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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-gPCR, 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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Single-Cell RNA-seq Analysis
Reveals Cellular Functional
Heterogeneity in Dermis Between
Fibrotic and Regenerative Wound
Healing Fates
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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
MRNA metabolic 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
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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

10x genomics scRNA-seq data of regenerative [GSM4213633;
large full-thickness excision (1 cm?) 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-f signaling activity, and increased
collagen production. This dataset was based on the platform of
GPL21103 Illumina HiSeq 4000 (Mus musculus).

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 function, Uniform Manifold
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
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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-gPCR

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-gPCR 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 27" method.

Wound Healing Assay

Fibroblasts were plated onto a 6-well plate (about 3 x 10> cells/
well). When the confluence reached 100%, the fibroblast
monolayer was scratched with a 1000-ul 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: ENI-negative
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A B
D F
E

marker genes in each cell cluster.

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

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 (Aebpl, Collal, Colla2,
Col3al, Col8al, Dcn, Eln, Mfap2, Mfap4, and Sparc),

hematopoietic cells (AW112010, Cd3d, Cd3g, Cd52, Hcst, Ltb,
Ptprcap, Rac2, Srgn, and Trbc2), macrophages (Apoe, Clgb, Ccl9,
Cd74, Ctss, Fcerlg, H2-Ebl, Lyz2, Ms4a6¢c, and Tyrobp),
pericytes (Acta2, Col4al, Col4a2, Gm13889, Higdlb, Myl9,
Mylk, Rgs5, Sparcll, and Tagln), EN1-positive myofibroblasts
(Birc5, Pclaf, Stnml, Ube2c, Histlh2ap, Col5a3, Cks2, Aqpl,
Tnfaip6, and Timpl), and endothelia cells (Egfl7, Cldn5, Cdh5,
Ramp2, Ecscr, Pecaml, Cd200, Ltbp4, Aqpl, and Histlh2ap)
(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, Pecaml, and Cd74), EN1-
negative and -positive myofibroblasts (Enl, Collal, Dcn, Sfrp4,
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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.

TABLE 1 | Cell ratio of each cell type.

Cell type

Endothelial cell

Endothelial cell
EN1-negative myofibroblasts
EN1-negative myofibroblasts
EN1-positive myofibroblasts
EN1-positive myofibroblasts
Hematopoietic cell
Hematopoietic cell
Macrophage

Macrophage

Pericytes

Pericytes

Group

Fibrotic
Regenerative
Fibrotic
Regenerative
Fibrotic
Regenerative
Fibrotic
Regenerative
Fibrotic
Regenerative
Fibrotic
Regenerative

Count

76
112
772

5,620
454
1,765
2,439
1,335
725
851
664
829

Total Ratio

5,130 0.014815
10,512 0.010654
5,130 0.150487
10,512 0.534627
5,130 0.088499
10,512 0.167903
5,130 0.475439
10,512 0.126998
5,130 0.141326
10,512 0.080955
5,130 0.129435
10,512 0.078862
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Fndcl, and Lum), macrophages (Cd14, Cd68, and Csflr), 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

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

FIGURE 3 | Cellcell 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-gPCR 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 um. **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

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 7y
(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).

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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TABLE 2 | The first 20 up- and downregulated specific genes between fibrotic and regenerative myofibroblasts.

Gene log2FC p-value
Rplp0 0.870992 0
Ifitm2 0.843781 1.12E-173
Mfap5 0.826158 5.93E-128
Lgals1 0.820706 4.86E-284
Hist1h2bc 0.81979 4.50E-90
Serf2 0.805752 1.37E-310
Rpl35 0.801322 0
Rps5 0.795055 5.07E-274
Basp1 0.794315 1.55E-93
Rpl6 0.792999 4.84E-266
Ybox1 0.791379 6.39E-117
Rps19 0.790084 0
Ost4 0.782118 2.55E-123
Rpl29 0.780779 1.14E-175
H19 0.767949 8.58E-45
Rps11 0.763653 3.10E-260
Rpl15 0.760256 2.28E-207
Ift20 0.758 1.47E-93
Ssrd 0.745387 2.11E-101
Ubb 0.744921 1.14E-144
mt-Nd4l -2.08112 0
mt-Atp6 -1.85976 0
Hspalb -1.85125 4.49E-209
mt-Co2 -1.84169 0
AC160336.1 -1.81875 4.98E-104
Hspatla -1.79337 2.08E-164
mt-Nd4 -1.60147 3.51E-321
mt-Nd5 -1.59322 2.78E-221
mt-Cytb -1.57454 0
Igfop2 -1.4162 1.28E-20
mt-Nd3 -1.41514 1.13E-177
mt-Nd1 -1.4142 4.61E-280
mt-Co3 -1.39259 1.24E-268
mt-Co1 -1.35374 1.30E-265
mt-Nd2 -1.32088 1.81E-190
Gm26917 -1.31863 7.08E-191
Cd74 -1.15624 2.79E-193
Lars2 -0.96874 2.21E-146
Luc712 -0.91132 1.16E-98
Hspg2 -0.90368 3.60E-128

Q-value Regenerative Fibrotic
0 5.166991 4.295999
1.94E-169 3.837826 2.994046
1.03E-123 4.591184 3.765026
8.43E-280 6.19352 5.372813
7.81E-86 2.042755 1.222965
2.39E-306 4.973459 4167707
0 5.164454 4.363133
8.79E-270 4.725084 3.930029
2.69E-89 2.268422 1.474106
8.40E-262 4.489802 3.696803
1.11E-112 2.98192 2.19054
0 5.198609 4.408525
4.42E-119 3.079057 2.296939
1.98E-171 3.875578 3.094799
1.49E-40 3.185378 2.417429
5.37E-256 4.655295 3.891641
3.96E-203 4.262648 3.502392
2.565E-89 2.397842 1.639842
3.67E-97 2.89302 2.147633
1.97E-140 4529784 3.784862
0 0.883721 2.064844

0 5.349053 7.20881
7.79E-205 0.611879 2.463132
0 4.106449 5.948142
8.63E-100 0.763221 2.568197
3.61E-160 1.385872 3.179244
6.08E-317 3.543676 5.145146
4.83E-217 1.144946 2.738165
0 4.565919 6.140456
2.21E-16 2.045862 3.462061
1.96E-173 1.403288 2.818428
8.00E-276 4.509633 5.923829
2.15E-264 5.529273 6.921861
2.26E-261 5.598606 6.952347
3.14E-186 2.765453 4.086338
1.22E-186 0.653702 1.972335
4.84E-189 0.624805 1.781046
3.83E-142 0.232192 1.200933
2.01E-94 1.18695 2.098275
6.24E-124 2.381196 3.284878

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, reflecting the close interactions of
myofibroblast-specific gene-encoded proteins. According to
degree, the top 20 nodes were identified as hub genes,
including Rps27a, Rpsll, Rps23, Rps3, Rps5, Rpsl5a, Rps6,
Rps9, Rps13, Rpsl4, Rps25, Rps3al, Rps27, Rps8, Rpsl9,
Rps28, Rps7, Rpl8, Rpsl8, Rpl26, Rpl32, and Rpslé,
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, Rpsl3, Rpsl5a,
Fau, Rpl18, Rpl30, Rpl35a, Rpl7, Rplp2, Rps24, Rpll3a, Rpl4,
Rps10, Rps12, Rps27rt, and Rps2. The above genes deserve in-
depth explorations.

Reconstruction of the Temporal Dynamics
of Myofibroblast and Macrophage

To investigate the underlying evolution among myofibroblasts 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
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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.

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

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
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TABLE 3 | The first 20 up- and downregulated specific genes between fibrotic and regenerative macrophages.

Gene name log2FC p-value Q-value Regenerative Fibrotic
Sparc 2.474022 3.60E-97 6.24E-93 5.010671 2.536548
Col1al 2.33817 6.49E-90 1.13E-85 5.266303 2.928133
Colla2 2.13485 3.01E-78 5.21E-74 5.327119 3.192269
Col3al 2.005563 1.16E-91 2.01E-87 5.223726 3.218163
Dcn 1.836106 2.30E-46 3.98E-42 2.785851 0.949745
Bgn 1.83586 5.99E-50 1.04E-45 2.600128 0.764269
Fsti1 1.648779 1.28E-39 2.22E-35 2.200177 0.551399
Postn 1.572566 2.54E-51 4.40E-47 2.775437 1.202871
Mfap5 1.370976 2.18E-39 3.79E-35 2.023966 0.65299
Hbb-bs 1.031846 1.21E-39 2.10E-35 2.844128 1.812282
Cxcl2 1.004274 2.60E-15 4.51E-11 3.268016 2.263742
Actb 0.934603 1.46E-21 2.53E-17 7.663418 6.728815
Kif2 0.828223 1.34E-34 2.33E-30 2.497856 1.669632
Timp2 0.824526 1.09E-35 1.89E-31 1.978589 1.154062
Neat1 0.789153 1.13E-33 1.96E-29 2.328203 1.563905
Nfkbia 0.718421 2.88E-35 4.99E-31 2.761737 2.043317
Lgals1 0.61418 3.23E-47 5.60E-43 4.783109 4.168928
Fn1 0.610899 5.21E-31 9.03E-27 3.726565 3.115666
Pim1 0.59329 1.34E-26 2.32E-22 2.966403 2.373113
Cde3 0.592092 2.84E-21 4.92E-17 2.447508 1.855417
Hspalb —-1.44863 2.08E-61 3.60E-57 1.266466 2.715092
Hsp90aal -0.957 1.59E-41 2.76E-37 2518111 3.475109
Gm26917 -0.91834 3.81E-57 6.61E-53 0.782974 1.701314
Gm42418 -0.91626 1.85E-56 3.20E-52 1.082872 1.999131
Tpt1 -0.89005 3.21E-101 5.57E-97 4.517284 5.40733
mt-Nd5 -0.87923 1.13E-46 1.96E-42 0.858755 1.737986
Hspala -0.83491 4.80E-34 8.32E-30 3.320621 4.155527
mt-Co2 -0.78506 1.59E-46 2.76E-42 3.967573 4.752638
mt-Atp6 -0.77046 5.82E-42 1.01E-37 4.934988 5.70545
Mycbp2 -0.75645 1.65E-49 2.86E-45 0.967289 1.723739
H2-Eb1 -0.75235 6.73E-15 1.17E-10 5.220528 5.972878
Fegreb -0.75221 7.44E-61 1.29E-56 1.801335 2.5535647
Mrci -0.72837 6.62E-26 1.15E-21 1.012111 1.740482
mt-Nd4l -0.67023 7.15E-38 1.24E-33 0.682842 1.36307
AC160336.1 -0.65981 5.00E-25 8.66E-21 1.805651 2.465465
Prked -0.6507 2.95E-59 5.12E-55 1.387319 2.038016
Cybb -0.64225 8.79E-67 1.52E-62 1.99459 2.636836
Tgfbi -0.63629 6.10E-51 1.06E-46 2.746255 3.382547
H2-K1 —-0.62809 3.72E-45 6.44E-41 2.787025 3.415118
ler5 -0.61724 5.52E-41 9.58E-37 2.037704 2.654947
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FIGURE 6 | PPl 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.

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

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.

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 NG** 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
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genes between myofibroblasts and macrophages were mainly
involved in regulating cell proliferation and migration, tube
development, and the TGF-f pathway. The TGF-B signaling
pathway plays an important role in the formation of collagen in
fibroblasts and myofibroblasts (28). Cytokine TGF-3 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-3 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

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 (fio) and regenerative (reg) macrophages.

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).
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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 cutaneous mel-
anoma according to The Cancer Genome Atlas (TCGA) cohort
(https://portal.gdc.cancer.gov/), which contained 103 primary
and 367 metastatic cancer cases. Totally, 232 ARGs were 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 (fold
change) | >0.5 [18]. The expression of Topl00 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.”

Disease Markers

Based on the risk model, the score of risk of the respec-
tive metastatic cutaneous melanoma case was obtained by:
riskscore=(f1G1+B2G2+33G3+---+fnGn). In the
calculated formula, 8 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 (fold
change) | >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 Topl00 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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FiGurek 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 (fold change) | >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.

13 DE-ARGs, to carry out the following investigation  whether the DE-ARGs are related to the survival of metasta-
(Figure 1(c)). tic cutaneous melanoma cases, the Cox regression investiga-

tion based on single variate was performed within the
3.2. Establishment and Validation of the Prognostic Signature  training set (Figure 2(a)). The result indicated that two genes
in relation to Autophagy. For more specifically assessing ~ had significant relations to the metastatic cutaneous
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F1GURE 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.

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 x (expression value of
HSPB8) + (—0.124) x (expression value of CCR2) 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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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)),
MO, NO, 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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FI1GURE 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, NO, and N1, respectively; red line for high risk; green line for
low risk.

metastatic cutaneous melanoma according to the clinico- cutaneous melanoma (Figure 6(b), P < 0.05). Based on these
pathology characteristics of age, gender, T phase, N phase,  significant clinicopathological features, we further performed
M phase, and Pathological Phase. The result of univariate =~ Cox regression investigation based on multiple variates. As
Cox regression investigations indicated that the risk score,  revealed from the result, the risk score, T phase, N phase,
age, pathologic phase, T phase, and N phase showed notice-  and age are significantly correlated with the OS (Figure 6(b),
able relations to the prediction of the course of metastatic = P <0.05).
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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 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.

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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achieving low-risk score had greater expression of immune 4. Discussion

checkpoint molecules than the high-risk group. Accordingly,

the low-risk cases suffering from metastatic cutaneous mela- ~ Autophagy and autophagy-related genes play an important

noma might have a more promising treatment to respond  role in

metastatic cutaneous melanoma. Ryabaya et al.

for immunotherapies. reported that autophagy inhibitor integration chloroquine
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FiGUrk 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
risk and high risk. (d) The correlation between the risk score and immune status, aDC, B cells, CD8 T cells, cytotoxic cells, DC,
eosinophils, iDC, macrophages, mast cells, neutrophils, NK CD56dim cells, pDC, T cells, T helper cells, Tcm, Tem, TFH, Th1 cells, Th17
cells, Th2 cells, and Treg between the low-risk and high-risk groups in the TCGA cohort. ns: no significance; #: P < 0.05; ##: P < 0.01; *

#%: P <0.001.

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
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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 HSPBS 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
HSPBS8 [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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To investigate the value of Indocyanine Green Fluorescence Imaging (ICGFI) in preventing postoperative
anastomotic leakage after esophagectomy
BEIER mXiEL vl SRiEEL O

1. BIRBEM)

1) B # (Goal)

To investigate the value of Indocyanine Green fluorescence imaging in preventing postoperative anastomotic leakage after

esophagectomy.

2) Bk E& (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) # ¥} & 5% (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) EERHE R (Results) &5Z 22 (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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3. EEFEK Conference presentation XZHEEELLTHRE ERFLEEL TIPS THRL-LOERHL TS

X Describe your presentation as the principal presenter in major academic meetings including general meetings or international meetin
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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; (i) 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 + 79.92 min, 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.

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, 8" 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
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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
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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 (xz) 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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FIGURE 1
Patient selection flowchart.

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).
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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 TONO [23.5%], 1 TON+ [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 TONO [3.1%],
1 TON+ [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 TONO [22.6%],
1 TON+ [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
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TABLE 1 Clinical characteristics for ESCC patients received neoadjuvant therapy.

Variables nCIT (n=34) nCT (n=97) nCIT (n=34) nCRT (n=31) P value
Age
Mean + SD?, 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(32)

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 ? 21.82 +2.74 21.35 + 3.17 0.442 21.82 + 2.74 21.77 + 191 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 ¥, cm 536 + 1.81 5.11 + 1.89 0.512 536 + 1.81 521+ 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)

*Variables were described by mean (x) and standard deviation (s).
ESCC, esophageal squamous cell carcinoma; T, clinical T stage before treatment; cN, clinical N stage before treatment; nCT, neoadjuvant chemotherapy; nCIT, neoadjuvant chemotherapy plus
Camrelizumab; nCRT, neoadjuvant chemoradiotherapy.

therapy, with no statistically significant difference observed among  nCIT group was 47.1%, which was comparable with the nCT and

the three groups. 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,

Pe rioperative adverse events respectively. No deaths related to neoadjuvant therapy (CTCAE grade

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

myelosuppression and erythra were the principal events in the

The adverse events related to neoadjuvant therapy are nCIT group, which was different from that of myelosuppression
summarized in Table 3. The frequency of adverse events in the  and gastrointestinal react in the nCT group (p=0.002).
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TABLE 2 The perioperative outcomes of esophagectomy after neoadjuvant therapy.

Variables nCIT (n=34) nCIT (n=34) nCRT (n=31)

Interval days

x £ s *(day) 3591 +6.76 32.70 + 7.56 0.024 3591 £ 6.76 41.87 £ 10.60 0.010

Surgical radicality

Radical 33 (97.1) 89 (91.8) 0293 33 (97.1) 29 (93.5) 0.500
Palliative 1(2.9) 8(82) 1(29) 2 (6.5)

Operation time

X + s (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 *(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(32)

Resected lymph nodes number

xts? 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 *(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 *(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 *(day) 12.76 + 7.30 12.27 + 471 0.713 12.76 + 7.30 15.65 + 19.38 0.423

Pathological response

MPR 18 (52.9) 16 (16.5) < 18 (52.9) 16 (51.6) 0.862
0.001

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)

ypPTNM stage

(Continued)
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TABLE 2 Continued
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Variables nCIT (n=34) nCIT (n=34) nCRT (n=31) P value
0-11 22 (64.7) 45 (46.4) 0.179 22 (64.7) 20 (64.5) 0.839
11 ‘ 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

xts?t ‘ 132 +243 151 236 0.707 132 +243 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)

*Variabls 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.

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

TABLE 3 The adverse events of neoadjuvant therapy.

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

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
I 6 (37.5) 16 (43.2) 0.877 6 (37.5) 6 (35.3) 0.859
1T 2 (12.5) 3 (8.1) 0.465 2 (12.5) 4(23.5) 0.329
v 2 (12.5) 3 (8.1) 0.465 2 (12.5) 3 (17.6) 0.566
\Y% 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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TABLE 4 Perioperative complications within 30 days after surgery and mortality.

Variables nCIT (n=34) nCT (n=97) 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 (154)

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

nCT, neoadjuvant chemotherapy; nCIT, neoadjuvant chemotherapy plus Camrelizumab; nCRT, neoadjuvant chemoradiotherapy.

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 ypO-II staged
disease also had better long-term survival rates (Figures 2E,
F, p<0.001).
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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,
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FIGURE 2

those who had stage yplll and ypIVA (p<0.001).

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

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 ypO-Il compared with

10.3389/fimmu.2023.1066527

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

TABLE 5 Univariate and multivariate analysis of OS for 162 ESCC patients treated with surgery following neoadjuvant therapy.

Univariate

Multivariate

Characteristics

HR (95% Cl)

HR (95% Cl)

*Factors included into multivariate analysis.

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 0-11 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

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 and MPR 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 (RES) 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
ypNO (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
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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 ¢T4 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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“Patient Advocacy” for Psychiatric Interpreters
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[Abstract])

Globalization has facilitated international travel, and the number of non-native patients receiving psychiatric
services In Japan is increasing. Consequently, differences 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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“Patient Advocacy’ for Psychiatric Interpreters
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[Abstract]

Globalization has facilitated international travel, and the number of non-native patients receiving psychiatric

services In Japan is increasing. Consequently, differences 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.
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Psychiatric interpreters, Advocacy, Community interpreters
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The study on the molecular mechanism of & —Klotho’ s regulation of spermatogonial stem cell
niche during aging

MET—<

HIAE mMXEL O AR vai

1. BIEBE()
1) B #) (Goal)

Aging is an urgent sociomedical issue which greatly threats the fertility of population in many societies, especially in the
developed countries and regions. It was reported that advanced paternal age brings higher risks of the pre—mature birth, low
Apgar scores or admission to a neonatal intensive care department of newborns. The paternal age also improves the incidence
rate of multiple congenital defects such as heart malformations as well as oral, palate and lip cleft. In addition, many mental
disorders like autism, schizophrenia, bipolar disorder, low intelligence capacity were also more frequently observed with advanced
father's age.1

The spermatogonial stem cells (SSCs), a rare subpopulation of the spermatogonia, are tasked to self-renew actively to sustain
the SSC reservoir and give rise to progenitors poised for eventually differentiating into sperms2. Spermatogonial stem cell (SSC)
transplantation is regarded as a promising technique for treating the infertility of male survivors from cancer therapies before
sexual maturation. The SSC transplantation, which reintroduces the SSCs into the seminiferous tubules of recipient’ s testis, can
initiate their spermatogenesis and enable the production of their own biological children. The aging of SSCs is always
accompanied by impaired proliferation, epigenetic abnormalities, altered metabolism and even the loss of sperm—forming
function3, hampering the scientific utilization of SSCs’ versatility a lot. The serial transplantation of SSCs into young testes,
which enabled the longer than lifetime proliferation of SSCs and also proved their strong proliferation ability4. This evidence
indicated that the SSCs have a unique mode of aging which is likely caused by the deteriorated niche, a protective region for
stem cells with surrounding stromal cells.

The Klotho gene is a critical gene in regulating phosphate metabolism and senescence. Mice deficient in & —Klotho not only
have a phosphate metabolism dysfunction and hyperphosphatasemia due to the impaired urinary phosphate excretion but also
show apparent and multiple phenotypes of premature aging, including slower growth, smaller body size, atrophy of multiple organs,
vascular calcification, sarcopenia, cardiac hypertrophy and fibrosis, osteopenia, emphysematous lung, hearing impairment,
cognitive defects and shortened lifespan.b Its abnormal expression and functioning was recently found play an essential role in
the premature placental senescence and malformation caused by advanced maternal age.6 However, its regulation on the aging of
male fertility has not been reported yet. This study aims to investigate the molecular mechanism of Klotho' s regulation on the
senescence of spermatogonial stem cells and their niche.

2) BXB& (Approach)

(1)investigate the spermatogonial stem cell niche of Klotho testis using immunostaining

(2)functional analysis of the blood testicular barrier (BTB) of Klotho testis

(3)exogenous supplement of testosterone of Klotho testis and investigate its spermatogonial stem cell niche and
spermatogenesis

3) # ¥l & 7% (Materials and methods)

(1)Animal: All the experimental protocols including animals were granted by the Institutional Animal Care and Use Committee of
Kyoto University. The Klotho—deficient mice were produced by crossing the heterozygous Klotho +/— male and female mice.
(2)Testosterone implantation: At least 2 days before the implantation surgery, a soft, 1cm—long plastic tube (Clinic medics, Osaka,
Japan) in 10mm diameter were filled with testosterone or cholesterol. Both ends of the tube were sealed using Basubondo Q gel
(Konishi company, Osaka) and then kept in room temperature for drying. After the opening of tube ends were sealed, the tubes
were soaked in sterile saline and incubated overnight in 37—-degree incubator one day before the surgery. On the day of surgery,
the 8—week—old Klotho deficient male mice were first narcotized using 150ul 2% Avertin and then a 0.5cm wide incision on their
back skin was made. The tube was inserted into the subcutaneous space. Finally, the incision was closed by suturing.

(3)Biotin intrusion experiment: A total volume of 10 ul 7.5mg/ml biotin was injected into each testis when the Klotho—deficient
mice turned 10—week—old after anesthesia. Half hour after the injection, the mice were sacrificed, and the testes were removed
and processed for immunostaining of Biotin.

(4)Macroscopic and histological analysis of testes: Implanted mice were killed at the age of 12 weeks (4 weeks post—implantation).
The testes were kept intact in cold PBS and observed under macroscopy. The testes and epididymis were fixed in 10% neutral—
buffered formalin and embedded in paraffin blocks. Slides were stained with hematoxylin and eosin and checked for histological
analysis
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(5)Immunostaining: Testes were fixed in 4% paraformaldehyde for 2 h at 4° C, and embedded in Tissue—Tek OCT compound
(Sakura Finetek, Tokyo, Japan) before cryosectioning. Cryo—sections of 6 t m thickness were then prepared. The tissue were
then treated with 0.1% Triton-X and sodium citrate in phosphate—buffered saline (PBS) for permeabilization. Donkey serum diluted
at 10 fold in PBS were applied onto the slide for blocking. The tissues were treated with first antibodies in 4 degree overnight,
then incubated with second antibodies in room temperature for 1 hour after washing with PBS. Hochest were diluted at 1:300
ratio in PBS and then dropped onto the slides and kept for 10 minutes for counter staining.

(6)Serum collection and Enzyme linked immunosorbent assay (ELISA): The blood from the carotid artery of mice will be collected
during scarification. The blood would be kept in 4 degree overnight. The serum was collected after centrifugation at 1200rpm for
30min and cryopreserved in —80 degree. The ELISA will be performed for detecting the concentration of testosterone according to
producer’ s protocol.

4) EER#ER (Results)

We firstly examined the expression of Claudin 3, 5 and 11, as well as the key enzymes of testosterone synthesis (CYP17A1 and
HSD3B) in the testes of Klotho KO and WT mice. We noticed that Cldn3(0.004 +0.001 vs. 0.045 +0.008 um2/um, p<0.001),
Cldn11(0.006 #0.017 vs. 0.025 #0.006 um2/um, p=0.01), and CYP17A1(0.112 £0.112 vs. 58.27+9.82 um2, p=0.0005) are
remarkably lower in Klotho KO testes in comparison with the WT, but the expressions of HSD3B and Cldn5 are comparable in both
groups. These results imply the impaired BTB and testosterone metabolism in Klotho—deficient testis. Then we performed the
Biotin intrusion experiment on the 10 weeks old Klotho KO mice and WT mice’ s testes(n=4) to confirm whether there is a
functional defect of BTB in Klotho KO testes. A total volume of 10 ul 7.5mg/ml biotin was injected into each testis. We observed
that the majority of seminiferous tubules in Klotho KO mice’ s testes are notably more penetrated by biotin, while almost no biotin
intrusion could be found in the WT testes (88.89+4.54% vs. 6.25+3.61%, p<0.0001). We also detected the mRNA level of Klotho—
alpha in the testes of CTL and W mice (5 Weeks old, n=3) using qPCR. The result shows that alpha—Klotho’ s expression in W mice
testes is significantly lower than the control group(1.023 = 0.031 vs. 0.457 %0.062, p=0.0012).

Previous results showed the impaired testosterone metabolism and tight junction between Sertoli cells in Klotho KO testes. As
previous studies showed that testosterone could rescue the incomplete tight junction between Sertoli cells and ameliorated the
phenotype of aging, we hypothesized that the malfunctioning and lower expression of cldn3 and cldn11 in Klotho KO testes were
caused by the lower level of testosterone. We planned to supplement the testosterone in Klotho—deficient mice via implantation of
tiny plastic tubes containing testosterone. To verify the feasibility of such technique, we made 4 testosterone tubes and 4
cholesterol tubes to implant to the 8 weeks female mice. After 8 weeks, we noticed that the external genital organ of the
testosterone group became more male-like. As we sacrificed these 8 mice and checked their internal organs and the plastic tubes,
we found that the testosterone were completely absorbed and testosterone treated female mice had significantly enlarged uteri,
hearts, and kidneys.

We subsequently performed the implantation surgery on the 8—week—old Klotho KO mice. As we investigate the testosterone and
cholesterol treated Klotho KO by immunofluorescence, we found that the testosterone—treated Klotho deficient mice not only had
a comparable level of Cldnb as compared with the cholesterol group, but also showed increased level of Cldn3, Cldn11, as well as
the GFRAT1, Ki67 Positive GFRA1, and PNA, indicating that the testosterone treatment might not only repaired the BTB, but also
facilitated its spermatogenesis. In consistent with these findings, the macroscopic and histological investigation of testosterone
and cholesterol treated testes and the pathological examination of their epididymis also showed that the testosterone treatment
had notably increased the size and weight of Klotho KO testis and facilitated the maturation of sperm in the epididymis compared
with the cholesterol group.

5) Z £ (Discussion)

We previously reported the intrinsic senescence model of SSC via Jnk—mediated glycolysis activation using long—term cultured
SSCs. We noticed that aged SSCs proliferate faster than young SSCs and showed enhanced glycolytic activity, but still kept
euploidy and exhibited stable androgenetic imprinting patterns with robust SSC activity, though having shortened telomeres. In
consistency with this, the investigation of Klotho—deficient mice model also showed hyperactivation of JNK and enhanced
glycolysis. We also reported the significantly smaller size, fewer PNA+ tubules, increased proliferation of ZBTB16+ cells, and
enhanced level of 53BP1 expression in Klotho KO testis.

Although many phenotypes of Klotho—deficient testis were described in our previous work, the detailed molecular mechanism of
Klotho' s regulation on the spermatogonial stem cell niche and spermatogenesis has not been clearly elucidated. In present study,
we observed the impaired testosterone metabolism, functional and structural defects of blood testicular barrier in the Klotho—KO
testis, which could be rescued by the exogenous supplement of testosterone. To our surprise, the 4—week implantation of
testosterone (from 8 weeks to 12 weeks) not only repaired the BTB of Klotho—deficient testis but also recovered their
spermatogenesis. These findings indicated the potential existence of the Klotho— testosterone—BTB pathway. To verify such
hypothesis, we plan to perform western blot in our future study. In addition, we would also endeavor to explore the underlying
molecular mechanism in detail.
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Current perception of transvaginal natural orifice translumenal
endoscopic surgery among Chinese female gynecological medical staff
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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.! Its feasibility for hu-
man clinical application was initially proven by transgastric appen-
dicectomy surgery conducted in 2003.? 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.’

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

L))

Check for
updates

perceptions of the vNOTES procedure and yielded paradoxical re-
sults.* 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.’ 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 = 0.003). They
also included significantly more respondents having heard of the
vNOTES procedure (83.9% vs. 68.9%, p = 0.001) and a strikingly
higher proportion of members who had participated in vNOTES
training courses (47.1% vs. 11.8%, p = 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) = 3.239, p < 0.001) and prior awareness of
VNOTES (OR = 2.271, p = 0.004) were significant predictors of pref-
erence for VNOTES, whereas those with higher education levels had
a negative coefficient for vVNOTES preference (OR = 0.549,
p = 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.

https://doi.org/10.1016/j.asjsur.2022.06.117

1015-9584/© 2022 Asian Surgical Association and Taiwan Robotic Surgery Association. Publishing services by Elsevier B.V. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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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 YNOTES not prefer X’ P value

VvNOTES
n=931(92.6%) n=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%)
=61 5(0.5%) 0(0%)
Occupation 2462 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 2271 0518
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? 4135 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%)
=20 225 (24.2%) 11 (14.9%)
Have you ever experienced laparoscopic surgery or examination 2430 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 <0.007 ***
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 =781 n=>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 10.220 0.006**
gynecologic surgery? (The incidence rate for surgical complications of laparoendoscopy is 0%—3%)
0%—3% 626 (67.2%) 37 (50.0%)
3%—6% 200 (21.5%) 27 (36.5%)
6%—9% 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 <0.007***
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*x**

2948
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Subject characteristics

prefer vYNOTES not prefer — X? P value
vNOTES
n=931(92.6%) n=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 <0.0071***
Other reasons 6 (0.6%) 9 (12.2%) 61.852 <0.007%**
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 <0.007*%**
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 vYNOTES n =330 n=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 1.002 0.317
of it to your family and friends' choice?
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 =342 n=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 ~Not prefer — X? P value
n =495 vNOTES
n =42
Would you like to conduct vNOTES in your department? 20.148 <0.007%**
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 <0.007***
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*
Other————— 10(2.0%) 0(0%) 0.865 0.352
Gynecologists' perspective of VNOTES
Prefer YNOTES ~Not prefer — X? P value
n =495 VvNOTES
n=42
Would you like to conduct vNOTES in your department? 20.148 <0.007**x*
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 <0.007%**
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*
Other———— 10(2.0%) 0(0%) 0.865 0.352

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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Purpose: To report the experience of health QR code application in Chengdu’s anti-
epidemic measures including circle-layer management, hospital triage system and healthcare
plan for quarantined pregnant women and children during the summer outbreak of SARS-
CoV-2 Delta strain in 2021 and to evaluate these measures.

Methods: We comprehensively summarized Chengdu’s health code application in the circle-
layer management (a set of stringent confinement measures of places confirmed cases and
close contacts have recently been to and less strict quarantine measures of surrounding
areas), hospital triage system, and healthcare plan for quarantined pregnant women and
children. We also assessed the effectiveness or efficiency of these measures by analyzing
the number of different cases with confirmed COVID-19 infections or epidemiological
history, the attitude of quarantined pregnant women toward the summer outbreak and
healthcare services, as well as the time needed for obtaining epidemiological history and
accuracy of health-code-based hospital triage system.

Results: The circle-layer management lasted 15 days and ended with no community or
nosocomial transmission happened. Approximately 70 pregnant women and 600 children
below 6-year-old were quarantined. Four home visits and two patient transfers were per-
formed. Online survey indicated that about 80% of quarantined women felt satisfactory about
the healthcare service. The novel triage system identified 137/221 (61.99%) patients with
epidemiological history from patients with yellow health code, and 71/4504 (1.57%) patients
from patients with green health code in our hospital (p < 0.001). The health QR code
markedly outperformed the traditional methods in the efficiency experiment of obtaining
epidemiological history (3.52 + 0.98 vs 78.91 + 23.18 seconds, P < 0.001).

Conclusion: The circle-layer management has successfully and precisely prevented the spread
of the summer outbreak of COVID-19 in Chengdu. The health-code-based triage system showed
great effectiveness and efficiency in triaging patients with epidemiological history. The health-
care services for quarantined pregnant women has basically met their needs.

Keywords: triage, quarantine, pediatrics, obstetrics, precise prevention and control

Introduction
The global society has experienced an exponential increase in the number of
confirmed cases of infection and death of Severe Acute Respiratory Syndrome
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Graphical Abstract

Coronavirus 2 (SARS-CoV-2) since March 2020." Various
strategies have been implemented by many countries,
including social distancing, lockdown, and nation-wide
vaccination,” > but from a global perspective, the pan-
demic is still rampant. Through the long-term and united
efforts of all citizens, especially healthcare workers, China
has almost successfully eradicated the domestic epidemic
of the Coronavirus Disease 19 (COVID-19) and hence
resumed the social and economic orders since
April 2020.° However, the Nanjing outbreak from mid-
July to mid-August 2021 has caused about 1100 correlated
confirmed infections in multiple provinces and cities. On
27th July, a family of three in Chengdu were diagnosed as
confirmed cases 3 days after their travel to Zhangjiajie,
a tourism hotspot that just underwent a clustered outbreak.
Another 3 cases were subsequently diagnosed with con-
firmed infection, including an airport worker, a close con-
tact of the beforementioned family, and a middle-aged

female who also traveled to Zhangjiajie several days ago.

Considering that, unlike previous strikes of COVID-19,
the summer outbreak in Chengdu was sporadic, small-
scale, and traveling-correlated, thus it was unsuitable to
be tackled by rigorous measures like city-wide lockdowns
and home quarantine. On the other hand, close contacts of
confirmed cases and personnel with epidemiological his-
tory and COVID-19 manifestations (fever, cough, and
dizziness, etc.) should be identified efficiently and effec-
tively in public places, especially hospitals. However, the
traditional ways of epidemiological history inquiry were
laborious, time-consuming, and unable to screen out mis-
leading information. Noteworthily, the majority of the
confirmed cases in the current epidemic were infected by
the Delta variant. As described in the previous publica-
tions, this mutant strain has a 60% higher risk of commu-
nity transmission than the ancestral Alpha strain. It is even
able to cause asymptomatic breakthrough infections in

7,8

vaccinated patients,”” making it unfeasible to triage

patients simply based on the body temperature and

4500 "
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COVID-19-like clinical manifestations. To address these
problems, Chengdu promptly implemented the circle-layer
quarantine policy, and widely applied the health QR code
in the circle-layer management and the triage system of
hospitals.

The circle-layer quarantine policy is a set of risk-level-
based containment measures which categorized the poten-
tial risk areas into 3 circles or layers: (1) lockdown areas,
the areas where the confirmed cases have recently been to;
(2) restricted areas, the areas where the close contacts have
recently been to; and (3) areas with potential risks, the
surrounding areas of the lockdown or restricted areas.
Accordingly, this policy implemented stringent confine-
ment measures in lockdown and restricted areas and car-
ried out relatively less strict containment measures in areas
with potential risks, aiming to minimize the scale of influ-
enced communities and citizens while stopping the spread
of the epidemic.

The health QR code is a plug-in-like mini program
running in social media apps like WeChat and online
payment platforms like Alipay, which records and updates
the users’ COVID-19 related health information such as
body temperature, clinical symptoms (fever, cough, dizzi-
ness, etc.), potential contact with the infected patient and
daily itinerary details.’ The three colors of the QR code
match the corresponding risk levels of its user. Only users
with a green code are allowed to use public transportation
and facilities freely. Smartphone owners with a red or
yellow health QR code will be required to be quarantined
and/or get RT-PCR tests for SARS-CoV-2.’

Pregnant women and children in China are presumably
vulnerable to the Delta strain due to their low vaccination
rate.'®!" It was reported that the pregnant women have
a significantly higher ICU admission rate if infected by the
SARS-Cov-2."? Previous publications also indicated that
pregnant women and children under quarantine had higher
rates of depressive symptoms, anxiety, and other negative
effects.'*'> Therefore, to ensure their mental and physical
health of and to avoid difficulties and inconveniences in
getting medical care for quarantined pregnant women and
children, a healthcare plan for them was made and imple-
mented. In this plan, medics and community workers in
quarantine sites would help monitor the health condition of
pregnant women and children and do the RT-PCR tests for
them. For those needed professional obstetrics and pedia-
trics services, they can appoint medical home visits by
phone call. The patient transfer would also be performed

when the patient should be taken care of in the hospital
after medical evaluation.

This article aims to summarize, report, and evaluate
Chengdu’s anti-epidemic measures in the summer out-
break of the Delta variant of SARS-CoV-2, in which the
novel anti-epidemic technology, health QR code, played
an essential role. We hope our experience could be helpful
in providing some novel strategies and inspirations of
swiftly containing the small-scale and imported epidemic
for domestic or overseas cities and medical institutions
confronted with similar situations.

Materials and Methods

Health QR Code System

The Health QR code system applied in the present
research was Tianfu Health Code released by Sichuan
Provincial Emergency Headquarters for Covid-19."*'" It
is a mandatory system in all public places and facilities
in mainland China during the epidemic, which collects
and integrates users’ spatial and temporal data using
Bluetooth, Global Positioning System (GPS), geoloca-
tion information of Network base station, and online
transactions.” As shown in Supplementary Figure 1, it

has a built-in module called Entrance Code required to
be shown before entering communities and public places,
which can record and upload the users’ visit history of
public places or communities. Young and senior citizens
and other non-smartphone-users can also get their health
QR codes once their family applied the Family Health
Code for them. Functions like senior mode and voice
assistant were also available in the mini program for the
elderly. Through a specific algorithm, the health code
was able to identify people with epidemiological history,
which includes (1) those who have traveled to or lived in
the communities with confirmed cases within 14 days
before onset; (2) those who have had close contact with
confirmed cases and asymptomatic cases within 14 days
before onset; (3) those with respiratory symptoms and
have had close contact with the people from the com-
munities with confirmed cases within 14 days before
onset; (4) those who have been to foreign countries
within 14 days.'® At the very beginning of the summer
outbreak, 29th July, a survey on the epidemiological
history of confirmed cases and their close contacts was
conducted by workers of corresponding communities
and local Center of Disease Control through phone
checks, and face-to-face

calls, surveillance videos
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interviews (with personal protective equipment). This
information was used to identify the communities and
persons at the highest risks of being infected and was
uploaded to the Sichuan Big Data Center as the initial
information for the circle-layer management and health
QR code system.

The Classification and Management of
Areas at Different Risk Levels

The classification of areas at different risk levels was
based on the numbers of existing confirmed cases: areas
with more than 50 existing confirmed cases and clustered
onset within 14 days were defined as high-risk areas; areas
with less than 50 confirmed cases were defined as middle-
risk areas; areas with no confirmed cases were defined as
low-risk areas.

The circle-layer management was a set of comprehensive
containment measures based on the risk levels of communities
with confirmed cases and their surrounding areas. These areas
were classified into 3 different layers or circles and were
managed accordingly as described below (Figure 1).

Lockdown areas (middle-/high-risk areas): the finding
spots, living places, activity places and workplaces of
confirmed cases were set as lockdown areas. No citizen
would be allowed to enter or leave these areas during the
circle-layer management. Citizens living in the lockdown
areas were all regarded as potential close contacts thus
were required to be quarantined for 14 days. They got RT-
PCR tests on the 1st, 4th, 7th, and 14th days of quarantine.
Community workers and volunteers were designated to
offer life services such as food delivery, express delivery,
and daily necessities delivery. If there were no new con-
firmed cases during these 14 days, the lockdown policy in
these areas would be lifted. Additionally, they were still
not allowed to do any group activity in the first week after
the quarantine.

Restricted areas: the living and working places of the
close contacts were set as restricted areas. Citizens in the
restricted areas were required to be quarantined for 14 days.
Individuals from outside were allowed to get into these areas
but could not leave till the end of quarantine. The RT-PCR
tests were performed for everyone living in the restricted
areas on the Ist, 7th, and 14th days of quarantine.

Areas with potential risks: the surrounding areas of the
lockdown or restricted areas were defined as areas with
potential risks. Normal life activities, except group activity
and mass gathering, were all allowed in these areas. The

RT-PCR tests for people living in these areas were per-
formed on the 1st and 7th day of circle-layer management.

The Classification and Management of
People Groups at Different Risk Levels
Using Health Code

Close contacts: According to the latest Protocol of
COVID-19 Prevention and Control (Edition 8) released
by the National Health Commission of the People’s
Republic of China, close contacts are individuals who
have had contact, without effective protection, with one
or more suspected or confirmed COVID-19 cases any time
starting 2 days before the onset of the suspected or con-
firmed cases’ symptoms or 2 days before sampling for
laboratory testing of asymptomatic infected persons.'®

High-risk personnel: includes confirmed cases, sus-
pected cases, close contacts, secondary close contacts,
people from overseas, people who have been to high-risk
areas within 14 days.

Middle-risk personnel: includes people with potential
contacts with high-risk persons within a week.

Low-risk personnel: includes people without epidemio-
logical history.

There are 3 different colors of Health QR Code match-
ing personnel of corresponding risk levels: red, high-risk
personnel; yellow, middle-risk personnel; green, low-risk
personnel (Supplementary Table 1). Citizens were mana-

ged according to their health code color and living areas
during the circle-layer management:

1. Red health code users with confirmed infections:
these cases were transferred to infectious disease
hospitals for treatment through negative pressure
ambulance once identified (Figure 1 Route A&B).

2. Red health code users with close contacts or sec-
ondary close contacts, or recently arrived in
Chengdu from high-risk areas: these citizens were
transferred to centralized isolation sites for medical
observation (Figure 1 Route C&D).

3. Yellow health code users in restricted areas without
confirmed infections were quarantined in their own
apartment.

4. Yellow health code users in areas with potential
risks were not allowed to use public transportation
or go to public places like malls, supermarkets,
movies theaters, bars, etc. Once found in public
places, they would be suggested to wear proper

4502
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Figure | The schematic diagram of Chengdu’s COVID-19 confinement arrangement (circle-layer policy) during the summer outbreak.
Notes: The medical sites and routes of personnel arrangement were listed as following: Medical sites |: Infectious disease hospital for treating confirmed or suspected cases;
Medical sites 2: Designated nucleic acid testing stations and hospitals for yellow health code users from areas with potential risks; Medical sites 3: Designated hospitals

serving for patients from lockdown/restricted area; Medical sites 4: Centralized isolation
Routes for transferring confirmed cases from lockdown or restricted areas to infectious

sites for newly arrived red health code users with epidemiological history. Route A:
disease hospital; Route B: Routes for transferring confirmed cases from centralized

isolation sites, designated hospitals or testing sites to infectious disease hospital; Route C: Routes for transferring close contacts or secondary close contacts of confirmed
cases from lockdown or restricted areas to infectious disease hospital; Route D: Routes for transferring red health code users with epidemiological history from airports/

freeway toll station to centralized isolation sites; Route E: Routes for yellow health

code users to get nucleic acid tests in designated sites or hospitals via private

transportation; Route F: Routes for providing medical services to lockdown and restricted areas or transferring patients to hospitals when necessary.

protective equipment and transferred back to their
community. They were permitted to go to desig-
nated hospitals or RT-PCR testing stations via pri-
vate or community-arranged vehicles for RT-PCR

tests or other medical services (Figure 1 Route E).

The yellow health codes of users from areas with poten-
tial risks would be turned into green once they got
a negative nucleic acid testing result, while the red and

yellow health codes of users in the lockdown and restricted
areas would be turned into green only when they finished
quarantine and got negative results in each nucleic acid test.

Management and Healthcare for Pregnant
Women and Children Under Circle-Layer

Management
The characteristics of quarantined pregnant women and
children below 6 years old were listed in Supplementary
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Tables 2 and 3. We recorded their body temperatures,
pregnancy-related clinical features, and epidemiological
history. A detailed healthcare plan for them was made
(Supplementary Figure 2). Door-to-door medical services

were provided for quarantined yellow health code users
with mild symptoms. Through phone appointments, preg-
nant women and children who need medical care would be
treated by a standby team of obstetrics, pediatrics, emer-
gency, nosocomial infection specialists. Patients with
severe symptoms were transferred into designated hospi-
tals by the negative pressure ambulance and settled in the
isolation ward (Figure 1 Route F). Another standby team
of obstetrics and pediatrics was arranged to back up the
infectious disease hospital whenever necessary. The ser-
vices we provided include the severity assessment, blood
test, electrocardiography, two-dimensional ultrasonic
image. For pregnant women, the urine pregnancy test
and fetal heart rate monitoring were also provided. On
the final day of their quarantine, an online survey about
quarantined pregnant women’s attitude toward this sum-
mer outbreak and our healthcare services and the degree of
their worry about being infected with COVID-19 was
performed on the WeChat platform. The results are pre-

sented in Supplementary Table 2.

The Triage System Based on Health Code
The triage system implemented in this study was an update of
our previous strategy with the application of Health QR
Code.'® Only one entrance (hospital gate) and one exit (back-
door) were open for patients during the epidemic. Patients
and medical staff had different designated one-way paths for
entering and leaving the hospital. As shown in Figure 2, the 3
levels of our preliminary triage system had different tasks
based on their locations and medical duties:

Triage 1 (Entrance of outpatient and emergency depart-
ment): a rapid triage through body temperature detection
and health code color checking. The epidemiological his-
tory of patients and their attendants were also briefly
asked.

Triage 2 (Outpatient inquiries at nurse station):
a detailed inquiry of patients and their attendants’ epide-
miological history was performed in this triage. The health
code and body temperature were also checked in case of
omitted from the first triage.

Triage 3 (By the physicians who made the first diag-
nosis in outpatient clinic or in-patient department):
a detailed inquiry or examination of patients’ chief com-
plaint, COVID-19 correlated symptoms,'® epidemiological

history was performed in this triage. The health code and
body temperature would also be checked when necessary.

In this 3-level triage system, the patients were guided
to different clinics or nucleic acid testing sites according to
the result of the triage assessment:

1. Patients with green health codes and no epidemio-
logical history were guided to outpatient clinic.
Those with fever or epidemiological history were
referred to the regular fever clinic.

2. Patients with green health codes, fever and epide-
miological history, and patients with yellow health
codes and fever/epidemiology history/COVID-19
symptoms were guided to the special fever clinic
and get nucleic acid test thereby. If they got nega-
tive results in two consecutive samplings, their yel-
low code would turn green. If they got a positive
result, they would be managed as suspected cases
and get a second test to confirm their infection.'”

3. Patients with yellow health codes but had no fever,
epidemiology history or COVID-19 symptoms were
guided to the designated testing zone for yellow
code users. Once they got a negative result, their
health code would turn green after the result has
been updated. If they got a positive result, they
would also be managed as suspected cases and get
a second test to confirm their infection.

Triage Efficiency Experiment of Health
QR Code

An experiment testing the triage efficiency of the Health
QR code and traditional face-to-face inquiry was con-
ducted on 28th October 2021. The timing for the health
QR code started when users initiated the Health QR code
mini-program and ended when their smartphones showed
their health QR code and itinerary information. The timing
for a face-to-face inquiry began when the nurses in triage
system started their first question and ended when they got
a clear and satisfactory answer of epidemiological history.
Our experiment equally included the results of all the 6
shifts of the triage system on that day. The results of this
experiment are presented in Supplementary Table 4.

Data Collection

We collected and analyzed the daily numbers of different
personnel with red health codes from the WeChat plat-
form’s official account of the Chengdu Municipal Health
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Figure 2 The flowchart of the health-code-based triage system.

Note: Colors of lines and boxes were matched with the color of patients’ or attendants’ health QR code.

Commission from July 21 to August 13, 2021. During the
whole period of the circle-layer management (from July 28
to August 12, 2021), the numbers of pregnant women and
children in quarantine were rendered daily by community
workers or the medical professionals in the centralized
isolation sites and infectious disease hospitals. The results
of the online survey were gathered and processed automa-
tically by the WeChat platform. Similarly, the numbers of
patients with green and yellow health codes from regular
and special fever clinics in Chengdu Women’s and
Children’s Central Hospital were recorded by the doctors
on duty during the circle-layer management.

Statistical Analysis

The software SPSS version 23.0 (IBM SPSS Inc., US) was
applied for statistical analysis in this research. Categorical
variables were all presented in the form of frequencies and
percentages, including health QR code colors, age groups,
educational background, monthly family income, epide-
miological history, etc. Chi-square tests were used for the
analysis of categorical variables. The continuous variable
in the current study was the time (seconds) needed to
obtain epidemiological history through different methods.
It was shown in the form of mean + SD and analyzed by
Student’s #-test. A p-value < 0.05 was regarded as statisti-
cally significant.

Results

As shown in Figure 3A, after 3 indigenous confirmed
cases have been identified on 27th July, the circle-layer
management in Chengdu has included 3 communities and
identified 2 indigenous confirmed cases and 1 asympto-
matic case on 28th July. The number of imported con-
firmed and asymptomatic cases also remained stable
during the circle-layer management (from July 28th to
August 12th). Since July 29th, as the epidemiological
history survey went on, about 1200 citizens have been
identified and given red health codes. The circle-layer
management ended on August 12th when the lockdowns
in all 3 communities were lifted, with no new indigenous
cases reported for 15 consecutive days. Only approxi-
mately 500 close contacts or imported cases remained,
meaning that the circle-layer management controlled the
transmission resource within 2 days and have prevented
community chain transmission and nosocomial infection
during the whole period.

The number of quarantined citizens peaked on
August 9, 2021. On that day, 71 pregnant women and
575 children below 6 years old were under quarantine as
shown in Figure 3B and C. During the quarantine, the staff
from the Chengdu Women’s and Children’s Central
Hospital has performed 4 home visits and 2 patient trans-
fers. From Supplementary Tables 2 and 3, we can notice
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Figure 3 The dynamic change in the number of different personnel under Chengdu’s circle-layer management during the summer outbreak of COVID-19. (A) The dynamic
change in the number of different personnel with red health codes. (B) The dynamic change in the number of quarantined pregnant women. (C) The dynamic change in the

number of children below 6 years old.

that the majority of quarantined pregnant women circle-
layer management were from blocked communities while
the children under quarantine were from disparate epide-
miological history resources. All quarantined pregnant
women participated in the online survey. The survey

results indicated that about 80% of them did not worry
about being infected with COVID-19, held an optimistic
view about the summer outbreak in Chengdu, and felt
healthcare services we

quite satisfactory about the

provided.
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During the circle-layer management, as shown in
Table 1, the health-code-based triage system of the hospi-
tal has identified 137 patients with epidemiological history
from 211 patients with yellow health code (61.99%) and
71 patients with epidemiological history from 4504
patients with green code (1.57%) in the fever clinic (p <
0.001). As presented in Supplementary Table 4, the triage

efficiency experiment showed that the health QR code
remarkably outperformed the traditional face-to-face
inquiry in the time (seconds) needed to obtain the epide-
miological history of patients (3.52 + 0.98 vs 7891 +
23.18, P < 0.001).

Discussion

Our study summarized the policies and measures taken by
the local government and hospitals to stop the spread of
SARS-CoV-2 Delta variants and serve for the obstetric and
pediatric patients, among which the health code and
a special quarantine policy (circle-layer management)
played an essential role. The “circle-layer” policy had
successfully exterminated the indigenous cases and
avoided community transmission through widespread
application of epidemiological history tracing technology,
rigorous containment efforts of the communities where
confirmed cases lived, and relatively less strict manage-
ment of surrounding areas. The health code based 3-level
triage system also played an essential role in preventing
nosocomial infection. During the whole period of “circle-
layer” management, pregnant women and children’s
healthcare was also ensured by home visits or patient
transfers provided from the medical professionals of desig-
nated women’s and children’s hospital.

Plenty of previous studies have proved the positive
impact of containment in preventing the epidemic of
COVID-19.°2%% Lau indicated that the lockdown mea-
sures in Wuhan since late January 2020 had remarkably
slowed down the growth rate and extended the doubling
time of confirmed cases.” Another mathematical model-

based research also implicated that the combined non-
pharmaceutical interventions could achieve the strongest
and quickest effect in containing the epidemic.?' However,
such measures also inevitably lead to many side effects on
the daily life, work, physical and mental health of citizens
to varying degrees.”**> Thus, an ideal strategy to prevent
and control the epidemic must minimize the number of
impacted citizens and the containment scale while stop-
ping the transmission. The circle-layer policy, was proved
precise and feasible to some extent in the scenario of
sporadic or small-scale imported outbreaks like the one
that occurred in Chengdu. With only 3 communities been
lockdown for 2 weeks, the other 20 million inhabitants can
still live a normal life and commute to their workplaces
without worrying about the spread of transmission. Thus,
the whole city could almost exert its full capability of
providing life replenishment and medical support to
those under confinement and blanketing the reignition of
the epidemic at its very beginning.”®?’

The status quo of the epidemic in China greatly low-
ered the applicability of the previous triage strategy.'”*®
By mid-August, evidence showed that a quarter of the
2500 confirmed infections in China were defined as
asymptomatic cases,”’ suggesting that the epidemiological
history is getting more critical and the previous triage
systems are no longer reliable, since they heavily relied
on the COVID-19 symptoms. However, the inquiry of
epidemiological history is hard to be well performed in
the 1st and 2nd triages, since it is too laborious and wrong
information may be provided by patients and their atten-
dants. Besides, for departments like pediatrics, respiratory,
and fever clinic, it is quite impractical for them to perform
the previous 3-level triage since a big percentage of their
patients have COVID-19-like symptoms. The advent of
the health QR code, a contact-tracing, and health surveil-
lance mini program, had perfectly solved these problems,
fulfilled the concept of precise epidemic control, and
facilitated a variety of other COVID-19 containment

Table | The Comparison of COVID-19 Correlated Features in Patients with Green and Yellow Health Code from Regular and Special
Fever Clinic in Chengdu Women’s and Children’s Central Hospital During the Circle-Layer Management

Patients with Green Code | Patients with Yellow Code X2 p
(n = 4504) (n =221)
Patients with 71(1.57%) 137 (61.99%) 1827.101 <0.001
epidemiological history
Confirmed cases 0(0%) 0(0%) - -
Risk Management and Healthcare Policy 2021:14 htps: 4507
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measures. It timely and precisely collects and updates the
COVID-19 correlated symptoms and itinerary information
of most citizens, thus enabled governments’ prompt,
coherent and accurate decisions on public health policies
and the management of citizens with epidemiological
history.” It also provided a convenient platform for public
facilities, especially the hospitals, to quickly identify and
reject personnel at high or potential risks.*

However, the health code also harbors many hidden
troubles regarding data security, accuracy, and government
surveillance. For instance, at the beginning of the summer
outbreak in Chengdu, quite a few citizens who declared no
epidemiological history still received a yellow health code.
It led to many inconveniences to those citizens and posed
tremendous pressure in the nucleic acid testing capability
of medical institutions, for citizens want to turn their
health code to green. Other concerns about the health
code would be the discrimination toward the red or yellow
health code users found in public and their difficulty in
getting public services, including the medical care.
Moreover, the public is not well acknowledged of who
manages the health code, how their information is dis-
posed of or protected, and whether their personal informa-
tion would be disclosed.”

In the present study, the group that we mainly
focused on were pregnant women and children. Due
to the low vaccination rate of pregnant women and
children in China, they are susceptible to the Delta
1011 Evidence also showed that COVID-19
infected pregnant women had a higher ICU admission

variant.

rate than those without gestation.'? Therefore, we for-
mulated a detailed plan for providing healthcare to
children and pregnant women in quarantine. They
could appoint the medical services they need through
phone appointments, and the community workers
would also pay several home visits to record their
physical and mental health status. The online survey
results showed that the majority of quarantined preg-
nant women were satisfied with the medical services
we offered and were optimistic about the summer out-
break. It indicated that though only 4 home visits and 2
patient transfers were performed during the quarantine,
such medical cares have basically ensured their acces-
sibility of medical service. Previous publications indi-
cated that pregnant women and children in quarantine
had higher rates of depressive symptoms, anxiety, and
negative affect.>"'> However, due to the lack of pro-
fessionals with psychological backgrounds, no mental

counseling was provided for the children and pregnant
women in quarantine. Generally speaking, given that
no community chain transmission occurred, our health-
care system had basically satisfied their healthcare
needs.

Though the proper containment efforts that a city has to
make should be proportionate to the epidemic scenario she
is in,’' new variants with high transmissibility and morbid-
ity continuously appear and get prevalent, making the fea-
sibility of coexistence with the SARS-CoV-2 through large-
scale vaccination decreasing noticeably.>” >* As many non-
capital Chinese cities and tourism hotspots with limited
resources and brittle epidemic prevention systems reported
hundreds of confirmed cases in this summer outbreak, the
prompt implementation of the circle-layer management of
risk areas and the health code based triage system may
greatly reduce the resources and efforts it would cost to
exterminate the outbreak before the occurrence of medical
resources panic squeeze. Chengdu’s comprehensive con-
tainment strategy had again proved the effectiveness of
conservative and rigorous measures, including comprehen-
sive surveillance, strict contact tracing, and most impor-
tantly, quarantine. Many factors contributed to the success
of fighting against the summer outbreak, including anti-
epidemic experience in previous strikes or from other cities,
expert suggestions on the arrangement of COVID-19 con-
trol and prevention, and the publics’ cooperation and fear
for the virus. Unlike previous situations, the application of
health QR codes has made these efforts less time-wasting,
money consuming, and less laborious. The more precise
and smaller-scale quarantine policy had also brought
novelty to our strategy. The way we provided healthcare
to the pregnant and the young also set an example for cities

under similar situations.

Conclusion

The circle-layer management successfully and precisely
prevented the spread of summer outbreaks of COVID-19
in Chengdu, China in 2021. The health code-based triage
system was efficient and effective in triaging patients with
epidemiological history. The healthcare services had basi-
cally met quarantined pregnant women’s needs.

Data Sharing Statement
The data is available upon reasonable request to the corre-
sponding author.
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RG]l S A O AR @
1. WrIuMEE

1 HBE (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 (H0)-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) HEHE (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.

KL E i (Materials and methods)

(1) Animals:

Eight-week—o0ld 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
(25750%) ; 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. BFFMEEE (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 Image] 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 CkP < 0.05; *%P < 0.01; skxP < 0.001; kP < 0.0001).

3) EZE&ER (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 dayl4 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 dayl4 (p<0.01). The levels of Cr also down-regulated markedly by 5-ALA/SFC
administration on dayl4 (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) *#%% (Discussion)

Not available
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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 I1-10 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, I-18, 1L-17, =12, tumor necrosis factor-alpha, C-C chemokine receptor type 5, and Bax in splenic lymphocytes (SPLs)
and colon tissues, while G3¢/D665 treatment conversely inhibited the increase in mRNA levels of these genes. In addition, G3¢/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; Thx21: T-box transcription factor 21; TCR: T-cell receptor; Teff: effector T cell; TGF-f3:
transforming growth factor beta; TLR: Toll-like receptor; Tregs: regulatory T cells; Tr1: Type 1 regulatory T; UC: ulcerative colitis.

Introduction 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

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

Received 14 March 2022; Revised 14 April 2022; Accepted for publication 2 May 2022
© The Author(s) 2022. Published by Oxford University Press on behalf of the British Society for Immunology. All rights reserved.
For permissions, please e-mail: journals.permissions@oup.com
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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 (CD2S5) [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-y-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 G3¢ 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 G3¢/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 G3¢/D6635 treatment against UC was further elu-
cidated.

Materials and methods

Animal model

Male C57BL/6JJmsSLc (B6/J; H-2k®) mice 8-10 weeks
old, purchased from Shizuoka Laboratory Animal Center
(Shizuoka, Japan), were maintained under specific-pathogen-
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Mice were randomized into three groups: a naive group,
a 3.5% DSS-control group and a 3.5% DSS + G3¢/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. Naive 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

free conditions in a feeding room with automatically con- 0 <1 Normal Negative hemoccult test
trolled light and temperature according to the guidelines 1 1-5

of the Institutional Animal Care and Use Committee. All 2 5-10 Loose stools Positive hemoccult test
animal procedures were authorized by the National Research 3 10-20

Institute for Child Health and Development (permission no. 4 520 Diarrhea Gross bleeding
A2009-010-C12).

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
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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-y 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 Plug™), 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
Flow]o software program (Version 10.5.0; BD Biosciences).

Total mMRNA 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-pg 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)

Table 3: Primer sequences for real-time gPCR.

Ma et al.

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 Image] 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 G3¢/D665 on
a DSS-induced mouse colitis model that had been established
by orally feeding 3.5% DSS for 5 consecutive days and water

Gene Forward Primer (57~3") Reverse Primer (37~57)

Prdm1 CCCTCATCGGTGAAGTCTA ACGTAGCGCATCCAGTTG

Eomes GCGCATGTTTCCTTTCTTGAG GGTCGGCCAGAACCACTTC

Egr2 GCCAAGGCCGTAGACAAAATC CCACTCCGTTCATCTGGTCA
Tbx21 AGCAAGGACGGCGAATGTT GGGTGGACATATAAGCGGTTC
Ahr AGCCGGTGCAGAAAACAGTAA AGGCGGTCTAACTCTGTGTTC
TGE-B ATCCTGTCCAAACTAAGGCTCG ACCTCTTTAGCATAGTAGTCCGC
Foxp3 CACCCAGGAAAGACAGCAACC GCAAGAGCTCTTGTCCATTGA
Maf GCAGAGACACGTCCTGGAGTCG CGAGCTTGGCCCTGCAACTAGC
TNF-a AAGCCTGTAGCCCACGTCGTA GGCACCACTAGTTGGTTGTCTTTG
IL-18 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 naive and G3¢/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 naive
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, G3¢/D665 treatment obviously improved the patho-
logical changes (Fig. 1A). The colons from G3¢/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 G3¢/D6635 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
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of pro-inflammatory cytokines (such as TNF-a, IL-6, IL-1§3,
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 G3¢/D665
treatment in colon tissues (Fig. 2A). In spleen lymphocytes, the
mRNA levels of pro-inflammatory cytokines, such as TNF-a,
IL-6,1L-1B, and IL-12, were significantly reduced in the G3¢/
D665-treated group as well (Fig. 2B). Our data indicated that
G3¢/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 G3¢/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: G3¢c/D665 treatment attenuated DSS-induced damage of colon. (A) The colon gross appearance and length analysis of mice are shown. The
DAl 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 um). Each bar represents the mean +

SD. *P < 0.05, ****P < 0.0001.
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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
116, 116, 11-12, 11-17, and CCR-5, was significantly lower in the G3¢/D665-treated group than in the control group. The mRNA expression of apoptosis-
related gene, such as Bax, was reduced in the G3¢/D665-treated group. (B) SPLs were analyzed by gRT-PCR as well. Compared with the control group,
the mRNA expression of inflammatory and apoptosis cytokine-related genes, such as IL-16, I1-12, and Bcl-2, was reduced in the G3¢c/D665-treated
group. Values are expressed as arbitrary units (mean + SD). *P < 0.05, **P < 0.01, ***P < 0.001.

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
G3¢/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- Trl cells and IL-10*TFN-y*
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*TFN-y* Tr1 cells
in the three different lymphocyte types (Fig. 5). To identify the
expression of Trl-related transcription factors (TFs), we ex-
tracted TFs known to regulate Tr1 differentiation, including
early growth response 2 (Egr2), Aryl hydrocarbon receptors
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Figure 3: G3¢c/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 G3¢/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.

(Ahr), T-box transcription factor 21 (Tbx21), Eomesodermin
(Eomes), PR domain zinc finger protein 1 (Prdml), trans-
forming growth factor beta (TGF-B), 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 G3¢/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 G3¢/D665-treated group,
while the Tbx21, Egr2, and TGF- 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 G3¢/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*
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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 MF| 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.

Tregs, whereas the single-use of G3¢ 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 G3¢/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 G3¢
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-1f3, IL-6,1L-12, and
TNF-a [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-a, IL-1f, 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-a, IL-6, IL-18,
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 G3¢/D6635 has a significant in-
hibitory effect on intestinal inflammation and cell necrosis.
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Figure 5: G3¢c/D665 treatment increased the proportion of 11-10*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 [L-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, MLNSs, and LPLs. Data are expressed as the mean = SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

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 G3¢/D665 treat-
ment in SPLs and MLNs, whereas there were no significant
differences between these two groups in LPLs (Fig. 3). G3¢/
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 G3¢/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
G3¢/D6635 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 G3¢/D665 treatment in DSS-colitis, the
CD4+*CD25*Foxp3* Treg population was evaluated by FCM.
In our study, the combination of G3¢ 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.

Trl cells regulate responses of both naive and memory
T cells and control inflammasome activity iz vivo and in
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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 gRT-PCR as described in the materials and methods. The mRNA expression of Tr1 cell-related genes, particularly Prdm1, [-10, Eomes,
and Ahr is shown. (D). AWestern 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.

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-y-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 Trl cells [42]. We assessed the expression
of these Trl cell-related TFs and found that the mRNA
expression of the Prdm1 and Eomes genes was markedly
upregulated in MLNs of the G3¢/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 G3¢/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 (TABO8) 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
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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 |16, TNFa,
|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 110 and CTLA-4, while Tr1 cells release I11-10, Prdm1, Eomes, and Maf. After the administration of G3c and D665, the
intestinal barrier is restored, mucosal damage is repaired, and colitis is improved.

the levels of IL-2 and IFN-y 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 G3¢/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 G3¢ 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.
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Immunology online.
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Combinations of anti-GITR antibody and CD28
superagonist induce permanent allograft acceptance
by generating type 1 regulatory T cells
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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
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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-y-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 (Trl)
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
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(2). Trl 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 Ty 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 Ty cells and at low levels on naive and memory
T cells (9-11). Its expression is rapidly up-regulated upon TCR
activation on both Tieg 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-y (IFN-y)-co-producing CD4"Foxp3™ Trl 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 Trl cells via the positive regulatory domain zinc finger
protein 1 (Prdm1I), and musculoaponeurotic fibrosarcoma (Maf)
pathways. G3c contributed to Trl cell generation via the activation
of mitogen-activated protein kinase-signal transducer and acti-
vator of transcription 3 (MAPK-STATS3) signaling. The combined
use of D665 and G3c induced permanent allograft acceptance in a
Trl-dependent manner. Our study presented an effective pharma-
cological approach to generate Trl cells in vivo by D665-G3c se-
quential treatment and demonstrated their therapeutic potential in
transplantation.
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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 ug
per mouse) and G3c (250 pg per mouse) on days —3 and 0 sequen-
tially (Fig. 1A). On day 0, before G3c administration, D665 induced
a robust expansion of Ty cells over Teff cells (Fig. 1B), consistent
with previous reports (22-25). The GITR expression was significantly
up-regulated on the surface of both Ty and Teff cells (Fig. 1, C and D).
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Fig. 1. Protocol for the induction of IL-10/IFN-y-co-producing CD4*Foxp3™ Tr1 cells. (A) D665 (250 ug per mouse) and G3c (250 ug per mouse) were intraperitoneally
injected on days -3 and 0 sequentially. (B) Representative flow cytometry (FCM) analysis and frequency of Teq 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 cellsand 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*Foxp37IL-10" Tr1 cells in the splenocytes of each treatment group day 3 (D3) and D7 (n =4 for each group). (F) Frequency of CD4*Foxp37IL-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* Tyeq 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.

Que etal., Sci. Adv. 8, eabo4413 (2022) 3 August 2022

~354-

20f13

2202 ‘¥0 3nBnY Lo Jewdopreq pue YieaH P|IyD 1o} JejusD euoieN e 61080us as'mmmy/:sdny Woij pepeojumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

When targeting GITR with G3c, large amounts of CD4"Foxp3 IL-10"
Trl cells were generated on days 3 and 7 (Fig. 1, E and F). Although
Theg 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-y-co-
producing CD4"Foxp3™ Trl 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. T 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 naive 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 LAGS3, identified as biomarkers for a population of
murine and human memory Tr1 cells, was not observed (26).

Function of induced Tr1 cells in vitro

Trl 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 Trl
cells on DCs, we isolated CD4'IL-10" T cell, CD4*IL-10" T cells,
and naive 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 IT (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 Trl cells on
CD8" T cells using a one-way mixed lymphocyte reaction (MLR)
system, where purified B6/] 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 naive 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" Trl 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 Trl
cells by D665-G3c sequential treatment, we isolated CD4*IL-10"
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Fig. 2. The phenotype of T,y 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*Foxp37IL-10(Venus)" Tr1 cells as evaluated by FCM (n =4 for each group).
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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
for each group). (B) Quantitative data of the MFI of surface MHC-II, CD40, CD80, and CD86 on BMDCs in each group (n =4 for each group). *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001. (C) Representative histogram of CFSE dilution of CD8" T cells in each group (n = 4 for each group). (D) Quantitative data of the proportion of CFSE®™
proliferating CD8* T cells in each group (n =4 for each group). Values are shown as the mean + SEM; ***P < 0.001 and ****P < 0.0001.

Trl 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
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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. 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 log,FC 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 log,FC (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"
Trl cells, with a threshold of absolute log, fold change (log,FC) > 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), Prdml, 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"
Trl 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
Prdm]1 expression in the single-G3c treatment group compared to the
naive group on day 7. The Eomes expression was only up-regulated
in the combination treatment group. Next, we detected the Blimpl
(encoded by the Prdm1I 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 Blimpl and c-Maf expression during Trl 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 Trl
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 Trl 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.
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By using a fully MHC-mismatched (donor: BALB/c, H-2Kk4,
recipient: B6/]J, H-2k") 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 (POD?7) 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 T cells, and G3c further enforced the expansion of Ty,
cells on POD3. However, on POD7, Ty, cells were largely diminished
in the combined treatment group (Fig. 6D and fig. S5B). Large
amounts of IL-10/IFN-y—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 POD?7 (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 POD?7 detected by
immunohistochemical staining (Fig. 6G).

Because Foxp3" T 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 Ty cells on POD~-1, POD3, and POD?7, 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 Trl cell-dependent rather than T, cell-dependent manner.

DISCUSSION
Trl 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-y-co-producing CD4*Foxp3™ Trl cells in vivo. Mecha-
nistic studies suggested that D665 and G3c treatment induced Tr1l
cells via TFs Prdm1 and Maf. G3c contribute to Tr1 cell generation
via the activation of MAPK-STATS3 signaling. Trl 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 Ty, 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 Ty cells over Teff cells in various rodent models
for Tyeg-based interference with autoimmune and inflammatory
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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 B-actin protein expression in each group on day 7. Data are representative of three independent experiments.
(€) Quantitative data for the expression of p-STAT3 relative to STAT3, p-ERK relative to ERK, and Blimp1 and c-Maf relative to B-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.

disease (22-25). We also observed robust Ty 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/] strain combination
with strong rejection responses (Fig. 6). Following D665 treatment,
the GITR expression was strongly up-regulated on both Tz and
Teff cells. GITR signaling is complicated, and its functions are cell
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specific and context dependent (21). The conventional anti-GITR
antibody DTA-1 has been reported to activate Teff lymphocytes
while depleting GITR-expressing T 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 Ty cells but failed to remove Theg cells in vivo and cure tumor-
bearing mice (38). The application of G3c targeting GITR following
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Fig. 6. D665-G3c treatment induced permanent allograft acceptance. (A) Treatment protocol of D665 and G3c in mouse heart transplantation. D665 (250 ug per
mouse) and G3c (250 pg 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 um. (D) A representative FCM
analysis of CD4*CD25"Foxp3* Tyeq cells in the splenocytes of each treatment group on POD3 and POD7. (E) A representative FCM analysis of IL-10/IFN-y—co-producing
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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. G3¢ 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 Trl signature genes
induced by IL-27 (36). IL-27 induced potent Egr2 expression via
STATS3 signaling, which is required for IL-27-induced Prdm]I-
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 Trl cells (39). In addition,
Eomes and Prdm1l cooperated to generate Trl 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 Trl 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
STATS3 activation (43). We therefore proposed that GITR signaling
might contribute to Tr1 cell generation via MAPK-STAT?3 signaling
(Fig. 7). The high expression of Tbx21, the lineage-defining TF of
T helper type 1 (Tyl) cells, and IFN-y, the signature Tyl cytokine,
suggested that Tyl cells might be the origin of Tr1 cells. Switching
of IFN-y-secreting Tyl cells into IL-10/IFN-y-co-producing Trl
cells manifest the self-regulation of Tyl 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 Trl 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 Trl 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 Trl 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
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Tr1 cell
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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 Ty1 cells. The application of G3c
targeting GITR contributes the conversion of Ty1 cells into IL-10/IFN-y-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-y production in D665-G3c-induced
Tr1 cells. TRAF5, TNFR-associated factor 5.

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 Trl cells mediated permanent cardiac allograft
acceptance. D665-G3c induced both Ty and Trl cells, but the Treg
cells were only transiently elevated, and the heart transplantation
tolerance was dependent on Tr1 rather than Ty cells (Fig. 6). Further
translational studies concerning donor specificity and the safety of
Trl 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-STATS3 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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MATERIALS AND METHODS

Animals

Specific pathogen-free inbred male C57BL/6] (B6/J; H—Zkb) and
BALB/c mice (H—de), 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/] 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
Wiirzburg, Wiirzburg, Germany) and J. Shimizu (Kyoto University,
Kyoto, Japan), respectively. For IL-10 neutralization, mice were
intraperitoneally injected with 250 pg 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 T cell depletion, mice were intra-
peritoneally injected with 250 pg 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-y-co-producing CD4"Foxp3™ Trl 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 x 10° 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 uM B-mercaptoethanol (Wako,
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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 x 10° per well) in a 96-well flat-bottom plate with 100 ul 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 x 10° 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/] 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. Naive CD4" T cells,
CD4"IL-10" cells, and CD4"IL-10" cells were seeded to serve as
regulators. Stimulator BMDCs (1 x 10* per well), responder CD8"
T cells (1 x 10° per well), and regulators CD4" T cells (1 x 10° per
well) were cocultured in a 96-well U-bottom plate with 100 pl 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 um) 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), CD8o. (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-y (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 log,FC 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 AACt 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 B-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 Image] 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 um

Table 1. Primer sequences for qRT-PCR.

Gene

Forward primer (5'to 3')

Reverse primer (3'to 5')

CCCTCATCGGTGAAGTCTA

ACGTAGCGCATCCAGTI'G

CGA C'I'I' GCCC CA AG

“ GGTCGGCCAGAACCACTI'C

AGGCGGTCTAACTCTGTG'I'I'C -
Egr2 GCCAAGGCCGTAGACAAAATC “ CCACTCCGTI'CATCTGGTCA
Tbx27 AGCHA'A&&AHCGGCGAATG'IT GGGTGGACATATAAGCGG'ITCHW.WWW
Irf4 R TCCéAEAé;I;GGTFGATCGAC ‘ CCTCACGATTGTAGTCCTGCTTNW -
IIZ7p28 CCTGACAféééé&AGGTGACAGGAGACC W..TCACTCGAGTI'AGGAATCCCAGGCTGAG
Ebl3 I CﬁAEAéééTCGGTGTGGC - GTGACATITAGCATGTAGGGCA o
IL 10 GCTéﬁAE%éACTGGCATGAG ' CGCAGCTCTAGGAGCATGTG
Ifng AAGCé%EAﬁéAATCACACCTGA mm.ACCTGTGGGTTGTI'GACCTCAAWHWWM
785 ACA%&&AEEI’CACCAAGAGG H TCCCATCCTI'CACATCCTI'C
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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-um-
thick cryosections. Cryosections were rehydrated, fixed with formal-
dehyde calcium solution, and then blocked using block ace for
10 min. For CD8a T cell staining, the sections were immunostained
with CD8o (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
Image] software program. Positive cells were determined by count-
ing nine random 400x 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 ¢ 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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Nicaraven for attenuating the radiation—induced injury of mesenchymal stromal cells
BEIER mXiEL O HREEL vl
1. BIEBEM
1) B #1(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) Bk E& (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) # ¥} &% (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 ¥ -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— 3 1, CCL2, TNF—-1a, IL-6 in
conditioned medium from the supernatents of one passaged MSCs.

4) EERFE R (Results)
1. Nicaraven administrations significantly restored the decreased outgrowth of MSCs and altered phenotypes caused by radiation
exposure.

At about dayb 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 ¥ -H2AX foci in nuclei of lung cells
(Figure 3A). Quanititative data also showed that the percentage of ¥ -H2AX-positive cells was not significantly changed in S group
than CON group. Besides these, the perentage of ¥ ~H2AX-positive cells was slightly increased after nicaraven administration
(Figure 3). We then tried to evaluate the formation of ¥ -H2AX foci in CD90—positive mesenchymal stromal cells. Interestingly, the
number of CD90—positive mesenchymal stromal cells with ¥ “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—f3 1 in the conditioned medium.

5) %2 (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.
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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-, IL-1B, and IL-6 in serum. Besides these,
nicaraven effectively decreased the levels of TGF-f, IL-1B, 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

Received: 2 April 2022; revised manuscript accepted: 20 October 2022.

Introduction

Radiotherapy is an essential tool for the treatment
of intrathoracic malignancies, including lung,
breast, and esophageal cancers.!»> 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.>* 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.> The level of ROS over-
whelms can cause oxidative damage to DNA,
lipids, and proteins.® Although radiotherapy is a
local therapy, it has systemic effects mainly influ-
encing immune and inflammation processes.’
Moreover, it has been demonstrated that radia-
tion-induced injuries to tissue cells can promote
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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.8-19 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.!! 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.!? 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.!?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,!4 has previously been
reported to protect against radiation-induced
cell death.!%!5 Nicaraven can also reduce the
radiation-induced recruitment of macrophages
and neutrophils into irradiated lungs.!®
Moreover, we have recently demonstrated that
nicaraven can also effectively protect against
RILI by suppressing the inflammatory
response.!” 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 (8weeks 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 (N0.1608251335-12). 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 5X 105> LLC
cells/0.1ml of saline in the back of the chest. At
10days 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,!81°
thoracic irradiations (including the heart and
lungs) were delivered to mice at a dosage rate of
1.0084 Gy/min (200 kV, 15 mA, 5mm 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 5-10min
before irradiation) or post-irradiation (within
5min 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 8-0x0-29-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
(TGF-B), interleukin-1beta (IL-1B), interleu-
kin-6 (IL-6), C-C Motif Chemokine Ligand 8
(CCLB) 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.2? Briefly, total protein from the lung
tissues was separated by SDS-PAGE gels and
then transferred to 0.22-um 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), B-actin (1:1,000 dilution; cat. no. 84578S;
CST),53BP1 (1:1,000 dilution; cat. no. ab36823;
Abcam), caspase 3 (1:1,000 dilution; cat. no.
9662; CST), a-SMA (1:1,000 dilution; cat. no.
192458S; CST), collagen I (1:1,000 dilution; cat.
no. ab34710; Abcam), or a-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 20ml./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,?! 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-p, IL-1pB, IL-6, CCLS8 in serum.
The level of 8-OHAG in serum was not signifi-
cantly different among groups (Figure 2(a)).
However, the serum level of 8-OHdG was
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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 30days. (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-B, IL-1B3, IL-6 in serum.
However, the level of CCLS8 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-3 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 20mg/kg nicaraven (p<<0.05,
Figure 3(a)). Similarly, the IL-1p 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-f and IL-1B in lung tissues.
However, the levels of IL-6 and CCLS8 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
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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-B (b), IL-1B (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, Tp < 0.05 versus post-IR group.
IR: irradiation; Post-IR: post-irradiation; Pre-IR: pre-irradiation.

Figure 3. ELISA analysis on the inflammatory response in irradiated lungs. Quantitative data on the levels of TGF-B (a), IL-1B (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.
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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.

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 100mg/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 a-SMA
and collagen I, the common markers of fibrosis
in lungs. Compared with the control group,
Western blot analysis showed higher expression
of a-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 a-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.?? 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-f, IL-1B, SOD1, SOD2, and caspase 3 in
lungs, suggesting the effectiveness of nicaraven
for attenuating the side effects of radiotherapy.
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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 B-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 a-SMA (a), collagen I (b) were shown. Data are normalized to a.-Tubulin.

Data are represented as the means * SD, n=3~6 in per group.

IR: irradiation; Post-IR: post-irradiation; Pre-IR: pre-irradiation.

Nicaraven has been well recognized on radical-
specific scavenging property.!* The 8-OHdG, an
oxidized nucleoside of DNA has been frequently
used as a marker for detecting oxidative stress.?3
However, consistent with our previous study,?*
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.”?> However, we found
that nicaraven administration did not significantly
change the levels of TGF-f, IL-1f3, and IL-6 in
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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 14days 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,?® 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.?? Previous studies have demon-
strated that RILI could be alleviated by blocking
pro-inflammatory factors.?”-28 In this study, we
observed that nicaraven partially attenuated the
enhanced expression of TGF-§ and IL-1f 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-f and IL-1B in the irradiated lungs.
Previous studies have well documented the harm-
less of nicaraven at the dose of 100mg/kg in
mice.?® 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.

SODI1 and SOD2 are antioxidant enzymes, but
their expression generally increases in response to
oxidative stresses and various types of injuries.®
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.®!7 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.?> Post-irradiation administration of
nicaraven partially decreased the expression of o-
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.3%3! Third, we could not provide data on the
8-OHAG 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 a-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,!¢ 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.

Declarations

Ethics approval and consent to participate

The animal experiments were approved by the
Institutional Animal Care and Use Committee of
Nagasaki University (Approval no.1608251335-12)
and all animal procedures were performed in accord-
ance with institutional and national guidelines.

Consent for publication
The authors give their consent for publication.

Author contributions

Yong Xu: Data curation; Investigation; Methodo-
logy; Writing — original draft; Writing — review &
editing.

Lina Abdelghany: Data curation; Investi-

gation; Writing — review & editing.

Reiko Sekiya: Data curation; Investigation.

Da Zhai: Data curation; Writing — review & editing.
Keiichi Jingu: Conceptualization.

Tao-Sheng Li: Conceptualization; Data cura-
tion; Investigation; Methodology; Resources;
Supervision; Writing — review & editing.

-380-

journals.sagepub.com/home/tar


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

Y Xu, L Abdelghany et al.

Acknowledgements
None.

Funding

The authors disclosed receipt of the following
financial support for the research, authorship,
and/or publication of this article: This study was
mainly supported by the Japan Agency for Medical
Research and Development (JP20lm0203081), a
Grant-in-Aid from the Ministry of Education,
Science, Sports, Culture and Technology, Japan.
The funder played no role in the study design,
data collection, and analysis, decision to publish,
or manuscript preparation.

Competing interests

The authors declared no potential conflicts of
interest with respect to the research, authorship,
and/or publication of this article.

Availability of data and materials

The datasets used and/or analyzed during the
current study are available from the correspond-
ing author on reasonable request.

ORCID iD
Tao-Sheng Li
7653-8873

https://orcid.org/0000-0002-

References
1. Giuranno L, Ient J, De Ruysscher D, ez al.
Radiation-induced lung injury (RILI). Front
Oncol 20195 9: 877.

2. Kim H, Park SH, Han SY, ez al. LXA4-FPR2
signaling regulates radiation-induced pulmonary
fibrosis via crosstalk with TGF-/Smad signaling.
Cell Death Dis 2020; 11: 653.

3. Bickelhaupt S, Erbel C, Timke C, ez al. Effects
of CTGF blockade on attenuation and reversal
of radiation-induced pulmonary fibrosis. ¥ Nat/
Cancer Inst 2017; 109: 8.

4. McBride WH and Schaue D. Radiation-induced
tissue damage and response. ¥ Pathol 2020; 250:
647-655.

5. Huang L, Snyder AR and Morgan WF.
Radiation-induced genomic instability and
its implications for radiation carcinogenesis.
Oncogene 2003; 22: 5848-5854.

6. Nakane M. Biological effects of the oxygen
molecule in critically ill patients. ¥ Intensive Care
2020; 8: 95.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Formenti SC and Demaria S. Systemic effects
of local radiotherapy. Lancer Oncol 2009; 10:
718-726.

Jin H, Yoo Y, Kim Y, er al. Radiation-induced
lung fibrosis: preclinical animal models and
therapeutic strategies. Cancers (Basel) 2020; 12:
1561.

Kainthola A, Haritwal T, Tiwari M, ez al.
Immunological aspect of radiation-induced
pneumonitis, current treatment strategies, and
future prospects. Front Immunol 2017; 8: 506.

Im J, Lawrence ], Seelig D, ez al. FoxM1-
dependent RAD51 and BRCAZ2 signaling protects
idiopathic pulmonary fibrosis fibroblasts from
radiation-induced cell death. Cell Death Dis 2018;
9: 584.

Weiss JF and Landauer MR. History and
development of radiation-protective agents. Inz ¥
Radiat Biol 2009; 85: 539-573.

Hahn SM, Krishna MC, DeLuca AM, et al.
Evaluation of the hydroxylamine Tempol-H as an
in vivo radioprotector. Free Radic Biol Med 2000;
28: 953-958.

Hosseinimehr SJ. Trends in the development of
radioprotective agents. Drug Discov Today 2007;
12: 794-805.

Akimoto T. Quantitative analysis of the kinetic
constant of the reaction of N, N -propylenedini-
cotinamide with the hydroxyl radical using
dimethyl sulfoxide and deduction of its structure
in chloroform. Chem Pharm Bull (Tokyo) 2000;
48: 467-476.

Watanabe M, Akiyama N, Sekine H, ez al.
Inhibition of poly (ADP-ribose) polymerase
as a protective effect of nicaraven in ionizing
radiation- and ara-C-induced cell death.
Anticancer Res 2006; 26(5A): 3421-3427.

Yan C, Luo L, Urata Y, et al. Nicaraven
reduces cancer metastasis to irradiated lungs by
decreasing CCLS8 and macrophage recruitment.
Cancer Letr 2018; 418: 204-210.

Xu'Y, Zhai D, Goto S, ez al. Nicaraven mitigates
radiation-induced lung injury by downregulating
the NF-kB and TGF-p/Smad pathways to
suppress the inflammatory response. ¥ Radiat Res
2022; 2022; rrab112.

Kepka L and Socha J. Dose and fractionation
schedules in radiotherapy for non-small cell
lung cancer. Transl Lung Cancer Res 20215 10:
1969-1982.

Shah BA, Xiao J, Oh C, ez al. Five-fraction prone
accelerated partial breast irradiation: long-term

journals.sagepub.com/home/tar

-381-


https://journals.sagepub.com/home/tar
https://orcid.org/0000-0002-7653-8873
https://orcid.org/0000-0002-7653-8873

THERAPEUTIC ADVANCES in
Respiratory Disease

Volume 16

Visit SAGE journals online
journals.sagepub.com/
home/tar

®SAGE journals

20.

21.

22.

23.

24.

25.

oncologic, dosimetric, and cosmetic outcome.
Pract Radiat Oncol 2022; 12: 106-112.

Doi H, Kitajima Y, Luo L, er al. Potency of
umbilical cord blood- and Wharton’s jelly-derived
mesenchymal stem cells for scarless wound
healing. Sci Rep 2016; 6: 18844.

Yang L, Yang ], Li G, er al. Pathophysiological
responses in rat and mouse models of radiation-
induced brain injury. Mol Neurobiol 2017; 54:
1022-1032.

Hanania AN, Mainwaring W, Ghebre YT, ez al.
Radiation-induced lung injury: assessment and
management. Chest 2019; 156: 150-162.

Valavanidis A, Vlachogianni T and Fiotakis
C. 8-hydroxy-2 -deoxyguanosine (8-OHdG):
a critical biomarker of oxidative stress and
carcinogenesis. ¥ Environ Sci Health C Environ
Carcinog Ecotoxicol Rev 2009; 27: 120-139.

Kawakatsu M, Urata Y, Imai R, ez al.
Nicaraven attenuates radiation-induced injury
in hematopoietic stem/progenitor cells in mice.
PLoS ONE 2013; 8: €60023.

Mavragani IV, Laskaratou DA, Frey B, ez al.
Key mechanisms involved in ionizing radiation-
induced systemic effects. A current review.
Toxicol Res (Camb) 2015; 5: 12-33.

26.

27.

28.

20.

30.

31.

Singh M, Tian X]J, Donnenberg VS, er al.
Targeting the temporal dynamics of hypoxia-
induced tumor-secreted factors halts tumor
migration. Cancer Res 20195 79: 2962-2977.

Li W, Lu L, Liu B, ez al. Effects of phycocyanin
on pulmonary and gut microbiota in a radiation-
induced pulmonary fibrosis model. Biomed
Pharmacother 2020; 132: 110826.

Chen B, Na F, Yang H, ez al. Ethyl pyruvate
alleviates radiation-induced lung injury in
mice. Biomed Pharmacother 2017; 92:
468-478.

Zhang X, Moriwaki T, Kawabata T, ez al.

Nicaraven attenuates postoperative systemic

inflammatory responses-induced tumor

metastasis. Ann Surg Oncol 2020; 27:
1068-1074.

Ozdemir BC, Csajka C, Dotto GP, ez al. Sex
differences in efficacy and toxicity of systemic
treatments: an undervalued issue in the era
of precision oncology. ¥ Clin Oncol 2018; 36:
2680-2683.

Narendran N, Luzhna L. and Kovalchuk O. Sex
difference of radiation response in occupational
and accidental exposure. Front Genet 2019; 10:
260.

-382-

journals.sagepub.com/home/tar


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

BR#E)IEFEFEHEE (FURED—X) DEFHE

5 44 #A

HREES - 64411

REELT  FEHEHA
fERB ;20233 A 106

K % S

il AR LI PEILIN o M | &£588 1994/08/21

PTEME (1R

RIBXFRFREREEFREAER (KFERE)

mMEL FEEHE)

BIAPAPRESE LR OTRHERLEWHE SHLBNEE (I0 B #0D)

MET—<

INDFERERTRIBEMARE (CLIP) A5 3D IBERRL
3D bile duct formation fromsmall molecule induced | iver progenitor cells (CLiPs)

B

i S+

Iz i+

MERETM GEEHERLAR

FARIR R

® B " KA Bufs ALK

6 30

FREKAE R I

SR AT o 12
HEOWE

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.
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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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3D bile duct formation from small molecule induced liver progenitor cells(CLiPs)
BEIER mXiEt O SRiEEL v
1. BIRBEM)
1) B # (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) Bk E& (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) # ¥} & 7% (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 X 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/uL 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 2.4g/L
NaHCO3 and L-glutamine (Life Technologies) and supplemented with 5mM HEPES, 30 mg/L L—proline, 0.05% BSA, 10ng/mL EGF
(all from Sigma—Aldrich Japan, Tokyo, Japan), insulin—transferrin—serine (ITS)-X (Life Technologies), 10—7M dexamethasone (Dex)
(Fuji Pharma Co. Ltd., Tokyo, Japan), 10mM nicotinamide (Sigma—Aldrich Japan), 1 mM ascorbic acid—2 phosphate (Wako Pure
Chemical), 100U/mL penicillin, and 100 mg/mL streptomycin (Life Technologies) in addition to two small chemical molecules of
0.5 4 M A-83-01 (Wako Pure Chemical), 3 £ M 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 X 105 cells on collagen—coated 12—well-plates (around 3 X 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 X 105 cells/well (1.2 X 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 10uM Y-27632, 0.5uM A-83-01, 3uM 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 X 105 cells/12—-well plate (2.5 X 104 cells/cm2) for 1 day in
hepatocyte—defined medium (Catlog 05449, Corning, Bedford, USA) supplemented with 10ug/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) EER#E R (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-gPCR 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) & %X (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-gPCR 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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