾听了患者的主诉，

但由于病人的思维具有跳跃性，无法掌握其言语脉

络，从而导致患者的话语无法理解。除了句法和词序

的混乱之外，还可能出现词汇的不一致以及单词的遗

漏和患者自身创造出新语言的语言创新现象［6］。但

是，出现这样的情况时，口译员必须如实翻译，并对

这些情况进行解释说明。

此外，由于“机械翻译”不足以再现上述六个要

素，所以需要医生与口译员进行事前沟通确认。

Turner 提出了“患者的就医经历”、“患者的文化背

景”、“医疗口译的作用”、“跨文化问题的处理方法”

以及“如何打断”来作为检查前的沟通项目。并认

为，就诊后应该“确认诊断过程中的重要要素”和

“把握口译员的精神状态”［7］。

但是，关于事前沟通确认，精神科的阿部医生认

为应该由口译员和患者来进行事前沟通［6］。为使诊疗

能够顺利进行，口译员需要事先听取患者的就诊背

景，因此，口译员需要具备一定程度的精神科方面的

医学知识。此外，与医生和口译员的事前沟通确认相

比，患者与口译员的事前沟通确认能让患者更容易产

生口译员是站在自己一方的感觉，从而更容易的建立

双方之间的信任关系。

在精神科医疗中由同一位口译员来持续负责被认

为是更为理想的。但也有人担心，同一位口译员持续

负责会使患者和译员之间形成个人关系，从而很难保

持“中立”立场。但另一方面，同一位口译员负责的

好处在于更容易把握上述六要素，并更容易与患者建

立信任关系，从而能够更高效准确的传递诊断所需的

要素信息［8］。

因此，精神科医疗之外的医疗口译主要需要掌握

与身体疾病相关的医学知识。而精神科医疗口译，则

需要具备精神疾病的症状、诊断名称和精神保健系统

　　　　　　　　　　
1　由于各国、各地区以及各口译派遣机构对口译员的分类不同，上述分类法在不同的情况和场合下会有不同的叫法。
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的专业知识。此外，他们还必须是精神科医生与患者

心灵之间的理解纽带。除了语言能力之外，还需要有

文化的理解和对患者的拥护［8］。

精神科医疗口译需要具备的专业素质，是指精神

疾病的名称及其概念、精神疾病的症状、诊断方法、

治疗方法、药物效益和副作用、治疗过程、预后和精

神疾病医疗系统的相关知识。此外，作为诊疗室中患

者与精神科医生的桥梁，口译员需要尽量不受自己情

绪的影响，用所掌握的知识为二者的沟通作出努力。

为此，需要既注意双方的面部表情，又理解患者的苦

恼和文化社会背景，并用正确的语言恰当地传达每一

次情绪和对话，观察患者和精神科医生对翻译内容是

否有相同的理解，坚定地置身于两者的沟通之中［6］。

精神科医疗口译的“患者拥护”是什么

根据日本护理协会［9］的说法，“患者拥护”= 

advocacy 有权利拥护和代言等意思。在护理实践中，

护士作为患者的 advocator（权利拥护者、代言人），

需要维护患者的权利，帮助患者做出最接近他们价值

观和信念的决定，并确保患者作为人的尊严和隐私得

到尊重。

从口译员的角度来看，“患者拥护”意味着什

么？本节将探讨国际和美国、日本的规定，以及专家

的意见。

・　 首 先，国 际 医 疗 口 译 员 协 会［10］（IMIA ：

International Medical Interpreters 

Association）为医疗口译员的行为制定了一套

道德准则。其中，“口译员有责任维护患者的权

利，为了传递信息在合适并必须这样做的情况

下，利用他们的专业判断，作为跨文化的中介人

士来向医疗服务提供者和患者解释文化和习惯差

异。”

・　 全美医疗口译委员会［11］（NCIHC）于 2004 年 7 月

发布了“全美医疗口译道德准则”。准则对“患

者拥护”的定义如下。当“病人的健康、福祉或

尊严受到威胁时，口译员可以充当 advocator

（拥护者）。Advocacy（拥护行为）被理解为，有

支持形成积极的健康方面的结果的意图，并超越

了促进沟通的范畴，为了个人而发生的行为。这

种拥护行为，必须要在对情况深思熟虑之后，并

且仅在其他非介入类手段无法解决问题的情况下

才能使用。”

・　 日本的情况，可以参考厚生劳动省的“医疗口

译”［12］教材。该教材中关于权利拥护（Advocacy）

提供了如下措辞。“权利拥护（Advocacy）是在

患者的生命尊严受到威胁时，使用恰当的知识和

判断来保护他们权利的行为。”还进一步指出，

“口译员的权利拥护行为，超出了口译员的职责

范围，有些国家禁止口译员的这一行为。但本准

则中规定，医疗口译在对情况进行恰当分析的基

础上，仅在患者的安全和生命受到威胁，处于危

险中时，才可以偏离原有的医疗口译的职责，来

采取权利拥护的行为。”

・　 专家们对口译员的患者拥护的解释则如下所示。

饭田［13］认为，“医疗口译员了解患者和医护人员

的语言和文化，以及他们所处的环境，因此他们

应致力于向所有人提供合适的医疗服务，并能够

进行患者拥护行为。”他 /她还指出，“权利拥护

不是医疗口译员直接代理或代行，而是协助患者

争取和恢复自己的权利。”

・　 Lourdes Herrera［14］对“患者拥护”提出了以下

观点。“当外国患者因语言障碍而无法为自己说

话（无法为自己代言）时，口译者会像“救援

者”一样伸出援手”，“需要通过了解生活在日本

的外国人的社会和经济状况，并从患者的细微面

部表情来读取其文化、家庭和个人情况，提供必

要的拥护行为。”“口译员还扮演着向外国人提供

信息（信息来源）的角色。患者对口译员有诸多
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期待，但口译员必须判断应该何时直接干预，何

时寻求他人的帮助。”“口译这份工作，应该是善

良和坚持的，并且是令人尊重的援助过程，既给

予一定程度上的温暖，又不会过度保护。”

总结上述道德规范和专家意见，虽然部分观点认

为口译员所做出的“患者拥护”是“只有在患者处于

危险境地，并在没有其他可干预的手段时才能采取的

及其罕见的行为。”但作者希望暂且将其定义为“口

译员观察患者，当患者处于危险境地时，需要成为患

者的代言人以确保患者的权利得到尊重，还需要作为

文化的理解者来弥补患者和医护之间的文化差异，以

及作为信息提供者，或者作为支持者为患者寻求他人

的帮助来协助患者康复”。

结　论

本文探讨了精神科医疗口译的特殊性和“患者拥

护”的定义。然而，在实际临床中，从事精神科医疗

口译的口译员们究竟如何看待和实践“患者拥护”，

以及在实践过程中是否有困难之处。这些将会成为作

者未来的研究课题。
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Letter to Editor

Current perception of transvaginal natural orifice translumenal
endoscopic surgery among Chinese female gynecological medical staff

Keywords:
Transvaginal natural orifice translumenal
endoscopic surgery
Female medical staff
Minimally invasive surgery
Laparoendoscopy
Online questionnaire

To the editor,

Natural orifice transluminal endoscopic surgery (NOTES) is a
novel minimally invasive surgical (MIS) concept for performing
endoscopic procedures via natural orifices.1 Its feasibility for hu-
man clinical applicationwas initially proven by transgastric appen-
dicectomy surgery conducted in 2003.2 Since then, NOTES has
developed rapidly, and surgeons have explored its use through
other orifices, such as the intestinal tract and vagina. Notably, trans-
vaginal NOTES (vNOTES) has been shown to outperform many
other NOTES approaches due to the availability of greater operative
space and easier removal of resected tissues, thus it has become
increasingly popular for peritoneal surgeries, especially gyneco-
logic laparoendoscopy, despite some reservations regarding the
procedure.3

Theoretically, the acceptance of and preference for vNOTES can
vary remarkably among patients and healthcare workers from
different cultural, ethnic, and socioeconomic backgrounds, and it
can be also expected to change with the development of endo-
scopic techniques and instruments. In the Western world, several
surveys on patients and medical workers have investigated their

perceptions of the vNOTES procedure and yielded paradoxical re-
sults.4 However, after the introduction of vNOTES in mainland
China seven years ago, its familiarity among the public and accep-
tance among mainland Chinese medical professionals has rarely
been reported.5 Since healthcare workers' perception and aware-
ness of such novel MIS procedures is probably a prerequisite for
its recommendation and popularization, and female medical staff
can provide insights from gynecological patients' perspective in hy-
pothetical scenarios, we conducted a citywide online questionnaire
survey in Chengdu, China, to investigate Chinese female gynecolog-
ical health workers’ current perceptions of vNOTES and to identify
potential factors that contribute to their preference for vNOTES.

In our study, 523 gynecologists and 482 nurses completed the
questionnaire. The majority (92.6%) had a positive attitude toward
vNOTES. The “prefer vNOTES” group included a much lower pro-
portion of respondents finishing postgraduate education than the
“did not prefer vNOTES” group (11.0% vs. 25.7%, p ¼ 0.003). They
also included significantly more respondents having heard of the
vNOTES procedure (83.9% vs. 68.9%, p ¼ 0.001) and a strikingly
higher proportion of members who had participated in vNOTES
training courses (47.1% vs. 11.8%, p ¼ 0.029). A significantly higher
proportion of participants opted for vNOTES for reasons like safety
(73.9% vs. 23.0%, p < 0.001), effectiveness (70.8% vs. 25.7%,
p < 0.001), postsurgical cosmesis (93.7% vs. 73.0%, p < 0.001) and
less postprocedural pain (71.1% vs. 47.3%, p < 0.001) than those in
the “did not prefer vNOTES” group (shown in Table 1). Logistic
regression revealed that concerns regarding postprocedural cosm-
esis (odds ratio (OR) ¼ 3.239, p < 0.001) and prior awareness of
vNOTES (OR ¼ 2.271, p ¼ 0.004) were significant predictors of pref-
erence for vNOTES, whereas thosewith higher education levels had
a negative coefficient for vNOTES preference (OR ¼ 0.549,
p ¼ 0.003) (see Fig. 1).

Fig. 1. Logistic regression model for factors that made vNOTES preferable. NOTE: **p＜.01, ***p＜.001 Abbreviations: vNOTES, transvaginal natural orifice translumenal endoscopic
surgery.
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Table 1
Subject characteristics and attitudes toward vNOTES in “prefer for vNOTES” group versus “not prefer for vNOTES” group.

Subject characteristics

prefer vNOTES not prefer
vNOTES

Х2 P value

n ¼ 931(92.6%) n ¼ 74
(7.4%)

Age group (years old) 2.871 0.580
20-30 258(27.7%) 22 (29.7%)
31-40 394(42.3%) 36 (48.6%)
41-50 204 (21.9%) 13 (17.6%)
51-60 70 (7.5%) 3 (4.1%)
S61 5 (0.5%) 0(0%)

Occupation 2.462 0.117
Gynecologist 478 (51.3%) 45 (60.8%)
Nurse 453 (48.7%) 29 (39.2%)

Educational background 13.762 0.003**
College 203 (21.8%) 14 (18.9%)
Bachelor 625 (67.1%) 41 (55.4%)
Master 97 (10.4%) 18 (24.3%)
Doctoral 6 (0.6%) 1 (1.4%)

Occupational title 2.271 0.518
Elementary 313 (33.6%) 24 (32.4%)
Intermediate 354 (38.0%) 27 (36.5%)
Senior 241 (25.9%) 19 (25.7%)
Others 23 (2.5%) 4 (5.4%)

The level of hospital you working for 3.203 0.361
Tertiary A 591 (63.5%) 54 (73.0%)
Tertiary B 167 (17.9%) 8 (10.8%)
Secondary A 96 (10.3%) 7 (9.5%)
Secondary B 77 (8.3%) 5 (6.8%)

How many years have you practiced medicine? 4.135 0.388
�3 117 (12.6%) 13 (17.6%)
3-5 92 (9.9%) 8 (10.8%)
5-10 200 (21.5%) 16 (21.6%)
10-20 297 (31.9%) 26 (35.1%)
S20 225 (24.2%) 11 (14.9%)

Have you ever experienced laparoscopic surgery or examination 2.430 0.119
Yes 182 (19.5%) 9(12.2%)
No 749 (80.5%) 65 (87.8%)

Have you experienced laparotomy? 2.208 0.137
Yes 397(42.6%) 25 (33.8%)
No 534 (57.4%) 49 (66.2%)

Do you have child or children? 1.583 0.208
Yes 804 (93.1%) 60 (81.1%)
No 127 (13.6%) 14 (18.9%)

Attitude toward vNOTES
Do you think postsurgical cosmesis is as important as safety for gynecologic surgery? 21.215 <0.001***
Yes 862 (92.6%) 57 (77.0%)
No 69 (7.4%) 17 (23.0%)

Have you ever heard of laparoendoscopic single site surgery? 0.698 0.404
Yes 867 (93.1%) 67 (90.5%)
No 64 (6.9%) 7 (9.5%)

(Q10)Have you heard of transvaginal natural orifice translumenal endoscopic surgery (vNOTES)? 10.779 0.001**
Yes 781 (83.9%) 51(68.9%)
Never 150(16.1%) 23 (31.1%)

If your answer to Q10 is yes, how do you know about it? n ¼ 781 n ¼ 51
Academic conference 488 (62.5%) 25 (49.0%) 3.671 0.055
Training courses 368 (47.1%) 16 (11.8%) 4.776 0.029*
Reading literatures 413 (52.9%) 29 (56.9%) 0.305 0.580
Heard from colleagues 496 (63.5%) 33 (64.7%) 0.057 0.811
Relatives and friends received vNOTES 119 (15.2%) 6 (11.8%) 0.452 0.501
Is vNOTES conducted in your hospital? 4.014 0.045*
Yes 490 (52.6%) 30 (40.5%)
No 441 (47.4%) 44 (59.5%)

What is the acceptable complication incidence rate of vNOTES for you to replace the conventional laparoendoscopic
gynecologic surgery? (The incidence rate for surgical complications of laparoendoscopy is 0%e3%)

10.220 0.006**

0%e3% 626 (67.2%) 37 (50.0%)
3%e6% 200 (21.5%) 27 (36.5%)
6%e9% 105 (11.3%) 10 (13.5%)

Are you willing to undergo vNOTES (if diagnosed with indication) or recommend it to relatives/friends/families? 84.902 <0.001***
Yes 688 (73.9%) 17 (23.0%)
No 243 (26.1%) 57 (77.0%)

If you are a patient or a family member of a patient, for what reason(s) you would prefer to undergo vNOTES (multiple
options)?

Safe 688 (73.9%) 17 (23.0%) 84.902 <0.001***

T. Liu, D. Feng, X. Li et al. Asian Journal of Surgery 45 (2022) 2947e2950
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In conclusion, the majority of surveyed female gynecologic
healthcare workers had a supportive attitude toward vNOTES. Prior
awareness and evaluation of surgical cosmesis had a positive influ-
ence on the surgical preference for vNOTES. However, concerns
about its impact on sexual life, pregnancy, and childbirth still exist.
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Table 1 (continued )

Subject characteristics

prefer vNOTES not prefer
vNOTES

Х2 P value

n ¼ 931(92.6%) n ¼ 74
(7.4%)

Effective 659 (70.8%) 19 (25.7%) 63.546 <0.001***
Cosmetic/scarless 874 (93.9%) 54 (73.0%) 42.344 <0.001***
No pain or painless 662 (71.1%) 35 (47.3%) 18.283 <0.001***
Other reasons 6 (0.6%) 9 (12.2%) 61.852 <0.001***
If you are a patient or a family member of a patient, refuse to undergo vNOTES may for (multiple options)?
Worried about its potential impact on sexual life 210 (22.6%) 27 (36.5%) 7.382 0.007**
Worried about its potential impact on pregnancy and childbirth 193 (20.7%) 29 (39.2%) 13.572 <0.001***
Worried about the failure of the operation 273 (29.3%) 27 (36.5%) 1.680 0.195
Worried about surgical complications 334 (35.9%) 43 (58.1%) 14.455 <0.001***
Other reasons 10 (1.1%) 11 (14.9%) 63.725 <0.001***
Do you think age is a major factor for choosing vNOTES or recommending it to friends and relatives? 3.272 0.070
Yes 330 (35.4%) 34 (45.9%)
No 601 (64.6%) 40 (54.1%)

If your answer is yes, what do you think is the most appropriate age for vNOTES n ¼ 330 n ¼ 34 9.656 0.008**
20-40 227 (68.8%) 16 (47.1%)
41-55 84 (25.4%) 12 (25.5%)
>55 19 (5.8%) 6 (17.6%)

(Q22) Do you think finish childbirth or not is a major factor in the surgical selection of vNOTES or the recommendation
of it to your family and friends' choice?

1.002 0.317

Yes 348 (37.4%) 32 (43.2%)
No 583 (62.6%) 42 (56.8%)

If your answer to Q22 is yes, do you think you should finish childbirth before undergoing vNOTES? n ¼ 342 n ¼ 32 0.021 0.885
Yes 265 (77.5%) 24 (75.0%)
No 83 (22.5%) 8 (25.0%)

Gynecologists' perspective of vNOTES
Prefer vNOTES
n ¼ 495

Not prefer
vNOTES
n ¼ 42

Х2 P value

Would you like to conduct vNOTES in your department? 20.148 <0.001***
Yes 485 (98.0%) 36 (85.7%)
No 10 (2.0%) 6 (14.3%)

Do you think the prospect of vNOTES is good? 61.310 <0.001***
Yes 474 (95.8%) 27 (64.3%)
No 21 (4.2%) 15 (35.7%)

What do you think make it difficult to popularize vNOTES (multiple options)?
Difficulty in establishment of surgical platform 294(59.4%) 25(59.5%) 0.002 1.000
Restricted operative visualization 388(78.4%) 38(90.4%) 3.452 0.063
The chopstick effect of single-port laparoscopy makes it difficult to perform vNOTES 376(76.0%) 24(57.1%) 7.213 0.007**
Low acceptance rate among patients 99(20.0%) 12(28.5%) 1.735 0.188
Higher operative cost 201(40.6%) 9(21.4%) 5.979 0.014*
Otherdddd 10(2.0%) 0(0%) 0.865 0.352
Gynecologists' perspective of vNOTES

Prefer vNOTES
n ¼ 495

Not prefer
vNOTES
n ¼ 42

Х2 P value

Would you like to conduct vNOTES in your department? 20.148 <0.001***
Yes 485 (98.0%) 36 (85.7%)
No 10 (2.0%) 6 (14.3%)

Do you think the prospect of vNOTES is good? 61.310 <0.001***
Yes 474 (95.8%) 27 (64.3%)
No 21 (4.2%) 15 (35.7%)

What do you think make it difficult to popularize vNOTES (multiple options)?
Difficulty in establishment of surgical platform 294(59.4%) 25(59.5%) 0.002 1.000
Restricted operative visualization 388(78.4%) 38(90.4%) 3.452 0.063
The chopstick effect of single-port laparoscopy makes it difficult to perform vNOTES 376(76.0%) 24(57.1%) 7.213 0.007**
Low acceptance rate among patients 99(20.0%) 12(28.5%) 1.735 0.188
Higher operative cost 201(40.6%) 9(21.4%) 5.979 0.014*
Otherdddd 10(2.0%) 0(0%) 0.865 0.352
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研究の概要 
 

腎臓の線維化は、ほとんどの進行性腎臓病の特徴である。腎線維化の動物モデルでは、

マウスの左尿管を結紮する一側尿管閉塞（UUO）より確立され、広く基礎研究に使

用されている。一方、5-アミノアセチルアクリル酸（5-ALA）は、ヘムやプロトポル

フィリン IX（PpIX）の重要な前駆体である。我々これまでの研究で、ヘムオキシゲ

ナーゼ（HO）-1 の発現が 5-ALA とクエン酸第一鉄（SFC）により増強されること

が今までの研究で明らかにした。本研究では、UUO によって誘発されたマウスの腎

線維化および炎症に対する5-ALAおよびSFCの保護効果を検証することを目的とし

た。 

総合評価 
 

【良かった点】 

短い期間内で、腎線維化のマウスモデルを確立することができた。評価項目として、

病理学、血清学と関連遺伝子の mRNA 発現の実験系も併せて確立した。また、5-ALA
および SFC マウスへ投与の予備実験として、その効果が示された。 

 

 

【改善すべき点】 

5-ALA および SFC を用いたマウスへ投与後の効果について、その機序がまだ不明な

点が沢山あるため、引き続き、検証する必要がある。 

 

 

 

【今後の展望】 

上記腎線維化のマウスモデルを用いて、5-ALA および SFC の投与での治療評価及び

その作用機序を解明することで、将来臨床への応用に目指したい。 
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１．研究概要
1）目的（Goal）
Renal fibrosis is the hallmark of most progressive kidney diseases. Unilateral ureteral obstruction 
(UUO), the ligation of the ureter, most commonly the left ureter, has been widely used to establish 
animal models of renal fibrosis [1]. 5-aminoacetylacrylic acid (5-ALA), a key precursor of heme and 
protoporphyrin IX (PpIX), is catalyzed in animal cells by mitochondrial aminoacetylacrylic synthetase 
using glycine and succinyl-coA [2]. Previous studies demonstrated that heme oxygenase (HO)-1 expression 
was up-regulated by 5-ALA and sodium ferrous citrate (SFC) [2-5]. HO-1 is known to be a rate-
determining enzyme in heme metabolism that produces bilirubin and carbon monoxide, which were 
demonstrated to act as anti-inflammatory factors. The present study aimed to investigate the protective 
effect of 5-ALA and SFC against UUO‑induced renal fibrosis and inflammation in mice.
2）戦略（Approach）
In present study, we used 5-ALA and SFC to treat UUO‑induced renal fibrosis and inflammation. For that 
purpose, mice were randomly divided into five treatment groups: Naive group, 7d UUO model group, 7d UUO 
+ 5ALA/SFC group, 14d UUO model group, 14d UUO + 5ALA/SFC group. 5ALA/SFC was administered to the mice 
for 7 or 14 days following UUO. At the sampling days, blood and kidney tissue samples were collected 
for evaluation. Renal tissue was harvested and fixed in 10% formalin or optimal cutting temperature 
compound for histological examination. For the biochemical and molecular expression assessments, kidney 
tissues were immediately frozen and stored at 80°C until analysis.
3)材料と方法（Materials and methods）
(1) Animals:
Eight-week-old male C57BL/6JJmsSlc mice were purchased from Shizuoka Laboratory Animal Center 
(Shizuoka, Japan) and housed in a feeding room with automatically controlled light and temperature 
according to the guidelines of the Institutional Animal Care and Use Committee. All animal procedures 
were authorized by the National Research Institute for Child Health and Development. 
(2) Serum biochemical analyses: 
Serum was collected from whole-blood samples after standing for 30 minutes at 37 °C and centrifuged 
at 3000 g for 20 minutes at 4 °C. The samples were then measured for blood urea nitrogen (BUN) and 
serum creatinine (Cr) were detected with a commercially available kit (Fujifilm, Tokyo, Japan) and an 
automatic biochemical analyzer (DRI-CHEM 3500i; Fujifilm) according to the manufacturer’s 
instructions. 
(3) Histology and histopathological analyses:
The paraffin-embedded sections were stained with hematoxylin and eosin (HE), Sirus red and Masson′s 
trichrome to evaluate histological change and fibrosis. Ten non-repeating fields were randomly 
selected. Tubular lesions were scored from 0 to 4. 0: normal; 1: mild (<25% of the cortex); 2: moderate 
(25~50%); 3: severe (50~75%); 4: extensive damage (>75%). The positive area of Sirus red (red) and 
Masson’s trichrome staining (blue) were quantified using the WinRoof 7.4 software program (Mitani 
Corporation, Tokyo, Japan).
(4)Cell preparation and the flow cytometry analysis
Lymphocytes from spleen and kidney tissues were detected by the LSRFortessa system (BD Biosciences, 
Franklin Lakes, NJ). The stained cells were analyzed with the FlowJo software program (Version 10.5.0; 
BD Biosciences).
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１．研究概要（2）                                                                                                                                            
(6)  Western blot analyses 
In brief, frozen renal tissues were homogenized in RIPA buffer containing 1% protease inhibitor 
cocktail-1 and 1% protease inhibitor cocktail-2 (Sigma–Aldrich) followed by centrifugation in a 
microfuge at top speed for 30 min. Protein concentrations were assayed using Bio-Rad Protein Assay 
(Bio-Rad, Hercules, CA). Samples were separated by electrophoresis on 10% polyacrylamide gels and 
transferred to Immobilon-PVDF (Bio-Rad). After brief incubation with 5% non-fat milk to block non-
specific binding, membranes were exposed overnight at 4 °C. Protein activity was quantified by a laser 
densitometric analysis of the radiographic film using the ImageJ software program (NIH, Bethesda, MD). 
(7) Statistical analyses 
The GraphPad Prism 9 software program (GraphPad, San Diego, CA) was used to calculate statistical 
significance. Student T test method and one-way ANOVA method were used to compare the three groups. 
Data are expressed as the mean ± SD. A value of P < 0.05 was considered to be statistically 
significant (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
3）実験結果（Results）
(1)5-ALA/SFC treatment alleviates renal damage of UUO-induced mouse model of renal fibrosis. Compared 
with naive group, serum BUN in UUO model group on day7 and day14 increased significantly (p<0.001 and 
p<0.0001, respectively). 5-ALA/SFC treatment did not decrease the levels of BUN on day7, but decreased 
significantly on day14 (p<0.01). The levels of Cr also down-regulated markedly by 5-ALA/SFC 
administration on day14 (p<0.05).
Expected results:
(2)5-ALA/SFC treatment inhibits inflammatory responses
(3)5-ALA/SFC reduces renal fibroblast activation and ameliorates ECM deposition
4）考察（Discussion）
Not available.
6）参考文献（References）
1 Bai Y, Wang W, Yin P, Gao J, Na L, Sun Y, Wang Z, Zhang Z, Zhao C. Ruxolitinib Alleviates Renal 
Interstitial Fibrosis in UUO Mice. INT J BIOL SCI 2020 2020-01-20; 16(2): 194-203.
2 Fujino M, Nishio Y, Ito H, Tanaka T, Li XK. 5-Aminolevulinic acid regulates the inflammatory response 
and alloimmune  reaction. INT IMMUNOPHARMACOL 2016 2016-08-01; 37: 71-78.
3 Liu C, Zhu P, Fujino M, Zhu S, Ito H, Takahashi K, Nakajima M, Tanaka T, Zhuang J, Li XK. 5-ALA/SFC 
Attenuated Binge Alcohol-Induced Gut Leakiness and Inflammatory Liver  Disease in HIV Transgenic Rats. 
ALCOHOL CLIN EXP RES 2019 2019-08-01; 43(8): 1651-1661.
4 Hu X, Que W, Hirano H, Wang Z, Nozawa N, Ishii T, Ishizuka M, Ito H, Takahashi K, Nakajima M, Tanaka 
T, Zhu P, Guo WZ, Li XK. 5-Aminolevulinic acid/sodium ferrous citrate enhanced the antitumor effects of  
programmed cell death-ligand 1 blockade by regulation of exhausted T cell  metabolism in a melanoma 
model. CANCER SCI 2021 2021-07-01; 112(7): 2652-2663.
5 Negoro H, Chatziantonio C, Razzaque MS. Therapeutic potential of 5-aminolevulinic acid and sodium-
ferrous citrate for  viral insults: relevance to the COVID-19 crisis. EXPERT REV ANTI-INFE 2022 2022-
05-01; 20(5): 657-661.
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Research Article

Combinations of anti-GITR antibody and CD28 
superagonist ameliorated dextran sodium sulfate-induced 
mouse colitis
Kuai Ma1,2, Weitao Que2, Xin Hu2, Wen-Zhi Guo3, Liang Zhong4, Daisuke Ueda5, Er-li Gu1, and 
Xiao-Kang Li*,2,3,

1Department of Gastroenterology and Hepatology, Jing’an District Central Hospital, Jing’an Branch of Huashan Hospital, Fudan University, 
Shanghai, China
2Division of Transplantation Immunology, National Research Institute for Child Health and Development, Tokyo, Japan
3Department of Hepatobiliary and Pancreatic Surgery, The First Affiliated Hospital of Zhengzhou University, Zhengzhou, China
4Department of Gastroenterology, Huashan Hospital, Fudan University, Shanghai, China
5Division of Hepato-Pancreato-Biliary Surgery and Transplantation, Department of Surgery, Kyoto University Graduate School of Medicine, 
Kyoto, Japan
*Correspondence: Xiao-Kang Li, Division of Transplantation Immunology, National Research Institute for Child Health and Development, 2-10-1 Okura, 
Setagaya-ku, Tokyo 157-8535 Japan. Tel: +81 3 3416 0181; Fax: +81 3 3417 2864; E-mail: ri-k@ncchd.go.jp

Abstract 
Ulcerative colitis (UC) is one of the two main forms of inflammatory bowel disease (IBD) and is an idiopathic, chronic inflammatory disease of 
the colonic mucosa with an unclear etiology. Interleukin (IL)-10 has been reported to play a crucial role in the maintenance of immune homeo-
stasis in the intestinal environment. Type 1 regulatory T (Tr1) cells are a subset of CD4+Foxp3− T cells able to secrete high amounts of IL-10 with 
potent immunosuppressive properties. In this study, we found that the combination of anti-GITR antibody (G3c) and CD28 superagonist (D665) 
treatment stimulated the generation of a large amount of Tr1 cells. Furthermore, G3c/D665 treatment not only significantly relieved severe mu-
cosal damage but also reduced the incidence of colonic shortening, weight loss, and hematochezia. Dextran sodium sulfate (DSS) upregulated 
the mRNA levels of IL-6, IL-1β, IL-17, IL-12, tumor necrosis factor-alpha, C-C chemokine receptor type 5, and Bax in splenic lymphocytes (SPLs) 
and colon tissues, while G3c/D665 treatment conversely inhibited the increase in mRNA levels of these genes. In addition, G3c/D665 treatment 
altered the proportion of CD4+ and CD8+ T cells and increased CD4+CD25+Foxp3+ regulatory T cells in SPLs, mesenteric lymph nodes (MLNs), 
and lamina propria lymphocytes (LPLs). Thus, the combination of G3c and D665 treatment showed efficacy against DSS-induced UC in mice by 
inducing a large amount of Tr1 cell generation via the musculoaponeurotic fibrosarcoma pathways in vivo and relieving inflammatory responses 
both systematically and locally.
Keywords: anti-GITR antibody, CD28 superagonist, dextran sulfate sodium, inflammatory bowel disease, type 1 regulatory T cells
Abbreviations: Ahr: Aryl hydrocarbon receptors; APCs: activated antigen-presenting cells; CTLs: cytotoxic T cells; CTLA-4: cytotoxic T lymphocyte antigen 4; 
DSS: dextran sodium sulfate; Ebi3: EBV-induced gene 3; Egr2: early growth response 2; Eomes: eomesodermin; FCM: flow cytometry; GITR: glucocorticoid-
induced tumor necrosis factor receptor-related protein; IBD: inflammatory bowel disease; IL: Interleukin; Irf4: Interferon regulatory factor 4; LPLs: lamina propria 
lymphocytes; Maf: musculoaponeurotic fibrosarcoma; MLNs: mesenteric lymph nodes; PBS: phosphate-buffered saline; Prdm1: PR domain zinc finger protein 1; 
RT-PCR: real-time polymerase chain reaction; SPLs: splenic lymphocytes; Tbx21: T-box transcription factor 21; TCR: T-cell receptor; Teff: effector T cell; TGF-β: 
transforming growth factor beta; TLR: Toll-like receptor; Tregs: regulatory T cells; Tr1: Type 1 regulatory T; UC: ulcerative colitis.

Introduction
Ulcerative colitis (UC) is a type of inflammatory bowel 
disease (IBD) characterized by chronic and repeated episodes 
of enteropatia with symptoms of abdominal pain, severe 
diarrhea, rectal bleeding, tenesmus, and extraintestinal mani-
festation [1]. Although the etiology and pathogenesis of UC 
are complicated and remain uncertain, studies have demon-
strated that UC is closely related to the imbalance in mucosal 
immunity and changes in the colonic barrier [2]. Previous 
studies showed that the oral administration of dextran sodium 
sulfate (DSS) in mice induced colitis with clinical symptoms 

and histopathological features markedly similar to those of 
human UC [3]. Therefore, the DSS-induced mouse model has 
been widely used to assess the effects of therapeutic manipu-
lation of UC. At present, there is no cure for UC, and the main 
treatments for this disorder remain glucocorticosteroids and 
immunosuppressive agents. More effective and viable ther-
apies with fewer side effects are thus urgently needed [4].

In recent years, cellular therapies have been explored in 
various immune-mediated inflammatory diseases (IMIDs), 
including IBD [5, 6]. The immune system maintains periph-
eral tolerance and downregulates unwanted inflammatory 
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responses through specialized subpopulations of T cells, 
namely regulatory T cells (Tregs). The two best-characterized 
subsets of CD4+ Tregs are CD25+Foxp3+CD4+ T cells and 
IL-10-producing Foxp3-CD4+ T cells, Type 1 regulatory T 
(Tr1) cells [7]. Foxp3+ Tregs are characterized by the con-
stitutive expression of the transcription factor forkhead 
box protein 3 (Foxp3) and the expression of the IL-2 re-
ceptor a-chain (CD25) [8]. Tr1 cells represent a subset of 
CD4+Foxp3− T cells able to suppress colitogenic T cell re-
sponses mainly through the production of high amounts of 
the cytokine IL-10 with potent immunosuppressive proper-
ties [9]. IL-10 has been reported to play a crucial role in the 
maintenance of the intestinal microbe-immune homeostasis 
[10]. In addition to CD25+Foxp3+ Tregs, Tr1 cells are poten-
tial candidates for cellular therapy in mucosal diseases [5]. 
Previous studies have reported that Tr1 cells can be generated 
from murine and human CD4+ T cells in vitro [11, 12], but 
no effective pharmacological approaches have been able to 
expand antigen-specific or disease-specific Tr1 cells in vivo. 
In the present study, we found that combinations of anti-
GITR antibody (G3c) and CD28 superagonist (D665) treat-
ment induced large amounts of IL-10/IFN-γ-co-producing 
CD4+Foxp3− Tr1 cells in mice. Furthermore, Tr1 cells con-
tribute to the immunomodulatory effect of protecting against 
colitis via the high production of IL-10.

In the present study, we determined the protective role 
of the combinations of G3c and D665 treatment on DSS-
induced UC in mice by evaluating the disease activity index 
(DAI), colon lengths, and pathological changes. To clarify the 
variation in the proportion and phenotype of immune cells 
after G3c/D665 treatment, we performed a flow cytometry 
(FCM) analysis with splenic lymphocytes (SPLs), mesenteric 
lymph nodes (MLNs), and colon lamina propria lymphocytes 
(LPLs). Furthermore, cytokine levels were detected by real-
time polymerase chain reaction (RT-PCR). The key role of 
Tr1 cells in G3c/D665 treatment against UC was further elu-
cidated.

Materials and methods
Animal model
Male C57BL/6JJmsSLc (B6/J; H-2kb) mice 8–10 weeks 
old, purchased from Shizuoka Laboratory Animal Center 
(Shizuoka, Japan), were maintained under specific-pathogen-
free conditions in a feeding room with automatically con-
trolled light and temperature according to the guidelines 
of the Institutional Animal Care and Use Committee. All 
animal procedures were authorized by the National Research 
Institute for Child Health and Development (permission no. 
A2009-010-C12).

Mice were randomized into three groups: a naïve group, 
a 3.5% DSS-control group and a 3.5% DSS + G3c/D665-
treated group. Acute colitis of mice was induced with 3.5% 
DSS (molecular weight, 36 000–50 000; MP Biomedicals, 
Irvine, CA) for 5 days followed by ad libitum drinking water 
for 3 days. The DSS solutions were dissolved in sterile, distilled 
water, and prepared fresh every other day. Mice were given 
a single dose of D665, 1 mg/mice on day 0 and a single dose 
of G3c, 1 mg/mice on day 3 via intraperitoneal injection as a 
treated group. G3c and D665 antibodies were purified from 
the supernatant of hybridomas, gifts from J. Shimizu, Kyoto 
University, Japan and Dr T. Hunig, University of Wurzburg, 
respectively. Naïve mice received free water during the study 
period. Body weight and the DAI were evaluated daily during 
the colitis induction and recovery phases of the experiment 
[13]. After mice were sacrificed on day 8, the entire colon 
was removed from the caecum to the anus, and the colon 
length was measured as an indirect marker of inflammation.

The DAI
The body weight of mice in each group was recorded daily, 
as well as the stool consistency and the presence of occult or 
gross blood per rectum during the experimental period. These 
parameters were respectively scored by one trained observer 
blinded to the protocol, and the DAI was calculated as re-
ported previously (Table 1) [14].

Histology and histological scoring
The entire colon was washed with phosphate-buffered saline 
(PBS), and the distal colon was fixed in 10% formaldehyde 
solution for 48 h and embedded in paraffin for histological 
analyses. Sections of the colon (4-mm thick) were prepared 
and subjected to staining with hematoxylin and eosin (H&E; 
Muto Pure Chemicals, Osaka, Japan) for morphological 
analyses. Slides were then examined by light microscopy 
(OLYMPUS, Tokyo, Japan) in a blinded fashion to assess the 
inflammation state and blindly scored using a previously pub-
lished grading system (Table 2) [15].

Table 1: Disease activity index (DAI) scoring.

Score Weight loss (%)  Stool consistency Rectal bleeding 

0 < 1 Normal Negative hemoccult test
1 1-5
2 5-10 Loose stools Positive hemoccult test
3 10-20
4 >20 Diarrhea Gross bleeding

Table 2: Histological injury scoring.

Score Severity of inflammation Depth of injury Crypt damage 

0 None None None
1 Slight Mucosal Basal 1/3 damaged
2 Moderate Mucosal and submucosal Basal 2/3 damaged
3 Severe Transmural Only surface epithelium intact
4 Entire crypt and epithelium lost

D
ow

nloaded from
 https://academ

ic.oup.com
/cei/article/208/3/340/6577113 by Tsinghua U

niversity user on 29 July 2022

-343-



342 Ma et al.

Cell preparation and the flow cytometry analysis
Lymphocyte types among SPLs, MLNs, and LPLs were de-
tected by the LSRFortessa system (BD Biosciences, Franklin 
Lakes, NJ). Cells were subjected to live/dead staining 
(Thermo Fisher Scientific, Cleveland, OH) for labeling dead 
cells and blocked with anti-CD16/CD32 Fc Block antibody 
to prevent non-specific antibody binding. The following 
antibodies were purchased from BioLegend (San Diego, CA) 
and used in the flow cytometry analysis: BV405 anti-mouse 
CD45 mAb, PE/CF594 anti-mouse CD3 mAb, AF700 anti-
mouse CD4 mAb, APC/Cy7 anti-mouse CD4 mAb, AF700 
anti-mouse CD8 mAb, and APC/Cy7 anti-mouse CD25 
mAb. For intracellular staining, cells were fixed and per-
meabilized using the transcription factor staining buffer set 
(eBioscience, San Diego, CA), and then intracellular Foxp3 
staining was performed using FITC anti-mouse Foxp3 mAb 
(eBioscience), PE/Cy7 anti-mouse IFN-γ mAb, APC anti-
mouse CTLA-4 mAb, and PE anti-mouse IL-10 mAb pur-
chased from BioLegend. For intracellular cytokine staining, 
cells were stimulated with 50 ng/ml phorbol 12-myristate 
13-acetate (BD Golgi PlugTM), 1  mM ionomycin (Sigma–
Aldrich, St. Louis, MO), and Brefeldin A (eBioscience) in 
complete medium for 4 h, followed by surface and intra-
cellular staining. The stained cells were analyzed with the 
FlowJo software program (Version 10.5.0; BD Biosciences).

Total mRNA preparation and quantitative RT-PCR 
(qRT-PCR)
Total mRNA was extracted from frozen SPLs, MLNs, 
and colon tissues using a RNeasy Mini Kit (Qiagen, 
Valencia, CA). Each 0.8-µg aliquot of mRNA was reverse-
transcribed to cDNA using a Prime Script RT reagent Kit 
(RR037A; Takara, Shiga, Japan). qRT-PCR was performed 
by the SYBR® Green system using an Applied Biosystem 
PRISM7900 apparatus (Thermo Fisher Scientific). The PCR 
cycle conditions for the SYBR® Green system were 50 °C 
for 2  min, 95 °C for 2  min, 45 cycles of 95 °C for 15  s, 
and 60 °C for 60  s. The comparative cycle threshold (Ct) 

method was used to determine the relative gene expression, 
and the results of target genes (Table 3) were normalized by 
subtracting the Ct value of 18S rRNA, with the fold change 
calculated by comparative CT.

Western blot analyses
In brief, frozen SPLs in three groups were homogenized in 
RIPA buffer containing 1% protease inhibitor cocktail-1 and 
1% protease inhibitor cocktail-2 (Sigma–Aldrich) followed by 
centrifugation in a microfuge at top speed for 30 min. Protein 
concentrations were assayed using Bio-Rad Protein Assay 
(Bio-Rad, Hercules, CA). Samples were separated by elec-
trophoresis on 10% polyacrylamide gels and transferred to 
Immobilon-PVDF (Bio-Rad). After brief incubation with 5% 
non-fat milk to block non-specific binding, membranes were 
exposed overnight at 4 °C to specific musculoaponeurotic 
fibrosarcoma (Maf) (Cell Signaling Technology, Danvers, 
MA). Maf activity was quantified by a laser densitometric 
analysis of the radiographic film using the ImageJ software 
program (NIH, Bethesda, MD).

Statistical analyses
The GraphPad Prism 9 software program (GraphPad, San 
Diego, CA) was used to calculate statistical significance. A 
two-way analysis of variance (ANOVA) method and one-way 
ANOVA method were used to compare the three groups. Data 
are expressed as the mean ± SD. A value of P < 0.05 was con-
sidered to be statistically significant (*P < 0.05; **P < 0.01;  
***P < 0.001; ****P < 0.0001).

Results
G3c/D665 treatment exhibited the potential to 
attenuate DSS-induced colitis in mice
We evaluated the potential therapeutic effect of G3c/D665 on 
a DSS-induced mouse colitis model that had been established 
by orally feeding 3.5% DSS for 5 consecutive days and water 

Table 3: Primer sequences for real-time qPCR.

Gene Forward Primer (5ʹ~3ʹ) Reverse Primer (3ʹ~5ʹ) 

Prdm1 CCCTCATCGGTGAAGTCTA ACGTAGCGCATCCAGTTG
Eomes GCGCATGTTTCCTTTCTTGAG GGTCGGCCAGAACCACTTC
Egr2 GCCAAGGCCGTAGACAAAATC CCACTCCGTTCATCTGGTCA
Tbx21 AGCAAGGACGGCGAATGTT GGGTGGACATATAAGCGGTTC
Ahr AGCCGGTGCAGAAAACAGTAA AGGCGGTCTAACTCTGTGTTC
TGF-β ATCCTGTCCAAACTAAGGCTCG ACCTCTTTAGCATAGTAGTCCGC
Foxp3 CACCCAGGAAAGACAGCAACC GCAAGAGCTCTTGTCCATTGA
Maf GCAGAGACACGTCCTGGAGTCG CGAGCTTGGCCCTGCAACTAGC
TNF-α AAGCCTGTAGCCCACGTCGTA GGCACCACTAGTTGGTTGTCTTTG
IL-1β ACCTTCCAGGATGAGGACATGA AACGTCACACACCAGCAGGTTA
Bax GGCTGCTTGTCTGGATCCAA ATGGTCACTGTCTGCCATGTG
CCR-5 GACATCCGTTCCCCCTACAAG TCACGCTCTTCAGCTTTTTGCAG
IL-6 GGCGGATCGGATGTTGTGAT GGACCCCAGACAATCGGTTG
IL-12 AGCACGGCAGCAGAATAAA CTCCACCTGTGAGTTCTTCAAA
IL-17 CAGCAGCGATCATCCCTCAAAG CAGGACCAGGATCTCTTGCTG
IL-10 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG
18S ACATCGACCTCACCAAGAGG TCCCATCCTTCACATCCTTC
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for 3 days. As expected, mice in the 3.5% DSS-control group 
lost more body weight and exhibited shorter colon lengths 
and higher DAI scores than the naïve and G3c/D665-treated 
groups. The improvement of symptoms, such as colonic short-
ening, weight loss, and hematochezia, in mice treated with 
G3c/D665 was significant. The colon tissue sections in naïve 
mice showed no signs of inflammation, while those in the con-
trol group showed distortion of crypts, loss of goblet cells, 
inflammatory cell infiltration, and severe mucosal damage. In 
contrast, G3c/D665 treatment obviously improved the patho-
logical changes (Fig. 1A). The colons from G3c/D665-treated 
DSS-colitis mice were relatively normal, exhibiting only slight 
evidence of inflammatory cell infiltration. These findings were 
also quantitatively evaluated by a histopathological ana-
lysis and scored using a previously published grading system  
(Fig. 1B). Taken together, these findings indicate that the com-
bination of G3c/D665 treatment effectively attenuated DSS-
induced colitis in mice.

G3c/D665 treatment substantially suppressed 
inflammatory and apoptotic responses in colitis 
mice
To understand the anti-inflammatory effect of the combin-
ations of G3c/D665 treatment in DSS-induced colitis in mice, 
we measured the mRNA levels of pro-inflammatory and 
apoptotic cytokines and chemokines in colon tissues and 
spleen lymphocytes. The results show that the mRNA levels 

of pro-inflammatory cytokines (such as TNF-α, IL-6, IL-1β, 
IL-17, and IL-12), pro-inflammatory chemokines (such as 
CCR-5) and apoptotic factors (such as Bax) were significantly 
increased in mice in the control group. However, the increase 
in these cytokines and chemokines was reduced by G3c/D665 
treatment in colon tissues (Fig. 2A). In spleen lymphocytes, the 
mRNA levels of pro-inflammatory cytokines, such as TNF-α, 
IL-6, IL-1β, and IL-12, were significantly reduced in the G3c/
D665-treated group as well (Fig. 2B). Our data indicated that 
G3c/D665 treatment conferred profound protection against 
DSS-induced colitis in association with reduced inflammatory 
and apoptotic responses, alleviated tissue damage, and the 
maintenance of intestinal integrity and functionality.

G3c/D665 treatment altered the proportion of CD4+ 
and CD8+ T cells in SPLs, MLNs, and LPLs.
To clarify the variation in the number and/or phenotype of 
immune cells after G3c/D665 treatment, we performed an 
FCM analysis with SPLs, MLNs, and LPLs. Previous studies 
have shown that CD8+ cytotoxic T cells play a vital role in 
inducing relapsing colitis [16]. As shown in Fig. 3, in the pre-
sent study, the proportion of CD8+ cytotoxic T cells among 
SPLs (P < 0.0001) and MLNs (P < 0.05) was significantly 
downregulated by the combinations of G3c and D665 treat-
ment compared to the control group, whereas there was no 
significant change in the LPLs. Furthermore, SPLs, MLNs, 

Figure 1: G3c/D665 treatment attenuated DSS-induced damage of colon. (A) The colon gross appearance and length analysis of mice are shown. The 
DAI of mice and the weight change (%) of mice are also presented. (B) Hematoxylin and eosin (HE) staining of colon specimens in the three groups. 
Substantial monocyte infiltration, mucosa erosion, goblet cell arrangement disorder, and reduction were seen in the colon specimens of the 3.5% DSS-
control group. A Hematoxylin and eosin (HE) analysis of the colon specimens is shown (scale bars = 100 and 200 µm). Each bar represents the mean ± 
SD. *P < 0.05, ****P < 0.0001.
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and LPLs in the G3c/D665 group showed an apparent in-
crease in the proportion of CD4+ T cells compared with the 
control group.

G3c/D665 treatment led to CD4+CD25+Foxp3+ Treg 
expansion in DSS-induced colitis
Tregs are a unique subpopulation of CD4+ T cells that play 
pivotal roles in maintaining immune tolerance, improving the 
inflammatory intestinal environment, and conferring thera-
peutic benefits for colitis [17, 18], so we evaluated the popu-
lation of CD4+CD25+Foxp3+ Tregs in SPLs, MLNs, and LPLs 
among the three groups.

Our analysis showed that the percentage of 
CD4+CD25+Foxp3+ Tregs in the G3c/D665-treated group 
was markedly higher than in the other two groups (Fig. 
4A, B). Although the combination of G3c and D665 treat-
ment generated a large number of CD4+CD25+Foxp3+ 
Tregs according to the FCM analysis, the mRNA expres-
sion of Foxp3 gene was not significantly increased in the 
G3c/D665 group (Supplementary Fig. S1). Both the T cell 

protein cytotoxic T lymphocyte antigen 4 (CTLA-4) pathway 
and CD4+CD25+Foxp3+ Tregs are essential for maintaining 
control of immune homeostasis [19]. We further analyzed 
CTLA-4 and found that CD4+CD25+Foxp3+ Tregs signifi-
cantly expressed CTLA-4 in the SPLs, MLNs, and LPLs of the 
three groups (Fig. 4C, D).

G3c/D665 treatment increased the proportion of Tr1 
cells in DSS-induced mouse colitis
Tr1 cells are characterized by their high IL-10-producing cap-
acity and the ability to inhibit T cell responses and colitis [11]. 
Therefore, we performed an FCM analysis to gain insight into 
the expression of IL-10+Foxp3− Tr1 cells and IL-10+IFN-γ+ 
Tr1 cells gated from CD4+ T cells. Our result showed that 
the combinations of G3c and D665 treatment generated large 
amounts of IL-10+Foxp3- Tr1 cells and IL-10+IFN-γ+ Tr1 cells 
in the three different lymphocyte types (Fig. 5). To identify the 
expression of Tr1-related transcription factors (TFs), we ex-
tracted TFs known to regulate Tr1 differentiation, including 
early growth response 2 (Egr2), Aryl hydrocarbon receptors 

Figure 2: G3c/D665 treatment reduced the mRNA expression of inflammatory and apoptosis cytokine-related genes. (A) Homogenates of colon tissues 
were analyzed by qRT-PCR as described in the materials and methods. The mRNA expression of inflammatory cytokines-related genes, particularly 
IL-1β, IL-6, IL-12, IL-17, and CCR-5, was significantly lower in the G3c/D665-treated group than in the control group. The mRNA expression of apoptosis-
related gene, such as Bax, was reduced in the G3c/D665-treated group. (B) SPLs were analyzed by qRT-PCR as well. Compared with the control group, 
the mRNA expression of inflammatory and apoptosis cytokine-related genes, such as IL-1β, IL-12, and Bcl-2, was reduced in the G3c/D665-treated 
group. Values are expressed as arbitrary units (mean ± SD). *P < 0.05, **P < 0.01, ***P < 0.001.
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(Ahr), T-box transcription factor 21 (Tbx21), Eomesodermin 
(Eomes), PR domain zinc finger protein 1 (Prdm1), trans-
forming growth factor beta (TGF-β), and Maf (Fig. 6, 
Supplementary Fig. S1). Of these, the mRNA expression of 
the Prdm1 and Eomes genes was markedly upregulated in the 
MLNs of the G3c/D665-treated group but showed no sig-
nificant difference in SPLs or LPLs. In contrast, the mRNA 
expression of the Ahr gene was shown to be downregulated 
in MLNs, SPLs, and LPLs of the G3c/D665-treated group, 
while the Tbx21, Egr2, and TGF-β mRNA expression did not 
increase as well Supplementary (Fig. S1). The mRNA expres-
sion of IL-10 was significantly increased in the SPLs of the 
G3c/D665-treated group but did not differ markedly among 
the three groups in MLNs or LPLs. Interestingly, the protein 
expression of Maf was increased in the SPLs of the G3c/D665-
treated group (Fig. 6D) according to Western blotting, but its 
mRNA expression was not upregulated in any of the three 
lymphocyte species according to RT-PCR (Supplementary 
Fig. S1).

Discussion
UC has become a global public health threat, UC patients 
suffer from a poor quality of life, increased risk of colorectal 
cancer, and morbidity/mortality associated with colectomy 
performed for possible symptomatic relief [20]. Despite re-
cent advances and the development of biological therapies, 
no drugs provide sustained remission of UC at present [21]. 

Due to substantial advances in our understanding of the 
biology of regulatory immune cells, novel cell-based therapies 
to dampen or prevent undesired immune responses in mul-
tiple immune diseases, including UC, have been developed. In 
previous studies on cell therapies for IBD, increased attention 
has been paid to the use of Foxp3+ Tregs, but there have been 
few studies on Tr1 cells. Our study showed that Tr1 cells also 
have several functional properties that may make them par-
ticularly well-suited for treating UC or other inflammatory 
intestinal diseases.

D665 is a unique class of CD28-superagonist monoclonal 
antibody that has been reported to be capable of activating T 
cells without overt stimulation of the T-cell receptor (TCR) 
and selectively activating Tregs in rodents, suggesting an 
option for the treatment of autoimmune and inflammatory 
diseases [22]. Glucocorticoid-induced tumor necrosis factor 
receptor-related protein (GITR) is a transmembrane protein 
expressed on the surface of multiple types of immune cells and 
acts as a co-activating molecule that promotes the function of 
effector T cells and the expansion of Tregs, making it an at-
tractive target for immunotherapy [23, 24]. The important 
role of GITR in immune system regulation has attracted a lot 
of attention for immunotherapeutic treatment of cancers and 
autoimmune diseases and resulted in the development of anti-
GITR antibodies [25, 26]. G3c is an anti-GITR antibody that 
can recognize GITR and have strong co-stimulatory activity 
for both Tregs and responder T cells [27]. In our previous 
trials, we found that the use of D665 alone expanded Foxp3+ 

Figure 3: G3c/D665 treatment increased the proportion of CD4+ T cells in SPLs, MLNs, and LPLs. (A) A representative FCM analysis assessing the 
expression of CD8+ and CD4+ T cells gated on CD3+ T cells in SPLs, MLNs, and LPLs of three groups. (B) The proportion of CD4+ T cells was significantly 
increased in the G3c/D665-treated group compared to the control group in SPLs, MLNs, and LPLs. The proportion of CD8+ T cells was significantly 
reduced in the G3c/D665-treated group compared to the 3.5% DSS group in SPLs and MLNs. Data are expressed as the mean ± SD. *P < 0.05, **P < 
0.01, ***P < 0.001, ****P < 0.0001.
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Tregs, whereas the single-use of G3c could not generate Tregs. 
In our data, D665 potently expanded Tregs, and the GITR-
targeting G3c application further enforced the expansion of 
Tregs. Large amounts of Tr1 cells were generated after D665 
and G3c treatments. G3c played an important role in the in-
duction of Tr1 cells based on D665 treatment. Interestingly, 
injecting G3c before D665 did not have this effect as well.

To understand the protective effects of G3c/D665 on DSS-
induced colitis, mice that had received DSS were given a single 
dose of D665 1 mg/mice on day 0 and a single dose of G3c 
1 mg/mice on day 3 by intraperitoneal injection. This G3c/
D665 treatment markedly ameliorated the severity of DSS-
induced colitis by inhibiting various pathological manifest-
ations, such as colonic shortening, weight loss, intestinal 
bleeding, and diarrhea, resulting in a significant reduction 
in the DAI of the treatment group compared with the non-
treated group (Fig. 1A). Furthermore, the degree of mucosal 
inflammation was markedly improved in mice given G3c/
D665 treatment, with observations of decreased mucosal le-
sions, decreased inflammatory infiltration, and crypt damage 
microscopically (Fig. 1B).

A hallmark of UC is the dysregulated activation of inflam-
matory cytokines and components of signaling pathways 

[28]. Aberrant activation of the immune response and un-
controlled production of inflammatory cytokines has been 
proven to cause disruption of intestinal barriers, disturb-
ance of intestinal homeostasis, and extensive mucosal injury 
and inflammation, leading to the development of UC. In re-
sponse to the commensal microbiota and Toll-like receptor 
(TLR) signaling, activated antigen-presenting cells (APCs) 
in the inflamed mucosa of UC produce large amounts of 
pro-inflammatory cytokines, such as IL-1β, IL-6, IL-12, and 
TNF-α [28–30]. CCR-5 is a chemokine receptor predomin-
antly expressed on the surface of Th1 polarized T cells and 
plays an important role in T cell-mediated tissue damage 
[31]. IL-17 was reported to mediate pro-inflammatory 
functions including the upregulation of TNF-α, IL-1β, and 
IL-6 and the recruitment of neutrophils to induce tissue 
destruction in IBD [28]. In our study, the mRNA levels of 
pro-inflammatory cytokines (such as TNF-α, IL-6, IL-1β, 
IL-17, and IL-12), pro-inflammatory chemokines (such as 
CCR-5), and apoptotic factors (such as Bax) were signifi-
cantly upregulated in mice in the DSS-control group, as ex-
pected (Fig. 2). These indicators were downregulated after 
treatment, suggesting that G3c/D665 has a significant in-
hibitory effect on intestinal inflammation and cell necrosis.

Figure 4: G3c/D665 treatment increased the proportion of CD4+CD25+Foxp3+ Tregs in SPLs, MLNs, and LPLs. (A) A representative FCM analysis 
assessing the expression of CD4+CD25+Foxp3+ Tregs gated on CD4+ T cells in the SPLs, MLNs, and LPLs of the three groups. (B) The proportion of 
Tregs was significantly increased in the G3c/D665-treated group compared to the control group among SPLs, MLNs, and LPLs. (C–D). A representative 
FCM analysis assessing the MFI of CTLA-4 expression in the SPLs, MLNs, and LPLs of the three groups gated from CD4+CD25+Foxp3+ Tregs. Data are 
expressed as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Previous studies have reported that colitis was prevented 
by in vivo antibody depletion of CD8+ T cells but not by that 
of CD4+ T cells. CD8+ cytotoxic T cells (CTLs) induce re-
lapsing colitis in normal mice, and the cytolytic function of 
CD8+ CTLs against epithelial cells may initiate the intestinal 
inflammatory process [16]. Our FCM data showed that CD8+ 
CTLs were significantly downregulated by G3c/D665 treat-
ment in SPLs and MLNs, whereas there were no significant 
differences between these two groups in LPLs (Fig. 3). G3c/
D665 treatment obviously altered the proportion of CD8+ 
CTLs and CD4+ T cells, and the proportion of CD4+ T cells in 
SPLs, MLNs, and LPLs of G3c/D665 group was significantly 
higher than that in the control group. These results suggest an 
important role of CD8+ CTLs as initiators of colitis and that 
G3c/D665 treatment can improve colitis by modulating CD4+ 
T cell and CD8+ CTL production by modulating systemic or 
local immunity.

Intestinal mucosal damage caused by UC is associated 
with mucosal T-cell dysfunction, the imbalance between pro-
inflammatory and anti-inflammatory cytokines, and cellular 
inflammation [28, 32, 33]. CD4+CD25+Foxp3+ Tregs play a 
critical role in the maintenance of self-tolerance and control 

of autoimmune diseases and offer a therapeutic option in 
cases of inflammatory colitis [17, 34, 35]. To clarify the pro-
tective activity of G3c/D665 treatment in DSS-colitis, the 
CD4+CD25+Foxp3+ Treg population was evaluated by FCM. 
In our study, the combination of G3c and D665 treatment led 
to the expansion of CD4+CD25+Foxp3+ Tregs in the spleen 
and MLNs and LPLs of DSS-induced colitis mice (Fig. 4A, 
B). Cytotoxic T lymphocyte antigen 4 (CTLA-4) (also called 
CD152) is a key regulator of adaptive immune responses and 
an inhibitory relative of the T cell co-stimulatory molecule 
CD28, which has an immunoregulatory function of sup-
pressing the T cell response [36, 37]. Tregs and CTLA-4 have 
complementary and largely overlapping mechanisms of im-
mune tolerance, and Tregs commonly use CTLA-4 to effect 
suppression [19]. Our results showed that CD4+CD25+Foxp3+ 
Tregs significantly expressed CTLA-4 in both SPLs and 
MLNs, with increased CTLA-4 levels in LPLs, but there was 
no statistical significance (Fig. 4C, D), indicating that the 
combination therapy of G3c and D665 partly played a role 
in the treatment of colitis through Foxp3+ Tregs and CTLA-4.

Tr1 cells regulate responses of both naïve and memory 
T cells and control inflammasome activity in vivo and in 

Figure 5: G3c/D665 treatment increased the proportion of IL-10+IFN-g+Tr1 cells and IL-10+Foxp3- Tr1 cells in SPLs, MLNs, and LPLs. (A) A representative 
FCM analysis assessing the proportion of IL-10+IFN-g+ Tr1 and IL-10+Foxp3- Tr1 cells gated on CD4+ T cells among the SPLs, MLNs, and LPLs of the three 
groups. (B) The proportion of IL-10+IFN-g+ Tr1 cells and IL-10+Foxp3- Tr1 cells was significantly increased in the G3c/D665-treated group compared to the 
control group among SPLs, MLNs, and LPLs. Data are expressed as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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vitro, mainly through the secretion of the immunosuppres-
sive cytokine IL-10 [12]. IL-10 is an anti-inflammatory 
and immune regulatory cytokine that plays a key role in 
maintaining immune homeostasis in the gut environment 
[11, 38]. Furthermore, Tr1 cells have been reported to have 
a unique ability to promote the development of intestinal 
goblet cells and repair the epithelial cell barrier function, 
supporting their use as a cell-based therapy for modulating 
intestinal inflammation [11]. Previous studies have reported 
that D665 was able to induce the expansion of CD4+Foxp3+ 
Tregs in vivo, but it has not been reported to induce Tr1 
cells thus far [22, 34, 39]. The application of G3c following 
D665 in our study mediated the expansion of Tregs and the 
generation of a large number of Tr1 cells. Based on these 
findings, along with the evidence that aberrant Tregs func-
tion and dysregulated control of epithelial homeostasis in-
duce spontaneous intestinal inflammation in gene-knockout 
mice deficient for IL-10 [40], we hypothesized that Tr1 cells 
might have unique advantages over CD4+Foxp3+ Tregs in 
controlling colitis. Our studies showed that the combination 
of G3c and D665 induced the generation of large amounts 
of IL-10/IFN-γ-co-producing CD4+Foxp3- Tr1 cells in vivo, 
and the proliferation of Tr1 cells was much greater than 
that of CD4+CD25+Foxp3+ Tregs (Fig. 4). Human Tr1-like 

cells reportedly express the Eomes gene, a T-box transcrip-
tion factor that controls the cytotoxic functions of CD8+ 
CTLs and NK cells [41]. Another important transcriptional 
regulator, Prdm1, has also been shown to promote IL-10 
production by Tr1 cells [42]. We assessed the expression 
of these Tr1 cell-related TFs and found that the mRNA 
expression of the Prdm1 and Eomes genes was markedly 
upregulated in MLNs of the G3c/D665-treated group (Fig. 
6). A previous study revealed that Maf acted as a growth 
factor for Tr1 cell development and was critical for IL-10 
secretion since IL-27-induced Tr1 cell differentiation was 
defective in Maf−/− mice [43, 44]. The protein expression 
of Maf was significantly increased in the SPLs of the G3c/
D665-treated group, suggesting that G3c/D665 treatment 
may promote the generation of Tr1 cells through the Maf 
pathway.

In a clinical trial in 2006, CD28 superagonist (TGN1412) 
was reported to result in the instantaneous arrest and uncon-
trolled T cell activation with cytokine storm [45], but it was 
later clear that dose-reduction could preferentially address 
Tregs in humans [46]. The further development of CD28 
superagonist (TAB08) has been resumed and is now being 
evaluated in a phase II study. A previous study has reported 
that using D665 alone on DSS-induced colitis weakly induced 

Figure 6: G3c/D665 treatment altered the mRNA expression and protein levels of Tr1 cell-related genes. MLNs (A), SPLs (B) and colon tissues (C) were 
analyzed by qRT-PCR as described in the materials and methods. The mRNA expression of Tr1 cell-related genes, particularly Prdm1, IL-10, Eomes,  
and Ahr is shown. (D). A Western blot analysis of the Maf of the SPLs in the three group is shown. Data are expressed as the mean ± SD. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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the levels of IL-2 and IFN-γ in the spleen and colon but did 
not result in pathophysiologically relevant levels of cytokine 
storm [34]. we have not observed any signs of the disorders in 
the G3c/D665 treated mice with DSS-induced colitis.

Taken together, our data demonstrated that the combin-
ation of G3c and D665 treatment targets Tr1 cell generation 
in vivo to reduce the colon damage in DSS-induced mouse 
colitis by secreting a large amount of IL-10, maintaining and 
enhancing their regulatory functions (Fig. 7). This represents 
a major advance towards the therapeutic use of Tr1 cells as 
cellular therapy and supports the potential of the combin-
ation of G3c and D665 as a new auspicious therapeutic op-
tion for treating UC in the clinic. Furthermore, harnessing the 
suppressive potential of Tr1 cells may have important impli-
cations for cell therapy of autoimmune, autoinflammatory, 
and transplantation-related diseases.

Supplementary data
Supplementary data is available at Clinical and Experimental 
Immunology online.
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Figure 7: Immune mechanism of G3c/D665 in the treatment of UC. In UC, the intestinal barrier is disrupted, the mucosa is severely damaged, and the 
balance of intestinal microflora is dysregulated. In the colonic lamina propria, Th1 cells release many pro-inflammatory cytokines, such as IL-1β, TNF-α, 
IL-6, IL-12, and CCR-5, while Th17 cells release IL-17. The release of apoptotic factor, such as Bax, is also increased in UC. G3c and D665 treatment 
expands Tregs and Tr1 cells, thereby increasing the release of anti-inflammatory cytokines and decreasing the release of pro-inflammatory cytokines and 
apoptotic factors. Tregs release IL-10 and CTLA-4, while Tr1 cells release IL-10, Prdm1, Eomes, and Maf. After the administration of G3c and D665, the 
intestinal barrier is restored, mucosal damage is repaired, and colitis is improved.
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I M M U N O L O G Y

Combinations of anti-GITR antibody and CD28 
superagonist induce permanent allograft acceptance 
by generating type 1 regulatory T cells
Weitao Que1,2,3, Kuai Ma2, Xin Hu1,2, Wen-Zhi Guo1, Xiao-Kang Li1,2*

Type 1 regulatory T (Tr1) cells represent a subset of IL-10–producing CD4+Foxp3− T cells and play key roles in promot-
ing transplant tolerance. However, no effective pharmacological approaches have been able to induce Tr1 cells 
in vivo. We herein report the combined use of a CD28 superagonist (D665) and anti–glucocorticoid-induced tumor 
necrosis factor receptor–related protein monoclonal antibody (G3c) to induce Tr1 cells in vivo. Large amounts of 
IL-10/interferon-–co-producing CD4+Foxp3− Tr1 cells were generated by D665-G3c sequential treatment 
in mice. Mechanistic studies suggested that D665-G3c induced Tr1 cells via transcription factors Prdm1 and 
Maf. G3c contributed to Tr1 cell generation via the activation of mitogen-activated protein kinase–signal trans-
ducer and activator of transcription 3 signaling. Tr1 cells suppressed dendritic cell maturation and T cell 
responses and mediated permanent allograft acceptance in fully major histocompatibility complex–
mismatched mice in an IL-10–dependent manner. In vivo Tr1 cell induction is a promising strategy for 
achieving transplant tolerance.

INTRODUCTION
Organ transplantation is considered the optimal treatment for a 
variety of end-stage organ diseases. However, the life-long, systemic 
immune suppression required after transplantation severely com-
promises host immune defense and is associated with adverse effects, 
including organ toxicity, infections, and malignancies. Operational 
tolerance has long been the ultimate goal in the field of transplantation, 
which would enable transplant recipients to maintain a stable and 
acceptable graft function without the need for immunosuppression 
therapy, thus avoiding undesirable side effects (1).

Allograft immunity is a complex process that results from the 
interplay of multiple different cell types, including lymphocytes, 
monocytes, macrophages, and dendritic cells (DCs). Recipient allo-
reactive T cells recognize non–self-donor alloantigens presented by 
donor or recipient antigen-presenting cells and initiate the adaptive 
inflammatory immune response, leading to allograft rejection. 
Regulatory immune cells regulate or suppress immune responses of 
other cells and help prevent anti-donor immune responses. Regulatory 
immune cell–based therapies, via inducing or adoptively transfer-
ring regulatory immune cells, are emerging as promising strategies 
for achieving permanent donor-specific immune tolerance, thus 
minimizing or even obviating immunosuppressants after organ 
transplantation.

CD4+ T cells coordinate immune responses by helping to activate 
and regulate other immune cells and are critical in determining 
transplantation rejection or tolerance. Type 1 regulatory T (Tr1) 
cells represent a subset of CD4+Foxp3− T cells and secrete high 
amounts of interleukin-10 (IL-10), their signature cytokine, with potent 
immunosuppressive properties. The potent immunosuppressive 
function of Tr1 cells has been implicated both in vitro and in vivo 

(2). Tr1 cells have been proven to play key regulatory roles in 
peripheral immune tolerance and are considered an emerging 
therapeutic target for improving transplant tolerance (3). However, 
as with Foxp3+ regulatory T (Treg) cells, in vivo effective pharmaco-
logical approaches to induce Tr1 cells are largely lacking.

CD28 superagonist is a monoclonal antibody (mAb) that engages 
CD28 costimulatory receptors, which laterally bind to the CD28 
homodimer, thus allowing its clustering via lattice formation (4, 5). 
The particular binding topology of CD28 superagonist confers its 
superagonist properties, resulting in potent T cell activation and 
expansion independent of concomitant T cell receptor (TCR) en-
gagement (6). CD28 superagonist was shown to expand Treg cells 
preferentially over effector T (Teff) cells both in vitro and in vivo, a 
characteristic that was used to prevent autoimmune disease, 
graft-versus-host disease (GvHD), and allograft rejection (6–8). 
Glucocorticoid-induced tumor necrosis factor receptor–related 
protein (GITR), also referred to as TNFRSF18, is a type I transmem-
brane protein of the tumor necrosis factor receptor (TNFR) super-
family, characterized by three cysteine-rich domain pseudorepeats 
in its extracellular domain (9). GITR is constitutively expressed at 
high levels on Treg cells and at low levels on naïve and memory 
T cells (9–11). Its expression is rapidly up-regulated upon TCR 
activation on both Treg and Teff cells (11, 12). GITR serves as a 
costimulatory molecule that exerts multiple distinct effects on T cells. 
GITR engagement results in the proliferation and cytokine produc-
tion of activated T cells but abrogates the suppressive activity of Treg 
cells (10, 11, 13, 14). Targeting GITR has been evaluated for its utility 
in the treatment of cancers, autoimmune diseases, and organ rejec-
tion in both animal models and clinical trials (15–19). However, the 
effects of GITR agonism on T cells, which is cell specific and context 
dependent, remain controversial (20, 21).

We herein report the combined use of CD28 superagonist D665 
and anti-GITR mAb G3c to induce Tr1 cells in vivo. Large amounts 
of IL-10/interferon- (IFN-)–co-producing CD4+Foxp3− Tr1 cells 
were generated by D665-G3c sequential treatment in mice. Tr1 cells 
suppressed DC maturation and T cell responses in an IL-10–dependent 
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manner. Further mechanical studies suggested that D665-G3c 
induced Tr1 cells via the positive regulatory domain zinc finger 
protein 1 (Prdm1), and musculoaponeurotic fibrosarcoma (Maf) 
pathways. G3c contributed to Tr1 cell generation via the activation 
of mitogen-activated protein kinase–signal transducer and acti-
vator of transcription 3 (MAPK-STAT3) signaling. The combined 
use of D665 and G3c induced permanent allograft acceptance in a 
Tr1-dependent manner. Our study presented an effective pharma-
cological approach to generate Tr1 cells in vivo by D665-G3c se-
quential treatment and demonstrated their therapeutic potential in 
transplantation.

RESULTS
Induction of Tr1 cells in vivo
Foxp3-GFP mice [expressing green fluorescent protein (GFP) 
under the control of the mouse Foxp3 promoter] and IL-10–Venus 
mice [expressing yellow fluorescent protein (Venus) under the 
control of the mouse IL-10 promoter] were treated with D665 (250 g 
per mouse) and G3c (250 g per mouse) on days −3 and 0 sequen-
tially (Fig. 1A). On day 0, before G3c administration, D665 induced 
a robust expansion of Treg cells over Teff cells (Fig. 1B), consistent 
with previous reports (22–25). The GITR expression was significantly 
up-regulated on the surface of both Treg and Teff cells (Fig. 1, C and D). 
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Fig. 1. Protocol for the induction of IL-10/IFN-–co-producing CD4+Foxp3− Tr1 cells. (A) D665 (250 g per mouse) and G3c (250 g per mouse) were intraperitoneally 
injected on days −3 and 0 sequentially. (B) Representative flow cytometry (FCM) analysis and frequency of Treg cells in the splenocytes of D665- and immunoglobulin G 
(IgG)–treated mice on day 0 (n = 6 for each group). ****P < 0.0001. (C and D) The median fluorescence intensity (MFI) of the GITR on CD4+Foxp3+ Treg cells and CD4+Foxp3− 
Teff cells in the splenocytes of D665- and IgG-treated mice on day 0 (n = 5 for each group). **P < 0.01 and ****P < 0.0001. (E) Representative FCM analysis of CD4+Foxp3+ 
Treg cells and CD4+Foxp3−IL-10+ Tr1 cells in the splenocytes of each treatment group day 3 (D3) and D7 (n = 4 for each group). (F) Frequency of CD4+Foxp3−IL-10+ Tr1 cells 
in the splenocytes of each treatment group on day 3 and day 7 (n = 4 for each group). *P < 0.05, **P < 0.01, and ****P < 0.0001. (G) Frequency of CD4+Foxp3+ Treg cells in 
the splenocytes of each treatment group on day 3 and day 7 (n = 4 for each group). *P < 0.05, ***P < 0.001, and ****P < 0.0001. Values are shown as the mean ± SEM.
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When targeting GITR with G3c, large amounts of CD4+Foxp3−IL-10+ 
Tr1 cells were generated on days 3 and 7 (Fig. 1, E and F). Although 
Treg cells were also potently expanded, they were obviously decreased 
on day 7 in the combination treatment group (Fig. 1, E and G). 
On day 7, most of the CD4+ IL-10+ T cells were IL-10/IFN-–co-
producing CD4+Foxp3− Tr1 cells (Fig. 1E and fig. S1A). The gene 
expression of IL-10 and Ifng exhibited a consistent trend with flow 
cytometry (FCM) results (fig. S1B). The numbers of splenocytes ob-
tained in each group are shown in fig. S1C.

We further analyzed the phenotype of Treg and Tr1 cells. Treg cells 
showed a central memory phenotype and strongly expressed the acti-
vation markers CD25 and CD69, coinhibitory markers programmed 
cell death protein 1 (PD-1), inducible costimulatory molecule (ICOS), 
T cell immunoglobulin and mucin-domain containing-3 (TIM-3), 
T cell protein cytotoxic T lymphocyte antigen 4 (CTLA-4), lympho-
cyte activation gene 3 (LAG3), and T cell immunoreceptor with 
immunoglobulin (Ig) and ITIM domains (TIGIT). The detected 
GITR expression was slightly lower compared to that in naïve CD4+ 
T cells because of blockade of FCM antibody binding to GITR by G3c 
(Fig. 2A and fig. S2A). Tr1 cells comprised both central and effector 
memory phenotypes and strongly expressed coinhibitory markers 
PD-1, ICOS, CTLA-4, and LAG3 but weakly expressed activation 
markers CD25 and CD69 (Fig. 2B and fig. S2B). The coexpression 
of CD49b and LAG3, identified as biomarkers for a population of 
murine and human memory Tr1 cells, was not observed (26).

Function of induced Tr1 cells in vitro
Tr1 cells are characterized by the production of high amounts of 
IL-10, which has a potent immunosuppressive function. IL-10 exerts 
its major suppressive effects on the DC maturation and accessory 

functions (27, 28). To determine the suppressive function of Tr1 
cells on DCs, we isolated CD4+IL-10+ T cell, CD4+IL-10− T cells, 
and naïve CD4+ T cells and cocultured them with bone marrow–
derived DCs (BMDCs) stimulated with lipopolysaccharide (LPS) on 
day 5. CD11b+CD11c+ population cells were identified as BMDCs to 
assess maturation state on day 7 (fig. S3). Tr1 cells prevented LPS-
mediated BMDC maturation, as measured by the decreased median 
fluorescence intensity of surface CD40, CD80, CD86, and major histo-
compatibility complex class II (MHC-II) molecules (Fig. 3, A and B). 
Furthermore, the addition of anti–IL-10–neutralizing antibody 
diminished the Tr1 cell–mediated prevention of BMDC maturation.

IL-10 also exerts inhibitory effects by suppressing T cell prolifer-
ation (29, 30). Cytotoxic CD8+ T cells are the principal driving force 
of allograft destruction and regulated by helper CD4+ T cells. We 
therefore next investigated the suppressive effects of Tr1 cells on 
CD8+ T cells using a one-way mixed lymphocyte reaction (MLR) 
system, where purified B6/J mice CD8+ T cells were labeled with 
carboxyfluorescein diacetate succinimidyl ester (CFSE) as respond-
ers and cocultured with BALB/c BMDC stimulators. FCM-sorted 
CD4+IL-10+ T cells, CD4+IL-10− T cells, and naïve CD4+ T cells 
were added to the MLR systems as regulators and cocultured for 
3 days. As shown in Fig. 3 (C and D), CD8+ T cell proliferation was 
significantly suppressed in the presence of CD4+IL-10+ Tr1 cells, 
whereas the addition of an anti–IL-10 antibody restored the CD8+ 
T cell proliferation. These data indicated that Tr1 cells mediated the 
suppressive function mainly dependent on IL-10 signaling.

Mechanism underlying Tr1 cell generation
To investigate the mechanism underlying the generation of Tr1 
cells by D665-G3c sequential treatment, we isolated CD4+IL-10+ 
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Fig. 2. The phenotype of Treg and Tr1 cells. (A) Representative histogram of molecule markers on CD4+Foxp3(GFP)+ Treg cells as evaluated by FCM (n = 4 for each group). 
(B) Representative histogram of molecule markers on CD4+Foxp3−IL-10(Venus)+ Tr1 cells as evaluated by FCM (n = 4 for each group).
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Tr1 cells and CD4+IL-10− T cells from D665-G3c–treated IL-10–
Venus mice on day 7 and conducted a transcriptome RNA sequencing 
(RNA-seq) analysis (Fig. 4A). The gene expression of IL-10 and Ifng 
in both cell populations was confirmed by real-time quantitative 

reverse transcription polymerase chain reaction (qRT-PCR) (Fig. 4B). 
Following the RNA-seq analysis, a magnitude component (principal 
component #1) separated samples by cell type, explaining 83% of 
the total variation (fig. S4). Compared to CD4+IL-10− T cells, 1963 
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Fig. 3. Tr1 cells suppress immune responses via IL-10 signaling. (A) Representative histogram of surface MHC-II, CD40, CD80, and CD86 on BMDCs in each group (n = 4 
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Fig. 4. Results of an RNA-seq analysis of CD4+IL-10+ and CD4+IL-10− T cells. (A) Total CD4+ T cells were purified by magnetic-activated cell sorting (MACS) from the 
splenocytes of D665-G3c–treated IL-10–Venus mice on day 7 and then subjected to CD4+IL-10+ and CD4+IL-10− T cell sorting based on the Venus expression. The isolated 
CD4+IL-10+ and CD4+IL-10− T cell samples were prepared in three duplicates for the subsequent transcriptome RNA-seq analysis. (B) The relative mRNA expression of IL-10 
and Ifng in CD4+IL-10+ and CD4+IL-10− T cells, detected by qRT-PCR, normalized with 18S for each sample (n = 4 for each group). Paired Student’s t test; *P < 0.05 and 
**P < 0.01. (C) The volcano plot shows the DEGs, with a threshold of absolute log2FC of >0.5 and adjusted P value of <0.05, between CD4+IL-10+ T cells versus CD4+IL-10− T cells. 
ns, not significant. (D) The heatmap shows 1963 DEGs, among which 525 were up-regulated and 1438 were down-regulated, between CD4+IL-10+ cells versus CD4+IL-10− 
cells. (E) GO cluster plot displaying a circular dendrogram of the clustering of the DEGs with color-coded log2FC (inner ring) and the assigned functional terms (outer ring). 
(F) Heatmap of differentially expressed TFs known to regulate Tr1 differentiation. (G) The relative mRNA expression of differentially expressed TFs identified in (F), validated 
by qRT-PCR, and normalized with 18S for each sample (n = 4 for each group). Paired Student’s t test; *P < 0.05 and **P < 0.01. Values are shown as the mean ± SEM.
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differentially expressed genes (DEGs) were obtained in CD4+IL-10+ 
Tr1 cells, with a threshold of absolute log2 fold change (log2FC) > 0.5 
and adjusted P value of <0.05, including 525 genes that were up-
regulated and 1438 that were down-regulated (Fig. 4, C and D). Con-
sistent with the cell-sorting strategy, IL-10 was the most up-regulated 
gene compared to the CD4+IL-10− T cells (Fig. 4C).

We then performed a gene ontology (GO) enrichment analysis 
to gain insight into the molecular functions of the DEGs that were 
enriched in CD4+IL-10+ Tr1 cells (Fig. 4E). The most enriched GO 
terms were those involving signaling receptor activity, molecular 
transducer activity, transmembrane signaling activity, cell adhesion 
molecular binding, immune receptor activity, cytokine binding, 
G protein–coupled receptor activity, growth factor binding, cytokine 
receptor activity, and cytokine activity. To identify transcription 
factors (TFs) that might be responsible for IL-10 production, we 
extracted TFs known to regulate Tr1 differentiation from DEGs, in-
cluding interferon regulatory factor 4 (Irf4), early growth response 
2 (Egr2), aryl hydrocarbon receptors (Ahr), T-box transcription 
factor 21 (Tbx21), Eomesodermin (Eomes), Prdm1, and Maf. Of 
these, Prdm1, Maf, Eomes, and Tbx21 were up-regulated with IL-10, 
whereas Irf4, Egr2, and Ahr were down-regulated in CD4+IL-10+ 
Tr1 cells (Fig. 4F). The gene expression of the TFs was further vali-
dated by qRT-PCR. Prdm1, Maf, Eomes, and Tbx21 were verified to 
be significantly up-regulated in CD4+IL-10+ Tr1 cells (Fig. 4G).

To further explore the role of D665 and G3c in Tr1 cell genera-
tion, we examined the expression of TFs in different treatment 
groups on days 3 and 7 (Fig. 5A). Single-D665 treatment induced 
Prdm1 and Maf up-regulation, and the combination treatment 
further increased their expression. We also observed an elevated 
Prdm1 expression in the single-G3c treatment group compared to the 
naïve group on day 7. The Eomes expression was only up-regulated 
in the combination treatment group. Next, we detected the Blimp1 
(encoded by the Prdm1 gene) and c-Maf (encoded by the Maf gene) 
protein expression by Western blotting (Fig. 5, B and C). The expres-
sion of both Blimp1 and c-Maf protein was significantly up-regulated 
in the combination treatment group. It has been shown that STAT3 
plays a critical role in Tr1 cell generation and is a potent inducer of 
both Blimp1 and c-Maf expression during Tr1 cell differentiation 
(31–33). In our study, high STAT3 phosphorylation was observed 
in the single-G3c treatment group as well as the combination treat-
ment group (Fig. 5, B and C), possibly hinting at the essential role of 
GITR signaling in Tr1 cell generation. Extracellular signal–related 
kinase (ERK) MAPK, as downstream signaling of GITR activation, 
have been shown to induce and maintain IL-10 production in Tr1 
cells (34). Our results revealed that the phosphorylation of ERK was 
significantly increased in the single-G3c treatment group as well as 
the combination treatment group (Fig. 5, B and C). In addition, 
although IL-27 was highlighted as an important driver of Tr1 cell in 
previous studies (35, 36), we only observed a slightly increased 
expression of IL-27p28 in the combination treatment group on day 7 
(Fig. 5D). The level of Epstein-Barr virus–induced gene 3 (Ebi3), a 
subunit of IL-27 heterodimer, was comparable among groups.

Generation of Tr1 cells for permanent allograft acceptance
Previous studies have shown that Tr1 cells play a critical role in 
promoting and maintaining tolerance (3). We therefore next de-
termined whether or not Tr1 cells generated by the combination 
of D665 and G3c treatment could induce permanent allograft 
acceptance.

By using a fully MHC-mismatched (donor: BALB/c, H-2kd; 
recipient: B6/J, H-2kb) mouse model of heterotopic heart trans-
plantation (Fig. 6A), we found that the use of D665 alone prolonged 
the survival of heart allograft, whereas the single use of G3c showed 
a minimal effect on the heart allograft survival. Unexpectedly, com-
binations of D665 and G3c treatments induced permanent allograft 
acceptance (Fig. 6B). A histological analysis of the heart allograft on 
postoperative day 7 (POD7) indicated pronounced inflammatory 
infiltration and severe myocyte damage in the no-treatment control 
transplantation group, effects that were markedly ameliorated in 
the D665-G3c–treated group (Fig. 6C and fig. S5A). D665 potently 
expanded Treg cells, and G3c further enforced the expansion of Treg 
cells on POD3. However, on POD7, Treg cells were largely diminished 
in the combined treatment group (Fig.  6D and fig. S5B). Large 
amounts of IL-10/IFN-–co-producing CD4+Foxp3− Tr1 cells were 
observed both in the cardiac graft-infiltrating lymphocytes (GILs) 
and splenocytes in the D665-G3c–treated group on POD7 (Fig. 6E 
and fig. S5C).

Further FCM analyses revealed that the CD4+/CD8+ T cell ratio 
were significantly increased in both the graft and spleen in the 
combination treatment group on POD7 (Fig. 6F and fig. S5D). The 
numbers of splenocytes and GILs obtained in each group are shown 
in fig. S5E. Consistently, myocardial infiltration of both of cytotoxic 
CD8+ T cell and proliferating cytotoxic CD8+ T cells, considered 
the major executor of transplantation rejection, were notably de-
creased in the combination treatment group on POD7 detected by 
immunohistochemical staining (Fig. 6G).

Because Foxp3+ Treg cells were also transiently expanded in our 
model, we next examined the contribution of Treg and Tr1 cells to 
the induction of heart allograft acceptance. As shown in Fig. 6H, 
depletion of Treg cells on POD−1, POD3, and POD7, respectively, 
using anti-CD25 treatment did not disrupt heart tolerance, whereas 
the neutralization of IL-10 by anti–IL-10 or IL-10 knockout resulted 
in heart rejection. These results indicated that the combination of 
D665 and G3c treatment induced permanent allograft acceptance 
in a Tr1 cell–dependent rather than Treg cell–dependent manner.

DISCUSSION
Tr1 cells are potent IL-10–producing cells capable of suppressing 
immune responses to self, foreign, and allogeneic antigens. We 
found in the present study that combinations of CD28 superagonist 
D665 and anti-GITR antibody G3c could generate large amounts of 
IL-10/IFN-–co-producing CD4+Foxp3− Tr1 cells in vivo. Mecha-
nistic studies suggested that D665 and G3c treatment induced Tr1 
cells via TFs Prdm1 and Maf. G3c contribute to Tr1 cell generation 
via the activation of MAPK-STAT3 signaling. Tr1 cells suppressed 
DC maturation and T cell proliferation in an IL-10–dependent 
manner. Furthermore, in a mouse heart transplantation model, 
combinations of D665 and G3c treatments induced permanent 
allograft acceptance in fully MHC-mismatched mice in a Tr1 cell–
dependent manner rather than a Treg cell–dependent manner.

CD28 superagonist bivalently binds to the laterally exposed C″D 
loop of the extracellular Ig-like domains of the CD28 homodimer 
and forms a stable lattice on the T cell membrane, which provides 
strong activating signals and leads to potent polyclonal T cell ex-
pansion (4, 5, 37). The CD28 superagonist D665 has been shown to 
preferentially expand Treg cells over Teff cells in various rodent models 
for Treg-based interference with autoimmune and inflammatory 
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disease (22–25). We also observed robust Treg cell expansion consistent 
with previously published data (Fig. 1). However, use of D665 alone 
resulted in a prolonged cardiac allograft survival rather than perma-
nent allograft acceptance in the BALB/c to B6/J strain combination 
with strong rejection responses (Fig. 6). Following D665 treatment, 
the GITR expression was strongly up-regulated on both Treg and 
Teff cells. GITR signaling is complicated, and its functions are cell 

specific and context dependent (21). The conventional anti-GITR 
antibody DTA-1 has been reported to activate Teff lymphocytes 
while depleting GITR-expressing Treg cells, thereby promoting anti-
tumor immune responses. G3c, another agonist anti-GITR antibody, 
showed a stronger costimulatory activity than DTA-1 for both Teff 
and Treg cells but failed to remove Treg cells in vivo and cure tumor-
bearing mice (38). The application of G3c targeting GITR following 
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Fig. 5. The mechanism underlying the Tr1 cell functions. (A) The relative mRNA expression of differentially expressed TFs identified in Fig. 4F on day 3 and day 7, 
normalized with 18S for each sample (n = 4 for each group). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. (B) Results of a Western blot analysis of the phosphorylated 
STAT3 (p-STAT3), STAT3, p-ERK, ERK, Blimp1, c-Maf, and -actin protein expression in each group on day 7. Data are representative of three independent experiments. 
(C) Quantitative data for the expression of p-STAT3 relative to STAT3, p-ERK relative to ERK, and Blimp1 and c-Maf relative to -actin in each group on day 7 (n = 3 for each 
group). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. (D) The relative mRNA expression of IL-27p28 and Ebi3 on day 3 and day 7, normalized with 18S for each 
sample (n = 4 for each group). **P < 0.01. Values are shown as the mean ± SEM.
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mouse) and G3c (250 g per mouse) were intraperitoneally injected on days −3 and 0 sequentially. Heart transplantation was performed on day 0. (B) The survival of 
cardiac allografts in each group (n = 9 to 12 for each group). The graft survival of each group was evaluated using Kaplan-Meier curves and log-rank tests. ****P < 0.0001. 
(C) Representative hematoxylin and eosin staining of cardiac grafts in each treatment group on POD7 (n = 6 for each group). Scale bars, 100 m. (D) A representative FCM 
analysis of CD4+CD25+Foxp3+ Treg cells in the splenocytes of each treatment group on POD3 and POD7. (E) A representative FCM analysis of IL-10/IFN-–co-producing 
CD4+ Tr1 cells in the splenocytes (SPs) and GILs of each treatment group on POD7 (n = 4 for each group). (F) A representative FCM analysis of CD4+ T and CD8+ T cells in 
the splenocytes and GILs of each treatment group on POD7 (n = 4 for each group). (G) Representative CD8 (blue), 5-bromo-2′-deoxyuridine (BrdU) (red), and type IV collagen 
(yellow) triple immunohistochemistry staining of heart grafts in each group on POD7 (n = 4 for each group). Scale bars, 100 m. (H) Survival of cardiac allografts in each 
group (n = 6 for each group). The graft survival of each group was evaluated using Kaplan-Meier curves and log-rank tests. ***P < 0.001.
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D665 generated large amounts of Tr1 cells. G3c played an important 
role in the induction of Tr1 cells based on D665 treatment.

The strong synthesis of IL-10 is a hallmark of Tr1 cells. Over the 
past few years, many studies have explored the mechanism underlying 
the IL-10 expression in Tr1 cells. While the molecular mechanisms 
underlying the development of Tr1 cells are still unclear, a plethora 
of TFs have been identified as being involved in IL-10 production 
(2). Notably, several TFs have been identified that contribute to the 
development of Tr1 cells activated by IL-27 signaling (35). Prdm1 
and Maf were identified as two central regulators that cooperatively 
drive the expression of IL-10 expression and Tr1 signature genes 
induced by IL-27 (36). IL-27 induced potent Egr2 expression via 
STAT3 signaling, which is required for IL-27–induced Prdm1-
mediated IL-10 production in CD4+ T cells (32). Furthermore, Ahr 
and Maf, which are located downstream of IL-27 signaling, collabo-
ratively promoted the development of Tr1 cells (39). In addition, 
Eomes and Prdm1 cooperated to generate Tr1 cells and mediated 
the expression of granzyme B, which is another feature of Tr1 cells 
(40). The induction of Eomes in Tr1 cells requires Tbx21 and IL-27 
signaling. Recently, Eomes has been reported as a lineage-defining 
TF of the unique granzyme K+ Tr1 cells (41). In the present study, 
Prdm1, Maf, Tbx21, and Eomes were up-regulated in Tr1 cells 
(Fig. 4), accompanied by strong phosphorylation of STAT3 (Fig. 5), 
whereas Egr2 and Ahr were down-regulated in Tr1 cells (Fig. 4). Of 
these, Egr2 was reported to be essential for IL-27–induced Blimp-1–
dependent IL-10 induction. A slightly elevated IL-27 expression 
was only observed in the combination treatment group on day 7, 
whereas a considerable amount of Tr1 cells had been generated on 
day 3. We suspect that the cell-intrinsic function of GITR signaling 
may be responsible for the development of Tr1 cells. GITR induced 
activation of ERK via TNFR-associated factor 5, which is an adaptor 
protein and signal transducer of TNFRs (42). The ERK/MAPK 
signaling pathways were able to induce IL-10 production through 
STAT3 activation (43). We therefore proposed that GITR signaling 
might contribute to Tr1 cell generation via MAPK-STAT3 signaling 
(Fig. 7). The high expression of Tbx21, the lineage-defining TF of 
T helper type 1 (TH1) cells, and IFN-, the signature TH1 cytokine, 
suggested that TH1 cells might be the origin of Tr1 cells. Switching 
of IFN-–secreting TH1 cells into IL-10/IFN-–co-producing Tr1 
cells manifest the self-regulation of TH1 immune response, which 
represent a mechanism of Tr1 generation (44).

IL-10 is an important pleiotropic cytokine with broad immuno-
modulatory functions. Both immunosuppressive and immuno-
stimulatory effects of IL-10 have been reported, the discrepancy 
in which may be due to differences in diseases, microenvironments, 
cell status, or other factors in these studies (45). In general, the 
potent anti-inflammatory and immunosuppressive effects represent 
the primary roles of IL-10  in immune regulation (46). One key 
function of Tr1 cells is to inhibit the DC maturation and function, 
which is critical for the initiation and determining the magnitude 
of an immune response (47). Coculture of BMDCs with Tr1 cells 
down-regulated the expression of MHC-II and costimulatory 
molecules, thereby reducing the magnitude of adaptive immune 
responses. Tr1 cells also inhibit the DC function by directly killing 
DCs via granzyme B and perforin secretion (48). Tr1 cells can regulate 
adaptive immune responses by directly suppressing T cells. We 
showed in the present study that Tr1 cells suppressed alloantigen-
driven T cell proliferation in an IL-10–dependent manner (Fig. 3). 
Furthermore, Tr1 can also suppress T cells via cell contact–dependent 

mechanisms mediated by CTLA-4 or PD-1 and CD39-mediated 
metabolic disruption (49, 50).

The therapeutic effects of Tr1 cells have been investigated in 
many preclinical models of immune-mediated diseases, including 
autoimmune diseases, allergic diseases, GvHD, and transplantation 
(40, 51–54). Tr1 cells, via de novo induction or adoptive transfer, 
promote pancreatic islet graft tolerance in mouse transplantation models 
(51, 52). An increased number of circulating Tr1 cells was associated 
with a stable graft function and operational tolerance in renal trans-
plant patients (55). Several good manufacturing practices and clinical-
grade compatible protocols have been established to generate human 
antigen-specific Tr1 cells in vitro (56, 57). We demonstrated that 
D665-G3c–induced Tr1 cells mediated permanent cardiac allograft 
acceptance. D665-G3c induced both Treg and Tr1 cells, but the Treg 
cells were only transiently elevated, and the heart transplantation 
tolerance was dependent on Tr1 rather than Treg cells (Fig. 6). Further 
translational studies concerning donor specificity and the safety of 
Tr1 cells generated by the D665-G3c induction strategy are needed.

In the present study, we found that the combination of D665 and 
G3c treatment generated large amounts of Tr1 cells, resulting in 
permanent cardiac allograft acceptance. We proposed that D665-G3c 
induced Tr1 cells via TFs Prdm1 and Maf. G3c contributed to Tr1 cell 
generation via the activation of MAPK-STAT3 signaling. Tr1 cells 
suppressed both innate and adaptive immunity, thus causing permanent 
cardiac allograft acceptance in an IL-10–dependent manner. Further 
studies should focus on the associated molecular mechanisms and 
clinical translation of Tr1 cells. We believe that the in vivo pharmaco-
logical induction of Tr1 cells opens up possibilities for transplantation 
tolerance and can be successfully translated to the clinical setting.
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EomesPrdm1 IL-10
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IFN-γ

IFN-γ
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Fig. 7. The proposed cellular and transcriptional regulation of Tr1 cell develop-
ment in D665-G3c–treated mice. The CD28 superagonist D665 induced up-regulation 
of GITR along with activation and expansion of TH1 cells. The application of G3c 
targeting GITR contributes the conversion of TH1 cells into IL-10/IFN-–co-producing 
CD4+Foxp3− Tr1 cells via the activation of MAPK-STAT3 signaling. TF Blimp1, c-Maf, 
Eomes, and Tbx21 are responsible for IL-10/IFN- production in D665-G3c–induced 
Tr1 cells. TRAF5, TNFR-associated factor 5.
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MATERIALS AND METHODS
Animals
Specific pathogen–free inbred male C57BL/6J (B6/J; H-2kb) and 
BALB/c mice (H-2kd), 8 to 12 weeks old, were purchased from 
Japan SLC Inc. (Shizuoka, Japan). Foxp3-GFP mice were purchased 
from the Jackson Laboratory (Bar Harbor, ME). IL-10–Venus mice 
were provided by K. Takeda (Graduate School of Medicine, Osaka 
University, Osaka, Japan) (58), and IL-10−/− mice were provided by 
T. Yoshimoto (Tokyo Medical University, Tokyo, Japan). All mice 
received humane care in accordance with the guidelines of the 
Animal Use and Care Committee of the National Research Institute 
for Child Health and Development, Tokyo, Japan (permission 
number: A2008-004-C10). All mouse experiments conformed to 
the National Institutes of Health guidelines for the care and use of 
laboratory animals.

Heterotopic heart transplantation
Mouse heterotopic heart transplantation was performed as previ-
ously described (59). Fully vascularized hearts from donor BALB/c 
mice were heterotopically transplanted to the abdomen of recipient 
B6/J mice. The graft survival was monitored by daily abdominal 
palpation of the heart impulse. Total cessation of heartbeat was 
considered to indicate heart allograft rejection and confirmed by 
direct laparotomy. D665 and G3c antibodies were purified from 
supernatant of hybridomas, gifts from T. Hunig (University of 
Würzburg, Würzburg, Germany) and J. Shimizu (Kyoto University, 
Kyoto, Japan), respectively. For IL-10 neutralization, mice were 
intraperitoneally injected with 250 g of anti–IL-10 (Bio X Cell, 
Lebanon, NH, catalog no. BE0049) on pre- and posttransplantation 
days −1, 1, 3, 6, 9, and 12. For Treg cell depletion, mice were intra-
peritoneally injected with 250 g of anti-CD25 (Bio X Cell, catalog 
no. BE0012) on pre- and posttransplantation days −1, 3, and 7, 
respectively. For the in situ immunoproliferative response analysis, 
recipient mice received a single intravenous injection of 5-bromo-2′-
deoxyuridine (BrdU) (0.6 mg per mouse; Sigma-Aldrich, St. Louis, MO) 
1 hour before sampling.

Cell preparation and cell sorting
Total CD4+ and CD8+ T cells were purified from the mouse spleno-
cytes using magnetic-activated cell sorting (MACS) mouse CD4+ 
(Miltenyi Biotec, Bergisch Gladbach, Germany, catalog no. 130-104-
454) and CD8+ (Miltenyi Biotec, catalog no. 130-095-236) T cell 
isolation kits according to the manufacturer’s instructions. For 
CD4+IL-10+ cells and CD4+IL-10− cell preparation, CD4+ T cells 
were isolated from D665- and G3c-treated IL-10–Venus mice on 
day 7 using MACS and then subjected to cell sorting for CD4+Venus+ 
and CD4+Venus− populations using a FACSAria (BD Biosciences, 
Franklin Lakes, NJ). Because most CD4+Venus+ T cells (>95%) were 
IL-10/IFN-–co-producing CD4+Foxp3− Tr1 cells (Fig. 1E and fig. 
S1A), the sorted CD4+Venus+ T cells were considered Tr1 cells.

BMDC culture
Bone marrow cells were obtained from the femur and tibia of male 
BALB/c mice, and then, erythrocytes were removed by lysis. To 
generate BMDCs, bone marrow cells (1 × 106 per well) were cultured 
in RPMI 1640 medium supplemented with 10% fetal calf serum 
(FCS) (Thermo Fisher Scientific, Waltham, MA), granulocyte macro-
phage colony-stimulating factor (10 ng/ml; PeproTech, Cranbury, 
NJ), IL-4 (10 ng/ml; PeproTech), and 50 M -mercaptoethanol (Wako, 

Osaka, Japan) in 24-well tissue culture plates. On day 2, floating 
granulocyte clusters were drained away, and half of the medium was 
refreshed. On day 5, for maturation, cells were collected and reseeded 
(1 × 105 per well) in a 96-well flat-bottom plate with 100 l per well 
of fresh medium in the presence of LPS (10 ng/ml; Sigma-Aldrich) 
and stimulated for 2 days. Different-sorted CD4+ T cells (1 × 105 per 
well) were also added to the medium to test their effect on BMDC 
maturation. On day 7, different groups of BMDCs were harvested 
for subsequent analyses.

Mixed lymphocyte reaction
In the one-way MLR, MACS-isolated CD8+ T cells from B6/J mouse 
splenocytes were labeled with CellTrace CFSE (Thermo Fisher 
Scientific) as responders. BALB/c-derived BMDCs were irradiated 
with 20-Gy x-ray and used as stimulators. Naïve CD4+ T cells, 
CD4+IL-10+ cells, and CD4+IL-10− cells were seeded to serve as 
regulators. Stimulator BMDCs (1 × 104 per well), responder CD8+ 
T cells (1 × 105 per well), and regulators CD4+ T cells (1 × 105 per 
well) were cocultured in a 96-well U-bottom plate with 100 l per 
well of complete RPMI 1640 medium at 37°C for 3 days. For neu-
tralization of secreted cytokines, anti–IL-10 (20 ng/ml; Bio X Cell, 
catalog no. BE0049) mAb was added at the start of the culture. At 
the end of the assay, cells were collected for measurement of CFSE 
dilution by FCM.

Isolation of mouse cardiac GILs
Cardiac grafts were harvested on POD7 and cut into 1- to 2-mm pieces 
on ice. The tissue was then mechanically disrupted and digested 
at 37°C for 20 min in 10 ml of digestion solution, which included 
collagenase IV (0.5 mg/ml; Sigma-Aldrich) and deoxyribonuclease 
I (50 U/ml; Thermo Fisher Scientific) in phosphate-buffered saline 
(PBS). Subsequently, 10 ml of iced RPMI 1640 with 5% FCS was 
added to stop digestion. The digested material was filtered through 
a nylon mesh (100 m) to remove aggregates and centrifuged at 
200g for 10 min to pellet the cells. The pellet was then suspended in 
5 ml of PBS, loaded onto 5 ml of Lympholyte-M (Cedarlane, Ontario, 
Canada), and centrifuged at 1500g for 25 min at room temperature. 
GILs were collected from the Lympholyte-M interface and washed 
twice in PBS before staining.

Flow cytometry
Cells were stained with LIVE/DEAD staining (Thermo Fisher 
Scientific) for labeling dead cells and blocked with anti-CD16/CD32 
(BioLegend, San Diego, CA; catalog no. 101302) Fc Block antibody 
to prevent nonspecific antibody binding. For cell surface staining, the 
cells were incubated with different combinations of fluorochrome-
conjugated antibodies against mouse CD45 (BioLegend, catalog no. 
103136), CD3 (BioLegend, catalog no. 100328), CD4 (BioLegend, 
catalog no. 100526), CD8 (BioLegend, catalog no. 100730), CD11b 
(BioLegend, catalog no. 101216), CD11c (BioLegend, catalog no. 
117310), CD40 (BioLegend, catalog no. 124610), CD80 (BioLegend, 
catalog no. 104722), CD86 (BioLegend, catalog no. 105030), MHC-II 
(BioLegend, catalog no. 107606), CD44 (BioLegend, catalog no. 
103012), CD62L (BioLegend, catalog no. 104408), GITR (BioLegend, 
catalog no. 126310), CD39 (BioLegend, catalog no. 143804), CD25 
(BioLegend, catalog no. 102012), ICOS (BioLegend, catalog no. 
313508), TIGIT (BioLegend, catalog no. 142104), CD49b (BioLegend, 
catalog no. 103515), PD-1 (BioLegend, catalog no. 109104), TIM-3 
(BioLegend, catalog no. 119718), Neuropilin-1 (BioLegend, catalog 
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no. 145212), and CD69 (BioLegend, catalog no. 104512). For intra-
cellular staining, cells were fixed and permeabilized using the Tran-
scription Factor Staining Buffer Set (eBioscience, San Diego, CA) 
according to the manufacturer’s instructions and then stained with 
fluorochrome-conjugated antibodies against the following: IL-10 
(BioLegend, catalog no. 505008), IFN- (BioLegend, catalog no. 
505826), CTLA-4 (BioLegend, catalog no. 106306), and Foxp3 
(eBioscience, catalog no. 11-5773-82). For intracellular cytokine 
staining, cells were stimulated with phorbol 12-myristate 13-acetate 
(50 ng/ml; BD Golgi Plug), 1 mM ionomycin (Sigma-Aldrich), and 
brefeldin A (eBioscience) in complete medium for 4 hours, followed by 
surface and intracellular staining. The isotype- and fluorochrome-
matched IgG was used as a negative control. Flow data were acquired 
with an LSRFortessa Cell Analyzer (BD Biosciences) and analyzed 
using the FlowJo v10 software program (BD Biosciences).

RNA-seq analyses
CD4+IL-10+ and CD4+IL-10− T cell samples were prepared in three 
duplicates. Total RNA extraction and DNA removal were performed 
as described above. These RNA samples were then subjected to 
preprocessing, DNA nanoball-based library construction, and high-
throughput sequencing by BGI Japan (Kobe, Japan) on the DNBseq 
sequencing platform. The raw sequencing reads were checked for 
their quality with FastQC (v0.11.8), trimmed with TrimGalore 
(v0.5.0), and aligned to the GRCm38 reference genome using the 
RNA-seq aligner HISAT2 (v2.1.0). Read counts for each gene were 
calculated with Feature Counts. DEGs were identified by DESeq2 
(v1.32.0) with the following criteria: absolute log2FC of ≥0.5 and 
adjusted P value of ≤0.05. Variance stabilization–transformed 
expression data were Z-transferred and used to generate a heatmap 
by pheatmap (v1.0.12). A GO enrichment analysis was performed 
using ClusterProfiler (v4.0.5). The top 10 enriched clusters were 
visualized with GOplot (v1.0.2).

RNA purification and qRT-PCR
Total RNA from heart grafts was extracted using reagent Sepasol-
RNA I Super G (Nacalai Tesque, Kyoto, Japan). Total RNA from the 
cell suspension was extracted using the RNeasy Mini Kit (Qiagen, 
Valencia, CA) according to the manufacturer’s protocol. After 

treating samples with a DNA-free kit (Ambion, Life Technologies, 
Carlsbad, CA), total RNA was reverse-transcribed to generate 
complementary DNA using a PrimeScript RT Reagent Kit (Takara 
Bio, Shiga, Japan). qRT-PCR was performed in an Applied Biosystem 
PRISM 7700 instrument (Applied Biosystems, Foster City, CA) 
using the SYBR Green system. The threshold cycle (Ct) values of the 
target genes were normalized to the Ct value of 18S ribosomal 
RNA. The relative gene expression was calculated by the ΔΔCt calcu-
lation method. The sequences of 18S and target gene primers used in 
this research are shown in Table 1.

Western blotting
Total cell protein was extracted with radioimmunoprecipitation 
assay lysis buffer (Wako) containing 1% protease inhibitor cocktail, 
1% phosphatase inhibitor cocktail 1, and 1% phosphatase inhibitor 
cocktail 2 (Sigma-Aldrich), measured concentrations with the BCA 
Protein Assay (Thermo Fisher Scientific). Twenty micrograms of 
protein was resolved on 10% SDS–polyacrylamide gel electrophoresis 
gels and transferred onto polyvinylidene difluoride membranes 
(Bio-Rad, Hercules, CA). After blocking, the membranes were 
incubated with primary antibodies containing phosphorylated STAT3 
(p-STAT3) (Cell Signaling Technology, Danvers, MA, catalog no. 
9131), STAT3 (Cell Signaling Technology, catalog no. 4904), p-ERK 
(Cell Signaling Technology, catalog no. 4370), ERK (Cell Signaling 
Technology, catalog no. 4695), Blimp1 (Cell Signaling Technology, 
catalog no. 9115), c-Maf (Bethyl Laboratories, Montgomery, TX; 
catalog no. A300-613A-M), and -actin (Cell Signaling Tech-
nology, catalog no. 4970) overnight at 4°C, followed by horseradish 
peroxidase–linked anti-rabbit IgG secondary antibody (Cell Signaling 
Technology, catalog no. 7074) probing for 1 hour at room tempera-
ture. The chemiluminescence signal intensity of protein bands 
were detected with enhanced chemiluminescence (GE Healthcare, 
Piscataway, NJ) and the ImageQuant LAS4000 System (GE Healthcare). 
The protein expression was quantitated with the ImageJ software 
program (National Institutes of Health, Bethesda, MD).

Histological analyses
Heart grafts were fixed in 10% neutral buffered formalin (Wako), 
dehydrated, and then embedded in paraffin. Paraffin sections (4 m 

Table 1. Primer sequences for qRT-PCR.  

Gene Forward primer (5′ to 3′) Reverse primer (3′ to 5′)

Prdm1 CCCTCATCGGTGAAGTCTA ACGTAGCGCATCCAGTTG

Maf GCAGAGACACGTCCTGGAGTCG CGAGCTTGGCCCTGCAACTAGC

Eomes GCGCATGTTTCCTTTCTTGAG GGTCGGCCAGAACCACTTC

Ahr AGCCGGTGCAGAAAACAGTAA AGGCGGTCTAACTCTGTGTTC

Egr2 GCCAAGGCCGTAGACAAAATC CCACTCCGTTCATCTGGTCA

Tbx21 AGCAAGGACGGCGAATGTT GGGTGGACATATAAGCGGTTC

Irf4 TCCGACAGTGGTTGATCGAC CCTCACGATTGTAGTCCTGCTT

Il-27p28 CCTGACATGGGCCAGGTGACAGGAGACC TCACTCGAGTTAGGAATCCCAGGCTGAG

Ebi3 CTTACAGGCTCGGTGTGGC GTGACATTTAGCATGTAGGGCA

IL-10 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG

Ifng AAGCGTCATTGAATCACACCTGA ACCTGTGGGTTGTTGACCTCAA

18S ACATCGACCTCACCAAGAGG TCCCATCCTTCACATCCTTC
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thick) were stained with hematoxylin and eosin stain. Heart allograft 
rejection was graded by two investigators blinded to the group and 
labeling allocation during the experiment, according to the Interna-
tional Society for Heart and Lung Transplantation criteria (60).

Immunohistochemistry
Heart grafts were frozen in Tissue-Tek optimal cutting temperature 
compound (Sakura Finetek, Torrance, CA) and then cut into 4-m-
thick cryosections. Cryosections were rehydrated, fixed with formal-
dehyde calcium solution, and then blocked using block ace for 
10 min. For CD8 T cell staining, the sections were immunostained 
with CD8 (BioLegend, catalog no. 100777) as the primary antibody 
and then incubated with alkaline phosphatase (ALP)-conjugated 
donkey anti-rat IgG (Jackson ImmunoResearch, West Grove, PA; 
catalog no. 712-055-153) as the secondary antibody. The positive anti-
gens were visualized with the Vector Blue Alkaline Phosphatase 
Substrate Kit (Vector Laboratories, Burlingame, CA) according 
to the manufacturer’s instructions. For type IV collagen staining, 
the sections were immunostained with rabbit–anti-mouse type IV 
collagen polyclonal antibody (Cosmo Bio, Tokyo, Japan, catalog 
no. LSL-LB-1403) and then incubated with POD-conjugated goat–
anti-rabbit Ig (Jackson ImmunoResearch, catalog no. 111-036-144) 
as the secondary antibody. The positive antigens were visualized 
with diaminobenzidine (DAB) (Dojindo, Kumamoto, Japan) sub-
strate reaction. For BrdU staining, the sections were digested with a 
pepsin (Sigma-Aldrich) solution, immunostained with anti-BrdU 
(Bio-Rad Laboratories, catalog no. OBT0030CX) as the primary anti-
body, and then incubated with ALP-conjugated donkey anti-rat IgG 
(Jackson ImmunoResearch, catalog no. 712-055-153) as the sec-
ondary antibody. The positive antigens were visualized with New 
Fuchsin (Dako, Santa Clara, CA) in a substrate reaction. Last, the 
sections were fixed in formaldehyde calcium solution and mounted 
with Aquatex (Merck, Whitehouse Station, NJ).

All of the sections were imaged with a DP70 camera (Olympus, 
Osaka, Japan). The images were processed and analyzed using the 
ImageJ software program. Positive cells were determined by count-
ing nine random 400× high-power fields on each slide.

Statistical analyses
All data were analyzed using the GraphPad Prism software program 
(v7.0, GraphPad Software, San Diego, CA). The results were pre-
sented as the mean ± SEM. Student’s t test (normal distribution 
data) was used for comparisons between the two groups. A one-way 
analysis of variance (ANOVA), followed by a post hoc test was used 
for comparisons between multiple groups. A log-rank (Mantel-Cox) 
test was used for the survival data. In all experiments, differences 
were considered statistically significant at *P < 0.05, **P < 0.01, 
***P < 0.001, and ****P < 0.0001.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo4413

View/request a protocol for this paper from Bio-protocol.
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研究の概要 

胸部の放射線がん治療に伴う肺傷害のメカニズムを解明し、新たな予防・治療の開

発である。また、人工呼吸管理について、酸素吸入や換気量が肺傷害に与える影響を

動物実験で調べている。 
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１．研究概要（1）

1）目的（Goal）
i. To investigate whether nicaraven can attenuate radiation-induced injury of MSCs.
ii.To understand the relevant molecular mechanisms on Nicaraven for attenuating radiation-induced injury of MSCs.
2）戦略（Approach）
   Adult C57BL/6 mice were exposed to 6 Gy X-ray thoracic radiation per day for 5 days (cumulative dose of 30 Gy) and nicaraven
(50 mg/kg) or placebo was injected intraperitoneally in 5 min after each radiation exposure. We isolated mesenchymal stromal cells
from lung tissue “explants” among groups on the  day 1 and day 9 after treatments.Then we investigated whether niaraven can
attenuate radiation-induced injury of MSCs.
3）材料と方法（Materials and methods）
1. Ex vivo expansion of MSCs from mouse lung tissue "explants".
   MSCs were expanded using a method as previously desrcibed (Ref.Figure 1B).
2. Detection of characterization of MSCs.
   IF stainging was performed to detect the expression levels of CD90,CD105,Pro-SPC,F4/80 in MSCs.
3. Evaluation of DNA damage of MSCs.
   To evaluate the DNA damage of MSCs,the expression levels of γ-H2AX and CD90 were estimated by immunostaining.
4. Evaluation of paracrine mechanisms of MSCs.
   ELISA was used to detect the growth factors of HGF,VEGF,SDF-1a and inflammatory factors of TGF-β1, CCL2, TNF-1a, IL-6 in
conditioned medium from the supernatents of one passaged MSCs.
 
4）実験結果（Results）
1. Nicaraven administrations significantly restored the  decreased outgrowth of MSCs and altered phenotypes caused by radiation
exposure.
    At about day5 after the inition of culture, a layer of fibroblast-like cells started to outgrow from the tissue “explants” (Figure 1B).
Our data showed that radiation exposure significantly decreased the outgrowth and numbers of MSCs, compared with CON group
(P<0.01, Figure 1B). However, nicaraven administration slightly restored the outgrowth and numbers of MSCs (p<0.01, Figure 1B).
    MSCs expanded from lung tissues had been shown to be a mixed population. To examine whether radiation exposure would also
change the phenotypic characterization of MSCs, we stained the one-passaged MSCs with a common lung stem cell marker of Pro-
SPC, mesenchymal stem cell markers of CD90 and CD105, macrophages marker of F4/80. Compared with CON group, MSCs from
the lung tissues of irradiated mice expressed significantly lower Pro-SPC, CD90, CD105 but higher F4/80 (P<0.01, Figure 2).
However, the phenotype of lung cells in nicaraven administration groups were restored, which showed higher Pro-SPC, CD90, CD105
but lower F4/80 compared with S group (P < 0.01, Figure 2).
2. Nicaraven significantly attenuated radiation-induced DNA damage of mesenchymal stromal cells.
    Double staining was performed to detect the expression of DNA damage in lung cells, especially CD90-positive mesenchymal
stromal cells. Compared to CON group, radiation exposure can not increase the formation of γ-H2AX foci in nuclei of lung cells
(Figure 3A). Quanititative data also showed that the percentage of γ-H2AX-positive cells was not significantly changed in S group
than CON group. Besides these, the perentage of γ-H2AX-positive cells was slightly increased after nicaraven administration
(Figure 3). We then tried to evaluate the formation of γ-H2AX foci in CD90-positive mesenchymal stromal cells. Interestingly, the
number of CD90-positive mesenchymal stromal cells with γ-H2AX foci was more effectively decreased in N group compared to
IR+S group (Figure 3B,C). These results indicate that nicaraven administration can reduce the radiation-induced DNA damage in lung
cells, especially in CD90-positive mesenchymal stromal cells (Figure 3).
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3. Nicaraven administration significantly increased the production of growth factors in conditioned medium.
    The implantation of mesenchymal stromal cells for lung injury repair was generally thought to occur mainly through the paracrine
mechanism. Therefore, we also examined whether the production of hepatocyte growth factor (HGF), vascular endothelial growth
factor (VEGF), and stromal cell-derived factor 1a (SDF-1a) are secreted by mesenchymal stromal cells in conditioned medium, these
important beneficial factors for lung tissue repair released by MSCs. Compared with CON group, MSCs isolated from the irradiated
mice showed a significant decrease in the production of HGF, VEGF, and SDF-1a. However, nicaraven administration significantly
increased the production of HGF, VEGF, and SDF-1a (Figure 3).
4. Nicaraven adminiatrion significantly decreased inflammatory factors levels in conditioned medium.
    MSCs are reported to secrete chemokines, cytokines, which appears to play a key role in repairing injured tissue caused by
different pathological conditions. Therefore, we detected the changes of inflammatory factors in conditioned medium. Our data
showed a significant increase in the production of TNF-a and CCL2 in the conditioned medium, which was decreased by nicaraven
administration. Interestingly, nicaraven administration significantly increased the production of IL-6 in the conditioned medium.
However, we cannot examine the significant changes in the production of TGF-β1 in the conditioned medium.
 

 

5）考察（Discussion）
    The use of radiation therapy to treat cancer inevitably involves exposure of normal tissues. Which can damage tissue homeostasis.
Mesenchymal stromal cells (MSCs) residing in the lung are highly susceptible to radiation and are known to play critical roles in tissue
homeostasis. In this study, we tried to primarily MSCs from lung tissues “explants” and then investigated whether nicaraven can
attenuate the radiation-induced injury of MSCs, mainly focusing the quantity and quality of MSCs after nicaraven administrations.
Our data indicated that nicaraven administration significantly restored the outgrowth of MSCs and their altered phenotypes caused
by radiation exposure, clearly attenuated the radiation-induced DNA damage of MSCs. Besides these, nicaraven administration
significantly increased the production of HGF,VEGF, SDF-1a, IL-6 and decreased the levels of TNF-a, CCL2 in the conditioned
medium, suggesting the effectiveness of nicaraven for attenuating radiation-induced injury of MSCs.
    High ionizing radiation induces directly DNA double-strand breaks and triggers the release of ROS. The level of ROS overwhelms
can cause DNA damage. Nicaraven has been well recognized on radical-specific scavenging properties and can attenuate radiation-
induced DNA damage of lung tissue cells. we herein found that nicaraven can attenuate DNA damage of lung cells, especially the
CD90-positive mesenchymal stromal cells.
    Repair of damaged tissues is a fundamental biological mechanism that allows the ordered replacement of dead or damaged cells
after injury. Over the last few decades, advances have been reported in the use of mesenchymal stromal cells (MSCs) for lung tissue
repair and regeneration. MSCs are highly metabolically active and their secretome gives rise to the same effects commonly described
for the cells themselves. MSCs not only replace damaged lung epithelial cells but also promote tissue repair through the secretion of
chemokines, cytokines, growth factors and paracrine molecules.
6）参考文献（References）
1. Henry E, Cores J, Hensley MT, Anthony S et.al. Adult Lung Spheroid Cells Contain Progenitor Cells and Mediate Regeneration in
Rodents With Bleomycin-Induced Pulmonary Fibrosis. Stem Cells Transl Med. 2015 Nov;4(11):1265-74.
2. Sveiven SN, Nordgren TM. Lung-resident mesenchymal stromal cells are tissue-specific regulators of lung homeostasis. Am J
Physiol Lung Cell Mol Physiol. 2020 Aug 1;319(2):L197-L210.
3. Wynn TA. Integrating mechanisms of pulmonary fibrosis. J Exp Med. 2011 Jul 4;208(7):1339-50.
4. Chen Y, Liu X, Tong Z. Mesenchymal Stem Cells in Radiation-Induced Pulmonary Fibrosis: Future Prospects. Cells. 2022 Dec
20;12(1):6.
5. Wang LK, Wu TJ, Hong JH et.al. Radiation Induces Pulmonary Fibrosis by Promoting the Fibrogenic Differentiation of Alveolar Stem
Cells. Stem Cells Int. 2020 Sep 29;2020:6312053.
6. Zanoni M, Cortesi M, Zamagni A et.al. The Role of Mesenchymal Stem Cells in Radiation-Induced Lung Fibrosis. Int J Mol Sci. 2019
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Introduction
Radiotherapy is an essential tool for the treatment 
of intrathoracic malignancies, including lung, 
breast, and esophageal cancers.1,2 Exposure of 
healthy tissues to radiation and the toxicity it 
causes often limits its effectiveness and decreases 
the survival benefit of radiotherapy. Beyond the 
systemic side effects, radiation-induced lung 
injury (RILI) is a serious obstacle to patients 
receiving radiotherapy for thoracic malignant 
tumors.3,4 RILI occurs in 5–20% of lung cancer 
patients receiving radiotherapy, which may lead 
to the discontinuation of treatment. However, 

there are still no effective drugs and protective 
strategies to prevent radiation side effects in can-
cer patients undergoing radiotherapy.

It is well known that ionizing radiation induces 
directly DNA double-strand breaks and triggers 
the release of ROS.5 The level of ROS over-
whelms can cause oxidative damage to DNA, 
lipids, and proteins.6 Although radiotherapy is a 
local therapy, it has systemic effects mainly influ-
encing immune and inflammation processes.7 
Moreover, it has been demonstrated that radia-
tion-induced injuries to tissue cells can promote 

Optimization on the dose and time of 
nicaraven administration for mitigating the 
side effects of radiotherapy in a preclinical 
tumor-bearing mouse model
Yong Xu, Lina Abdelghany, Reiko Sekiya, Da Zhai, Keiichi Jingu and Tao-Sheng Li

Abstract
Objective: Radiation-induced lung injury (RILI) is one of the serious complications of 
radiotherapy. We have recently demonstrated that nicaraven can effectively mitigate RILI in 
healthy mice. Here, we further tried to optimize the dose and time of nicaraven administration 
for alleviating the side effects of radiotherapy in tumor-bearing mice.
Methods and results: A subcutaneous tumor model was established in the back of the chest 
in C57BL/6N mice by injecting Lewis lung cancer cells. Therapeutic thoracic irradiations were 
done, and placebo or different doses of nicaraven (20, 50, 100 mg/kg) were administrated 
intraperitoneally pre-irradiation (at almost 5–10 min before irradiation) or post-irradiation 
(within 5 min after irradiation). Mice that received radiotherapy and nicaraven were sacrificed 
on the 30th day, but control mice were sacrificed on the 15th day. Serum and lung tissues 
were collected for evaluation. Nicaraven significantly decreased the level of CCL8, but did 
not clearly change the levels of 8-OHdG, TGF-β, IL-1β, and IL-6 in serum. Besides these, 
nicaraven effectively decreased the levels of TGF-β, IL-1β, and SOD2 in the lungs, especially 
by post-irradiation administration with the dose of 20 mg/kg. Although there was no significant 
difference, the expression of SOD1, 53BP1, and caspase 3 was detected lower in the lungs of 
mice received nicaraven post-irradiation than that of pre-irradiation.
Conclusion: According to our data, the administration of nicaraven at a relatively low dose 
soon after radiotherapy will be recommended for attenuating the side effects of radiotherapy.

Keywords:  DNA damage, fibrosis, inflammatory response, lung injury, radiation
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the release of a multitude of inflammatory 
cytokines and chemokines, which indirectly con-
tribute to the consequent damage to cells and tis-
sues and eventually culminate in fibrotic 
changes.8–10 Therefore, the scavenging of ROS 
and the suppression of the inflammatory response 
are thought to be potential pharmacological 
interventions for mitigating the side effects of 
radiotherapy.

Many past studies have challenged to develop 
radioprotective agents. Thiol-synthetic com-
pounds, such as amifostine has been approved to 
use clinically for protecting against radiation 
injury, however, amifostine has the disadvan-
tages of toxicity and limited route of administra-
tion in the clinic.11 Nitrogen oxides, such as 
Tempol, have also been tested as a radioprotect-
ant, but its application is limited due to problems 
on producing hypotension and increasing heart 
rate.12 Some natural antioxidants, such as vita-
min E and selenium have also shown radiopro-
tective effects, but the benefit of antioxidants for 
cancer radiotherapy is asked to be further con-
firmed because of the probable effect on radio-
sensitivity of cancer cells.12,13 Therefore, there is 
still required to develop an ideal agent for miti-
gating the side effects of radiotherapy for cancer 
patients.

Nicaraven, a chemically synthesized hydroxyl 
radical-specific scavenger,14 has previously been 
reported to protect against radiation-induced 
cell death.14,15 Nicaraven can also reduce the 
radiation-induced recruitment of macrophages 
and neutrophils into irradiated lungs.16 
Moreover, we have recently demonstrated that 
nicaraven can also effectively protect against 
RILI by suppressing the inflammatory 
response.17 To further develop for clinical appli-
cation, we herein aim to optimize the dose and 
time of nicaraven administration for attenuating 
the side effects of radiotherapy.

Using a preclinical tumor-bearing mice model, 
we administered different doses of nicaraven, 
before or soon after thoracic irradiations. We then 
evaluated the systemic side effects and RILI, 
mainly by focusing on oxidative stress and inflam-
matory responses. According to our experimental 
data, the administration of nicaraven at a rela-
tively low dose soon after radiotherapy will be 
recommended for attenuating the side effects of 
radiotherapy.

Materials and methods

Cancer cells and animals
Mouse Lewis lung cancer (LLC) cells were used 
for the experiments. The cells were maintained in 
DMEM (FUJIFILM Wako Pure Chemical 
Corporation), supplemented with 10% fetal 
bovine serum (Cytiva) and 1% penicillin/strepto-
mycin (Gibco; Thermo Fisher Scientific, Inc.), 
and cultured at 37°C in a humidified incubator 
with 5% CO2.

Male C57BL/6N mice (8 weeks old) were used 
for the study. Mice were housed in a pathogen-
free room with a controlled environment under a 
12-h light-dark cycle and maintained on labora-
tory chow, with free access to food and water. 
This study was approved by the Institutional 
Animal Care and Use Committee of Nagasaki 
University (No.1608251335-12). All animal pro-
cedures were performed in accordance with insti-
tutional and national guidelines.

Tumor-bearing mouse model, radiotherapy, 
and nicaraven administration
To match the pathological status of cancer 
patients, we used a preclinical tumor-bearing 
model for the experiment. Briefly, mice were sub-
cutaneously inoculated with 5 × 105 LLC 
cells/0.1 ml of saline in the back of the chest. At 
10 days after cancer cell inoculation, mice had 
randomly received radiotherapy and nicaraven 
administration as indicated in Figure 1(a). 
Considering the common clinical radiotherapy 
regimen for lung cancer and breast cancer,18,19 
thoracic irradiations (including the heart and 
lungs) were delivered to mice at a dosage rate of 
1.0084 Gy/min (200 kV, 15 mA, 5 mm Al filtra-
tion, ISOVOLT TITAN320, General Electric 
Company, United States). Mice were intraperito-
neally injected with 0 (placebo), 20, 50, 100 mg/
kg nicaraven pre-irradiation (almost 5–10 min 
before irradiation) or post-irradiation (within 
5 min after irradiation), respectively. Six mice 
without irradiation exposure were used as control 
(n = 6, Control group).

We measured the body weights of mice every 
other day. Mice that received radiotherapy and 
nicaraven were sacrificed on the 30th day, but the 
control mice were sacrificed on the 15th day. To 
collect serum, we took the blood from the inferior 
vena cava of mice under general anesthesia before 
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sacrifice. Lung tissues were then excised and 
weighed. The collected serum and lung tissue 
samples were stored under −80°C, and used for 
experimental evaluations as follows.

ELISA
We measured the concentrations of 8-oxo-29-de-
oxyguanosine (8-OHdG), a marker of DNA oxi-
dation in serum using an ELISA kit (Nikken 
SEIL Corporation, Shizuoka, Japan) according to 
the manufacturer’s instructions. The mean values 
of duplicate assays with each sample were used 
for the statistical analyses.

ELISA kits (R&D Systems) were used to detect 
the contents of transforming growth factor β 
(TGF-β), interleukin-1beta (IL-1β), interleu-
kin-6 (IL-6), C-C Motif Chemokine Ligand 8 
(CCL8) in serum and lung tissues according to 
the manufacturer’s instructions. Briefly, the lung 
tissues were homogenized using Multi-beads 
shocker® and added to the T-PER reagent 
(Thermo Fisher Scientific) consisting of protein-
ase and dephosphorylation inhibitors (Thermo 
Fisher Scientific). Then, lung lysates and serum 
were added to each well and measured per the 
manufacturer’s instructions. The optical density 
of each well was measured at 450 nm using a 
microplate reader (Multiskan Fc, Thermo Fisher 
Scientific).

Western blot
Western blot was performed as previously 
described.20 Briefly, total protein from the lung 
tissues was separated by SDS-PAGE gels and 
then transferred to 0.22-µm PVDF membranes 
(Bio-Rad). After blocking, the membranes were 
incubated with primary antibodies against SOD1 
(1:500 dilution; cat. no. sc11407; Santa Cruz), 
SOD2 (1:500 dilution; cat. no. sc30080; Santa 
Cruz), β-actin (1:1,000 dilution; cat. no. 8457S; 
CST), 53BP1 (1:1,000 dilution; cat. no. ab36823; 
Abcam), caspase 3 (1:1,000 dilution; cat. no. 
9662; CST), α-SMA (1:1,000 dilution; cat. no. 
19245S; CST), collagen Ⅰ (1:1,000 dilution; cat. 
no. ab34710; Abcam), or α-Tubulin (1:1,000 
dilution; cat. no. 3873S; CST) overnight at 4°C, 
respectively, followed by the appropriate horse-
radish peroxidase-conjugated secondary antibod-
ies (Dako). The expression was visualized using 
an enhanced chemiluminescence detection kit 
(Thermo Scientific). Semiquantitative analysis 

was done using ImageQuant LAS 4000 mini (GE 
Healthcare Life Sciences).

Statistical analysis
All the values were presented as the mean ± SD. 
For comparison of multiple sets of data, one-way 
analysis of variance (ANOVA) followed by 
Tukey’s test (Dr. SPSS II, Chicago, IL) was used 
for statistical analyses. All analyses were carried 
out with the SPSS19.0 statistical software (IBM 
SPSS Co., USA). A p-value less than 0.05 was 
accepted as significant.

Results

Nicaraven for mitigating the systemic side 
effects of radiotherapy is not very clearly 
detectable in tumor-bearing mice under our 
experimental treatment regimens
Mice had well tolerated the therapeutic regimens, 
but two mice in the post-irradiation administra-
tion with the dose of 20 mL/kg group died on the 
9th and 10th days, and one mouse in the placebo 
group died on the 19th day during the follow-
period (Figure 1(a)). Thoracic irradiation was 
delivered to mice using lead shielding sheets, and 
we found the death of mice at the next morning 
after radiation exposure. Radiation exposure to 
the brain stem may happen even only 1-mm posi-
tioning error. As a single 6 Gy exposure to the 
brain stem can kill some mice,21 we speculated 
the death of mice should be an error exposure to 
the brain due to some positioning or shadowing 
problems of mice during thoracic exposure. The 
body weights of mice in all groups were decreased 
temporarily during radiotherapy, but tended to 
increase a few days after the stopping of irradia-
tion exposures (Figure 1(b)). There was no sig-
nificant difference on the body weight changes of 
mice among groups. Compared with the control 
mice, the lung weights were slightly increased in 
mice received placebo treatment after radiother-
apy. However, the lung weights showed signifi-
cantly lower in mice received nicaraven 
post-irradiation than that of placebo treatment 
(p < 0.05, Figure 1(c)).

ELISA was performed to detect the levels of 
8-OHdG, TGF-β, IL-1β, IL-6, CCL8 in serum. 
The level of 8-OHdG in serum was not signifi-
cantly different among groups (Figure 2(a)). 
However, the serum level of 8-OHdG was 

-375-

https://journals.sagepub.com/home/tar


Volume 16

4	 journals.sagepub.com/home/tar

Therapeutic Advances in 
Respiratory Disease

Figure 1.  Changes of body weight and lung weight in mice. (a) Schematic diagram about the experimental timeline and protocol. (b) 
Quantitative data on the changes of body weights through 30 days. (c) Quantitative data on the changes of lung weight and lung to body weight 
ratio in mice. Data are represented as the means ± SD, n = 3~6 in per group. #p < 0.05 versus Control group, *p < 0.05 versus Placebo group.
IR, irradiation; Post-IR, post-irradiation; Pre-IR, pre-irradiation.

detected significantly lower in mice received nica-
raven post-irradiation than that of pre-irradiation 
(p < 0.05, Figure 2(a)). Our results also showed 
that the administration of nicaraven with any dose 
before or after irradiation did not clearly change 
the levels of TGF-β, IL-1β, IL-6 in serum. 
However, the level of CCL8 in serum was signifi-
cantly lower in mice received nicaraven either 
post-irradiation or pre-irradiation when com-
pared with mice received placebo treatment 
(p < 0.05, Figure 2(e)).

The administration of nicaraven at a relatively 
low dose after radiotherapy shows partial 
attenuation of RILI in a preclinical  
tumor-bearing mouse model
To evaluate the inflammatory responses in lungs, 
ELISA analysis indicated that the TGF-β level in 

lungs was slightly increased in mice received pla-
cebo treatment after thoracic radiation, but was 
effectively attenuated by post-irradiation admin-
istration with 20 mg/kg nicaraven (p < 0.05, 
Figure 3(a)). Similarly, the IL-1β level in the 
lungs was also increased in mice that received 
placebo treatment after thoracic radiation, but 
significantly decreased by post-irradiation admin-
istration with 20 or 50 mg/kg nicaraven (p < 0.05, 
Figure 3(b)). Strangely, it seems that post-irradi-
ation administration with relatively lower doses of 
nicaraven more effectively alleviates the enhance-
ment of TGF-β and IL-1β in lung tissues. 
However, the levels of IL-6 and CCL8 in the 
lungs were not significantly different among all 
groups (Figure 3(c), (d)).

The expression of SOD1 in lungs was detected 
higher by Western blot in the placebo group than 

-376-

https://journals.sagepub.com/home/tar


Y Xu, L Abdelghany et al.

journals.sagepub.com/home/tar	 5

Figure 3.  ELISA analysis on the inflammatory response in irradiated lungs. Quantitative data on the levels of TGF-β (a), IL-1β (b), IL-6 (c), CCL8 
(d) in irradiated lung tissues were shown. Data are represented as the means ± SD, n = 3~6 in per group. *p < 0.05 versus Placebo group.
IR: irradiation; Post-IR: post-irradiation; Pre-IR: pre-irradiation.

Figure 2.  The effect of nicaraven on levels of 8-OHdG and inflammatory factors in serum.
Quantitative data on the levels of 8-OHdG (a), TGF-β (b), IL-1β (c), IL-6 (d), CCL8 (e). Data are represented as the means ± SD, n = 3~6 in per group. 
*p < 0.05 versus Placebo group, †p < 0.05 versus post-IR group.
IR: irradiation; Post-IR: post-irradiation; Pre-IR: pre-irradiation.
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the control group (p < 0.05, Figure 4(a)). 
Although there was no significant difference 
among all groups (Figure 4(a)), the increased 
expression of SOD1 in the lungs was effectively 
attenuated by post-irradiation administration 
(p < 0.05, Figure 4(a)). The expression of SOD2 
was also significantly increased in the placebo 
group, but the increased expression of SOD2 was 
clearly decreased by post-irradiation administra-
tion with 20 or 100 mg/kg nicaraven (p < 0.05, 
Figure 4(b)). The enhanced expression of SOD2 
in the lungs was effectively decreased by either 
post-irradiation or pre-irradiation administration 
(p < 0.01, Figure 4(b)).

We also measured the expression of 53BP1, a 
marker for DNA damage in lungs by Western 
blot. Post-irradiation administration of nicaraven 
showed to slightly decrease the 53BP1 expression 
in lungs (Figure 5(a)). Caspase 3 has been con-
sidered a key effector in inducing cell apoptosis. 
Compared with the control group without irradi-
ation, Western blot analysis showed a significant 
enhancement on the expression of caspase 3 in 
lungs of mice from the placebo group (p < 0.05, 
Figure 5(b)), but the enhanced expression of cas-
pase 3 in irradiated lungs was effectively attenu-
ated only by post-irradiation administration of 
nicaraven (p < 0.05, Figure 5(b)).

We finally investigated the expression of α-SMA 
and collagen Ⅰ, the common markers of fibrosis 
in lungs. Compared with the control group, 
Western blot analysis showed higher expression 
of α-SMA and collagen Ⅰ in lungs of mice from 
the placebo group (Figure 6). Although there was 
no significant difference among groups, the 
enhanced expression of α-SMA and collagen Ⅰ 
in irradiated lungs was partially attenuated in 
mice that received post-irradiation administration 
of nicaraven (Figure 6).

Discussion
Radiotherapy for cancer is known to accompany 
side effects, which may lead to the discontinua-
tion of treatment and decrease the quality of life 
of patients.22 In this study, we investigated the 
optimal dose and time of nicaraven administra-
tion for attenuating the side effects of radiother-
apy in tumor-bearing mice. We could not clearly 
detect significant changes on body weight and the 
levels of inflammatory cytokines in serum. 
However, nicaraven administration, especially 
with a relatively lower dose at the time soon after 
thoracic irradiations partially decreased the levels 
of TGF-β, IL-1β, SOD1, SOD2, and caspase 3 in 
lungs, suggesting the effectiveness of nicaraven 
for attenuating the side effects of radiotherapy.

Figure 4.  Nicaraven on attenuating oxidative response in irradiated lungs. Representative blots (up), and quantitative data (down) on 
the expression of SOD1 (a), SOD2 (b). Data are represented as the means ± SD, n = 3~6 in per group. #p < 0.05 versus Control group, 
*p < 0.05, **p < 0.01 versus Placebo group.
IR: irradiation; Post-IR: post-irradiation; Pre-IR: pre-irradiation.
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Nicaraven has been well recognized on radical-
specific scavenging property.14 The 8-OHdG, an 
oxidized nucleoside of DNA has been frequently 
used as a marker for detecting oxidative stress.23 
However, consistent with our previous study,24 
nicaraven administration did not effectively 
decrease the level of 8-OHdG in serum in this 
study.

Radiation exposure results in the release of 
pro-inflammatory cytokines and chemokines.8–10 
Radiation-induced systemic and local inflamma-
tory responses can be detected in the blood by an 
increased level of circulatory cytokines and the 
activation of immune cells.7,25 However, we found 
that nicaraven administration did not significantly 
change the levels of TGF-β, IL-1β, and IL-6 in 

Figure 5.  Western blot analysis on the expression of the DNA damage and cell apoptosis in irradiated lungs. Representative blots 
(up) and quantitative data (down) on the expression of 53BP1 (a), caspase 3 (b). Data are normalized to β-actin. Data are represented 
as the means ± SD, n = 3~6 in per group. #p < 0.05 versus Control group, *p < 0.05 versus Placebo group.
IR: irradiation; Post-IR: post-irradiation; Pre-IR: pre-irradiation.

Figure 6.  The fibrotic changes in irradiated lungs.
Representative blots (up) and quantitative data (down) on the expression of α-SMA (a), collagen Ⅰ (b) were shown. Data are normalized to α-Tubulin. 
Data are represented as the means ± SD, n = 3~6 in per group.
IR: irradiation; Post-IR: post-irradiation; Pre-IR: pre-irradiation.
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serum. Several reasons can be considered for it. 
First, the sample number in each group was too 
small to detect a statistical significance. Second, 
the initial sizes of tumors were widely varied 
among animals and groups, which also resulted in 
large variations in measuring data. Third, we col-
lected lungs and serum at 14 days after the last 
irradiation, which will be not a suitable time win-
dow for sensitive detection about the changes of 
8-OHdG and inflammatory factors in serum. 
Otherwise, tumor-secreted factors might also be 
considered to affect the levels of cytokines and 
chemokines in serum,26 but we did not find sig-
nificant correlations between tumor weights and 
the levels of systemic inflammatory factors (data 
not shown).

Increasing evidence has shown that the release of 
a multitude of cytokines in response to radiation 
exposure can contribute to the damage to the 
cells/tissues.22 Previous studies have demon-
strated that RILI could be alleviated by blocking 
pro-inflammatory factors.27,28 In this study, we 
observed that nicaraven partially attenuated the 
enhanced expression of TGF-β and IL-1β in the 
lungs, especially by post-irradiation administra-
tion with relatively low doses. We have not yet 
found a clear reason why post-irradiation admin-
istration with relatively lower doses of nicaraven 
even more effectively alleviates the enhancement 
of TGF-β and IL-1β in the irradiated lungs. 
Previous studies have well documented the harm-
less of nicaraven at the dose of 100 mg/kg in 
mice.29 As VEGF level may increase in tumor-
bearing mice, it is a possibility that a high dose of 
nicaraven increases the permeability of alveolar 
capillaries and cause edema of lungs in these 
tumor-bearing mice.

SOD1 and SOD2 are antioxidant enzymes, but 
their expression generally increases in response to 
oxidative stresses and various types of injuries.6 
Nicaraven partially attenuated the enhanced 
expression of SOD1 and SOD2 in irradiated 
lungs, especially by post-irradiation administra-
tion. Radiation can directly lead to cell death and 
apoptosis.4,17 Nicaraven also partially decreased 
the expression of 53BP1 and caspase 3 in irradi-
ated lungs, especially by post-irradiation adminis-
tration. The main manifestations of the late stage 
of RILI are fibroblast proliferation and collagen 
deposition.25 Post-irradiation administration of 
nicaraven partially decreased the expression of α-
SMA and collagen Ⅰ in irradiated lungs.

This study has several limitations. First, we did not 
perform histopathological analysis on lungs. Second, 
we only used male mice for the experiment, but 
gender difference may affect radiation-induced out-
comes.30,31 Third, we could not provide data on the 
8-OHdG level in lungs because of our technical 
mistake. Otherwise, due to the small sample size 
and large individual variation, there was no statisti-
cally significance on the expression of α-SMA and 
collagen I in lungs among groups. Although we 
have already planned a phase I-II clinical trial in 
esophageal cancer patients who receiving radiother-
apy, the benefit of nicaraven administration will be 
needed to be further confirmed before clinical appli-
cation for cancer radiotherapy.

According to our experimental evaluations in a 
preclinical tumor-bearing mouse model, nicara-
ven seems to effectively attenuate the side effects 
of radiotherapy. As nicaraven has a very limited 
effect on the growth of established tumors,16 nica-
raven may be useful for mitigating the side effects 
of radiotherapy in cancer patients, and post-irra-
diation administration with a relatively low dose 
will be highly recommended.
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Summary: 

we formed the functional bile duct from hCLiPs induced from hMHs by molecules combination 

with FBS. These hCLiPs expressed typical HPCs markers EpCAM, KRT-19, SOX-9, CD133 and 

gradually downregulated hMHs markers ALB, CYP7A1, and HNF4A during induction. These 

purified hCLiPs were then used to induce the generation of a 3D bile duct-like structure with 
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学位取得見込 

 

2025 年 10 月あたり 

十分に期間内に取得可能と考える。 

評価者（指導教官名） 江口 晋              
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１．研究概要（1）

1）目的（Goal）
The intrahepatic bile ducts (BDs) play an important role in the modification and transport of bile, and the integration between the
bile duct and hepatocytes is the basis of liver function. However, the lack of a source of cholangiocytes limits in vitro research.
The aim of the present study was to establish three-dimensional BDs combined with hMHs in vitro using chemically induced
human liver progenitor cells (hCLiPs) derived from human mature hepatocytes (hMHs).

2）戦略（Approach）
After using human-derived mature liver cell small molecule compounds to induce hepatic progenitor cells (hCLiPs), seed hCLiPs
on mouse-derived MEF cells, use induction medium to induce hCLiPs into bile duct epithelial-like cells, and culture in 3D
induction Induced culture into 3D bile duct structure. Subsequently, mature liver cells were inoculated to verify the bile collection
and excretion functions of the bile ducts.

3）材料と方法（Materials and methods）
Cell culture and conversion
Human Cryo-Hepatocytes (CHHs) (Lot.416, Corning) were seeded into collagen type-I-coated dishes (Asahi Techno Glass,
Tokyo, Japan) at a density of 2 × 104 cells/cm2 in STIM medium for promoting attaching to the plate surface. The STIM medium
was a hepatocyte culture media kit with 10 10 ng/µL epidermal growth factor (EGF) containing 1x penicillin-streptomycin-
glutamine (100X) (Gibco™) and 10% fetal bovine serum (FBS, Gibco™). 4 hours later, the culture medium was changed to the small
chemically reprogramming culture medium. The small chemical reprogramming culture medium was DMEM/F12 containing 2.4 g/L
NaHCO3 and L-glutamine (Life Technologies) and supplemented with 5 mM HEPES, 30 mg/L L-proline, 0.05% BSA, 10 ng/mL EGF
(all from Sigma-Aldrich Japan, Tokyo, Japan), insulin-transferrin-serine (ITS)-X (Life Technologies), 10−7 M dexamethasone (Dex)
(Fuji Pharma Co. Ltd., Tokyo, Japan), 10 mM nicotinamide (Sigma-Aldrich Japan), 1 mM ascorbic acid-2 phosphate (Wako Pure
Chemical), 100 U/mL penicillin, and 100 mg/mL streptomycin (Life Technologies) in addition to two small chemical molecules of
0.5 μM A-83-01 (Wako Pure Chemical), 3 μM CHIR99021 (AdooQ BioScience) and 10% FBS, which would be called FAC medium.
The culture medium was changed 1 day after seeding and every two/three day thereafter. It takes 14-16 days to generate
hCLiPs up to 90% conference from CHHs.
Human bile duct formation from hCLiPs
The BDs were differentiated and formation from hCLiPs as reported [20]. Briefly, 1-2 days before collecting the hCLiPs
suspension, we used embryonic fibroblast feeder cells (MEF) (Cat #PMEF-N, Merck Millipore) to form a MEF feeder layer by
seeding 1-2 × 105 cells on collagen-coated 12-well-plates (around 3 × 104 cells/cm2) in DMEM containing 10% FBS. We plated
the dissociated hCLiPs suspension onto the MEF feeder layer at a density of 4-5 × 105 cells/well (1.2 × 105 cells/cm2) in FAC
medium for cell attachment for 1 day. Thereafter, we replaced the medium with BECs induction medium (BIM), which was mTeSR
™1 Complete Kit (Catalog #85850, STEMCELL Technologies) included mTeSR™1 basal medium supplemented with TeSR™1 5X
supplement, and in addition three small chemical molecules of 10 µM Y-27632, 0.5 µM A-83-01, 3 µM CHIR99021, and probably
hepatocyte grow factor (HGF, Sigma-Aldrich Japan, Tokyo, Japan) and EGF, every 2 days for 6 days, followed by BIM
supplemented with 2% growth factor reduced Matrigel (Catlog 354230, Corning, Bedford, USA) for an additional 6–10 days, to
facilitate the maturation of BECs and the formation of the biliary structures.
Integrated bile duct structure to human hepatocytes
We plated CHHs onto the three-dimensional BDs at a density of 1 × 105 cells/12-well plate (2.5 × 104 cells/cm2) for 1 day in
hepatocyte-defined medium (Catlog 05449, Corning, Bedford, USA) supplemented with 10 µg/ml EGF and 10% FBS. We then
replaced it with BIM supplemented with 2% Matrigel for another 2–4 days. The bile duct was automatically attached with
hepatocytes with bile canaliculi to the biliary cells.
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4）実験結果（Results）
Here, we formed the functional BDs from the hCLiPs using hepatocyte growth factor and extracellular matrix. The BDs expressed
the typical biliary markers CK-7, GGT1, CFTR and EpCAM and were able to transport the bile-like substance rhodamine 123 into
the lumen. The established three-dimensional BDs were co-cultured with hMHs. These cells were able to bind to the bile ducts
and the bile acid analogue CLF was transported from the culture medium through the hMHs and accumulated into the lumen of the
BDs. The BDs generated from the hCLiPs showed the function of the bile ducts and a physiological system such as the transport
of bile within the liver when they were connected to the hMHs.

 1.Phase image and RT-qPCR showed that the FAC can successfully induce cryohepatocytes to human CLiPs.
 2.Inducing human CLiPs to cholangiocytes and formation of the 3D bile duct structures：the combination of MEF feeder cells and

Matrigel can induce the human CLiPs to cholangiocytes and form some 3D bile duct structure, which had positive expressions of
biliary genes and concentration of Rhodamine123 in BIM medium with HGF.

 3.The BIM+HGF had higher efficiency for the formation of the bile duct from hCLiPs compared with the other conditions.
 4.The integrated bile-hepatocyte tissue expressed the bile acid transporter proteins and accumulated CLF into biliary lumen from

the culture medium via hepatocytes canaliculi.
5）考察（Discussion）
The small molecule combination could convert the MHs into the LPCs, which had resemble unlimited self-renewal capacity and
could be induced to differentiate into both MHs and BECs [25-27]. In the present study, we established functional BDs from
hCLiPs induced hMHs by the application of small molecule compounds and FBS. These hCLiPs expressed key markers of LPCs
such as EpCAM, KRT-19, SOX-9 and CD133, and gradually decreased the expression of hepatocyte markers such as ALB,
CYP7A1 and HNF4A during the induction process. The purified hCLiPs were then used to form the three-dimensional structure
with lumens in a three-dimensional culture environment in the presence of MEF. The established BDs expressed characteristic
biliary markers such as CK-7, GGT1, CFTR and EpCAM and were able to transport the bile substance rhodamine 123 into the
lumen of the BDs. When co-cultured with hMHs for two days, BDs were able to transport bile salt analogues CLF from the culture
medium into the lumen of the bile ducts through the MHs. These results demonstrate the functional properties of BECs and the
physiological nature of bile transport in the liver, providing a valuable tool for the study of bile transport and metabolism and
related diseases. In addition, this tissue-engineered model holds promise for the development of in vitro disease models and drug
screening.
Previous studies have explored the use of human BECs in vitro, however, their practical application has been limited by a number
of factors. The low proportion of BECs in the liver, difficulties in isolation, scarcity of donors, and ethical concerns have all acted
as hindrances to direct utilization of BECs [8, 15, 40]. The use of small molecules to induce mature cell dedifferentiation has
gained increased attention in recent times. Unlike iPSCs, small molecule combinations do not alter the genetic sequence of the
cell, but instead manipulate cell fate through alterations in the cell's epigenetics, offering a straightforward and highly controllable
approach [41-44]. Induction of totipotent or pluripotent stem cells using small molecules has significantly advanced the field of
regenerative medicine. The hCLiPs, derived from patients' primary human hepatocytes, display regenerative and metabolic
capabilities and hold potential for cell therapy in cases of end-stage liver disease. This not only alleviates the shortage of organs
and reduces the risk of immune rejection, but also overcomes the limitation of cell availability in regenerative medicine research.
For instance, the three-dimensional BDs generated from the hCLiPs demonstrated in vitro properties that resemble the
intrahepatic bile ducts, including the transport of the bile analogs CLF and rhodamine-123. Ramli et al. demonstrated the
generation of a human hepatic organoid from iPSCs, in which the cells underwent progressive differentiation into hepatocytes and
cholangiocytes within approximately 50 days of culture [17]. While their approach required a long culture period and the use of a
complex medium containing multiple growth factors, our method for generating functional BDs from hCLiPs is more
straightforward, cost-effective, and safe, requiring only two weeks from the hCLiPs stage and minimal medium adjustments.
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Backgrounds:
The integrity of liver cell function depends on the integrity of the total triad. Portal triads are composed of three major tubes.
Branches of the hepatic artery carry oxygenated blood to the hepatocytes, while branches of the portal vein carry blood with
nutrients from the small intestine. The bile duct carries bile products away from the hepatocytes to the larger ducts and gall
bladder. Therefore, it is necessary to form the structure including the material supply and metabolic waste discharge in
regenerative liver tissue so that the hepatic tissue can maintain completed hepatic function for a long term. Herein, we have been
able to successfully use rat CLiPs (a small chemical-induced liver progenitor cells developed by Dr. Katsuda) to induce 3D bile
duct structure. If we want to form human liver tissue including bile duct and vascular, we have to establish the human 3D bile
duct, but we have not yet completed the differentiation of human CLiPs into 3D bile duct structure. Therefore, we need to use
human CLIP to induce 3D bile duct.
Purpose:
To form the three-dimensional bile duct structure and integrated duct-hepatocyte tissue from human CLiPs.
Method:

 1.Human CLIPs were induced to form 3D bile duct structure in 3D culture system: MEF cell as feeder cell and Matrigel provides
with 3D environment.

 2.BIM (bile duct induced medium) combinate with growth factors (HGF and EGF) would be investigated.
Result:

 1.Phase image and RT-qPCR showed that the FAC can successfully induce cryohepatocytes to human CLiPs.
 2.Inducing human CLiPs to cholangiocytes and formation of the 3D bile duct structures：the combination of MEF feeder cells and

Matrigel can induce the human CLiPs to cholangiocytes and form some 3D bile duct structure, which had positive expressions of
biliary genes and concentration of Rhodamine123 in BIM medium with HGF.

 3.The BIM+HGF had higher efficiency for the formation of the bile duct from hCLiPs compared with the other conditions.
 4.The integrated bile-hepatocyte tissue expressed the bile acid transporter proteins and accumulated CLF into biliary lumen from

the culture medium via hepatocytes canaliculi.
Summary:
we formed the functional bile duct from hCLiPs induced from hMHs by molecules combination with FBS. These hCLiPs expressed
typical HPCs markers EpCAM, KRT-19, SOX-9, CD133 and gradually downregulated hMHs markers ALB, CYP7A1, and HNF4A
during induction. These purified hCLiPs were then used to induce the generation of a 3D bile duct-like structure with lumens in a
3D culture environment with MEF. The bile duct expressed typical biliary epithelial cell markers CK-7, GGT1, CFTR and EpCAM
and it had the ability to transport the bile-like substance rhodamine 123 into the lumen of the bile duct. Subsequently, bile ducts
were co-cultured with hMHs for two days and bile salt analogues,CLF, were transported into bile duct and aggregate within the
lumen from culture medium through the hMHs. The integrated tissue expressed the bile bile canaliculi marker and transporter
protein.
Next step:

 1.To finish and revise the manuscript and then submit.
 2.Construction of a drug assay system combined with inhibitors.
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