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Abstract

BACKGROUND

The self-assembly of solid organs from stem cells has the potential to greatly
expand the applicability of regenerative medicine. Stem cells can self-organise
into microsized organ units, partially modelling tissue function and regeneration.
Dental pulp organoids have been used to recapitulate the processes of tooth
development and related diseases. However, the lack of vasculature limits the
utility of dental pulp organoids.

AIM

To improve survival and aid in recovery after stem cell transplantation, we
demonstrated the three-dimensional (3D) self-assembly of adult stem cell-human
dental pulp stem cells (hDPSCs) and endothelial cells (ECs) into a novel type of
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spheroid-shaped dental pulp organoid in vitro under hypoxia and conditioned medium (CM).

METHODS

During culture, primary hDPSCs were induced to differentiate into ECs by exposing them to a hypoxic en-
vironment and CM. The hypoxic pretreated hDPSCs were then mixed with ECs at specific ratios and conditioned
in a 3D environment to produce prevascularized dental pulp organoids. The biological characteristics of the
organoids were analysed, and the regulatory pathways associated with angiogenesis were studied.

RESULTS

The combination of these two agents resulted in prevascularized human dental pulp organoids (Vorganoids) that
more closely resembled dental pulp tissue in terms of morphology and function. Single-cell RNA sequencing of
dental pulp tissue and RNA sequencing of Vorganoids were integrated to analyse key regulatory pathways
associated with angiogenesis. The biomarkers forkhead box protein O1 and fibroblast growth factor 2 were
identified to be involved in the regulation of Vorganoids.

CONCLUSION
In this innovative study, we effectively established an in vitro model of Vorganoids and used it to elucidate new
mechanisms of angiogenesis during regeneration, facilitating the development of clinical treatment strategies.

Key Words: Human dental pulp stem cells; Prevascularized organoids; Integrated analyses; Angiogenesis; Forkhead box protein
(0]

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: We demonstrated the three-dimensional self-assembly of adult stem cell-human dermal papilla cells and
endothelial cells into a novel type of spheroid-shaped dental pulp organoid in vitro under hypoxia and conditioned medium.
These organoids have been constructed to be morphologically and functionally closer to dental pulp tissue. Through the
integration and analysis of single-cell RNA sequencing and RNA sequencing data, forkhead box protein O1 and fibroblast
growth factor 2 were identified as crucial markers involved in the regulation of organoid angiogenesis. In this innovative
study, we effectively established an in vitro model of prevascularized dental pulp organoids and used it to elucidate new
mechanisms of angiogenesis during regeneration, facilitating the development of clinical treatment strategies.

Citation: Liu F, Xiao J, Chen LH, Pan YY, Tian JZ, Zhang ZR, Bai XC. Self-assembly of differentiated dental pulp stem cells
facilitates spheroid human dental organoid formation and prevascularization. World J Stem Cells 2024; 16(3): 287-304

URL: https://www.wjgnet.com/1948-0210/full/v16/i3/287.htm

DOI: https://dx.doi.org/10.4252/wjsc.v16.i3.287

INTRODUCTION

The main experimental tool and goal of tissue regeneration engineering is the implantation of specific stem cells into
diseased environments to repair and compensate for the dysfunction of damaged tissues and organs. However, the
complexity and variability of the tissue microenvironment at the site of injury, such as hypoxic lethality, the inflam-
matory response, immune resistance and inadequate blood supply, leads to low survival rates (success rates of approx-
imately 1%-3%) and poor maturation rates of directed differentiation after stem cell transplantation, all of which limit the
clinical application and promotion of stem cells[1,2]. Therefore, it is critical for stem cells to form additional microvessels
after implantation to quickly connect to the host’s circulatory system and form functional blood vessels to ensure nutrient
and oxygen delivery after implantation.

Organoids are constructed in vitro following an in vivo developmental programme that allows cells to grow, migrate,
differentiate and function in three-dimensional (3D). A variety of organoids are currently constructed in vitro[3,4].
Compared to traditional 2D culture methods, 3D culture facilitates cell access to bio-factors and reduces intercellular
shear force, which promotes the proliferation and differentiation of dental pulp stem cells. With the advent of 3D pulp
culture technology, great progress has been made in regenerative endodontic procedures[5-7]. Although the construction
of organoid models has outstanding advantages in terms of clinical application, it still faces a major challenge, namely,
the lack of model nourishment due to the absence of angiogenesis, which is the main dilemma for the in vitro application
of such models. In recent years, numerous studies have investigated the relationship between angiogenesis and pulp
regeneration[7,8]. Several researchers have proposed that the addition of high concentrations of nutrients and their
controlled and sustained release from scaffolds are important strategies for optimising angiogenesis during pulp
regeneration[9]. A hydrogel scaffold was used in combination with conditioned media to release bio-factors in a
controlled manner, which subsequently promoted blood vessel and nerve formation and dental tissue repair[10].
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Our previous study revealed that hypoxia-activated phosphatidylinositol 3 kinase/protein kinase B (PI3K/Akt)
inhibits oxidative stress in human dental pulp stem cells (hDPSCs) by regulating reactive oxygen species[11], thereby
maintaining stem cell stemness during in vitro expansion. In addition, a number of signalling pathways associated with
angiogenesis are activated, and the expression of regulatory factors associated with angiogenesis is altered. Does using
hypoxic hDPSCs in in vitro organoid cultures better induce angiogenesis? How can prevascularized organoids be
constructed to address current challenges in stem cell applications? Is angiogenesis regulated by the same mechanisms in
dental pulp and prevascularized dental pulp organoids (Vorganoids)?

We induced endothelial cells (ECs) and hDPSCs in culture and subsequently fused the two cell types to obtain
Vorganoids, which are morphologically and functionally more similar to dental pulp tissue. Single-cell RNA sequencing
(scRNA-seq) of dental pulp tissue and RNA-seq of Vorganoids were subsequently integrated to analyse key regulatory
pathways associated with angiogenesis in dental pulp tissue. Vascular endothelial growth factor A (VEGFA), a key
signalling pathway regulating the differentiation of vascular ECs in dental pulp tissue, was also significantly enriched in
the development of Vorganoids. The biomarkers forkhead box protein O1 (FOXO1) and fibroblast growth factor 2 (FGF2)
were identified to be involved in the regulation of Vorganoids. In this innovative study, we effectively established an in
vitro model of prevascularized dental pulp organoids and used it to elucidate new mechanisms of angiogenesis during
regeneration, facilitating the development of clinical treatment strategies.

MATERIALS AND METHODS

Single-cell data download and preprocessing

We downloaded the GSE161266 dataset from the Gene Expression Omnibus database[12] and performed the following
analyses: (1) Quality control and selection of cells for further analysis; (2) Background correction; (3) Selection of high-
variability features (identification of high-variability markers in single-cell populations as candidate regulatory genes); (4)
Dimensionality reduction (principal component analysis, linear dimensionality reduction, and determination of the
appropriate “dimensionality” of the dataset); (5) Clustering of cell populations based on principal component analysis;
and (6) Nonlinear dimensionality reduction by the UMAP/tSNE algorithm. Identification of differentially expressed
genes (DEGs) in cell subpopulations. Dataset quality control was performed by removing cells with < 200 expressed
genes, low-quality/dying cells, and empty droplets (cells with a mitochondrial genome accounting for > 5% of the total
genome were selected)[13-15]. Subsequently, global scaling normalisation of overall expression was performed for the
cells included in the analyses, and the expression levels were log-transformed. To reduce the noise in the data, Seurat’s
nonlinear dimensionality reduction algorithm was used to extract the principal components of the core data regarding the
“meta-features” of the clustered dataset. Based on the similarity of the cell expression profiles, cells were grouped into
highly related subpopulations and clusters using the KNN algorithm[13,15].

Cell cluster definition and pseudotime-series analysis

Cell clusters were reannotated by the SingleR and scCATCH algorithms[14]. For the cell clusters with inconsistent
annotation results, cell markers were visualised for analysis and determination of the cell subpopulation. Pseudotime-
series analysis was performed on the entire cell population and core cell subpopulations. The Monocle algorithm was
used to analyse the serial changes in gene expression experienced by each cell during the process of cell-state transition;
this algorithm reveals the overall “trajectory” of gene expression changes and defines the appropriate regulatory point of
each cell in the trajectory[16]. Based on the Monocle algorithm, cells were arranged in 2D space according to their global
expression profiles, and the cell state trajectory was plotted. Subsequently, DEGs with kinetic correlations were identified
by differential expression analysis based on the pseudotime values[13,15].

Functional enrichment analysis of the core cell subpopulations identified by pseudotime-series analysis

Based on the above analyses, core cell subpopulations were selected, and DEGs with kinetic correlations were subjected
to pathway enrichment analysis: (1) The clusterProfiler package was used for Gene Ontology (GO) enrichment analysis
(biological process, molecular function, and cellular component)[17]; and (2) GSVA was used to calculate the enrichment
scores of pathways[18]: (1) Cell expression profiles were obtained from the preparation of samples for calculation of gene
expression; (2) In preparation of the gene set, the core pathway gene list was downloaded from the MSIGDB database
(https:/ /www.gsea-msigdb.org/gsea/msigdb/index.jsp); and (3) The gene set was introduced into the algorithm, the
pathways were scored by the GSVA algorithm for each sample, and the pathway scores were subjected to relative quanti-
fication.

RNA-seq analysis

The RNA-seq data units corresponding to the FPKM values of the samples were included. Differential gene expression
analysis was performed on the samples from the two clusters with the most significant difference in survival. The DESeq
algorithm was used to normalise the gene expression profiles and filter out genes with low expression[19]. The criteria for
selecting DEGs were as follows: Log2-fold change > 1.5 and Benjamini-Hochberg (B-H) adjusted P value < 0.05. Through
unsupervised cluster analysis, the identified DEGs were clustered according to the sample group, and GO enrichment
analysis of these genes was subsequently performed to explore their potential biological functions through the ToppGene
Suite (https://toppgene.cchmc.org)[20].
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Gene functional enrichment analysis

Gene set enrichment analysis (GSEA) was performed to identify the core pathways and regulatory genes whose expre-
ssion significantly changed. Further clustering and quantitative analysis of the core pathways and involved genes were
performed using GSVA and the Ternary Cluster. Finally, regulatory genes related to pathological progression in the core
cell subpopulations were obtained.

Cell culture and identification

The hDPSCs were collected from pulp tissues of extracted third molars from patients aged 18 to 25 years (12 males and 8
females). Cells from the first to fifth passages were used in this study. All patients were informed, agreed to participate in
this study, and signed an informed consent. The study protocol was approved by the Ethics Committee of Guangdong
Second Provincial General Hospital. Multiple differentiation assays for hDPSCs were performed according to a pre-
viously described procedure. Once the cells had reached 70%-80% confluence, the hDPSCs were allowed to differentiate
in osteogenic, chondrogenic, or adipogenic induction media. The induction medium was changed every 2 d until the
differentiated cells were harvested.

Analysis of cell surface markers

The hDPSCs were washed and resuspended in phosphate buffered saline (containing 1% foetal bovine serum) and then
labelled with monoclonal anti-human CD146-PE, CD90-APC, CD34-PerCP and CD45-APC (Chemicon, Temecula, CA) for
30 min. The cells were washed twice, resuspended in staining buffer and analysed by flow cytometry.

Strategies for the construction of a model for the study of vascularized human dental pulp-like organs
Preconditioning: Primary hDPSC cultures were incubated under 3% hypoxia beginning at passage 1. When the cells had

expanded to passage 3, vasculogenic conditioned medium 1 (CM1) was added, and the culture was continued under
hypoxic conditions for 7 d. CM1: EGM2 + 10% foetal bovine serum + 50 ng/mL VEGF 165 rh.

Aggregate formation: Hypoxic cells were then mixed with conditionally induced cells at a 2:8 ratio (total 5 x 10* cells) in a
96-well low-attachment plate containing 150 pL of CM2 per well. CM2: CM1 + 50 pM Y27632 + 5 pL Matrigel. After 1 d of
3D culture, the medium was changed to CM1, and the incubation continued for 6 d.

Analysis: The medium was changed to normal medium, and the experimental application phase of the Vorganoids
experimental model was started (Figure 1). The standard experimental procedures for[5] identifying the organoids were
performed according to previous methods.
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Figure 1 The single-cell atlas of human teeth. A: Single-cell RNA sequencing data from human teeth were projected onto the UMAP map. Annotation-cell
and nonannotation clusters are presented on the same UMAP plot; B: The top 5 upregulated and downregulated differentially expressed genes (DEGs) were
subsequently detected in each cell cluster; C: The UMAP map shows all the endothelial cell subsets; D: Heatmap of DEGs associated with endothelial cell subset
development according to pseudotime trajectory analysis. The prebranch, cell fate1, and cell fate2 subsets of endothelial cells exhibit distinct fates; E: Vascular
endothelial growth factor A targets identified by gene set enrichment analysis for pseudotime trajectory-related DEGs; F: GSVA and Ternary Cluster analyses
revealed a significant difference in the vascular endothelial growth factor signalling pathway among the dental pulp endothelial cells; G: The GSVA and Ternary
Cluster analyses showed a significant difference in vascular endothelial growth factor signaling pathway among dental pulp endothelial cells. VEGFA: Vascular
endothelial growth factor A; IL: Interleukin; KEGG: Kyoto Encyclopedia of Genes and Genomes.

Hematoxylin-eosin staining

Various tissues were placed in 4% paraformaldehyde for histological examination. The tissues were dehydrated,
embedded in paraffin, cut into 4 pm thick slices, and baked in an oven at 60 °C for 3 h. Paraffin was removed for
hematoxylin-eosin (HE) staining, and the sections were observed and photographed under a microscope (Nikon, Tokyo,

Japan).

Transmission electron microscopy imaging

For morphological analysis, the samples were then fixed with 2.5% glutaraldehyde for 12 h at room temperature. The
samples were dehydrated in a graded series of ethanol (50%-100%), permeabilized with propylene oxide, and embedded
in a poly/bed 812 kit (Polysciences, Washington, PA, United States). After embedding and polymerising the pure fresh
resin in an electron microscope oven (DOSAKA) for 24 h, the initial sections were cut at approximately 50-200 nm, stained
with toluidine blue (Sigma), and examined via light microscopy. Sections of approximately 70 nm were double stained
with 6% uranyl acetate and lead citrate (Thermo Fisher Scientific, Waltham, MA, United States) for comparison. These
sections were cut using a Leica EM UC-7 (Leica Microsystems, Tokyo, Japan) instrument equipped with a diamond knife
(Diatome, Hatfield, PA, United States) and then transferred to copper and nickel grids. A transmission electron mic-
roscope (JEOL) with an acceleration voltage of 80 kV was used to observe all thin sections.

Immunofluorescence staining

Samples from each group were fixed with 4% paraformaldehyde for 24 h and subsequently incubated with 0.5% Triton-X
for 10 min. Bovine serum albumin (1%) was used to block the cells for 1 h. Samples were dehydrated in sections after
paraffin embedding. After blocking with 5% goat serum (Life Technologies, New York, NY, United States) for 1 h at 20
°C, the specimens were then treated with rabbit anti-CD31 (Cell Signaling Technology, Boston, United States), anti-VE-
cadherin (Cell Signaling Technology, Boston, United States), FGF2 (Ab208687-40, Abcame, Shanghai, United States), anti-
FOXO1 (Cell Signaling Technology, Boston, United States), or anti-p-AKT (Cell Signaling Technology, Boston, United
States) antibodies for 12 h at 4 °C. Alexa Fluor 594-conjugated goat anti-rabbit secondary antibody (GB25303; Sevicebio,
Wuhan, China) was added, and the cells were incubated for 2 h at room temperature. The nuclei were stained with 4’,6-
diamidino-2-phenylindole. CD31, VE-cadherin, FGF2, FOXO1, and p-AKT expression was observed under a fluorescence
microscope (Nikon Eclipse, Tokyo, Japan). Statistical analysis was performed using GraphPad Prism 7 Software (San
Diego, CA, United States).

Adenosine triphosphate

To quantify the metabolic activity of Vorganoids formed at different stages. RIPA buffer was added to lyse the
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Vorganoids, which were subsequently centrifuged at 4 °C for 5 min at 12000 rpm, after which the supernatant was
removed for adenosine triphosphate (ATP) determination. The ATP assay working solution was prepared according to
the kit instructions (50026, Beyotime, China), and an ATP standard curve was constructed. The ATP working solution
(100 pL) was added to the test wells and allowed to stand for 3-5 min at room temperature to eliminate background
effects. Then, an appropriate amount of sample or standard was added and mixed well. The relative light unit value was
measured using a chemiluminescence metre.

Lactate dehydrogenase assay

To quantify the degree of cell death at Vorganoids that formed at different stages, the culture supernatants were changed
to serum-free DMEM 24 h before the culture medium was aspirated from each well, and the sediment was removed by
centrifugation at 1000 rpm for 5 min according to the manufacturer’s protocol. A kit was used to measure the lactate
dehydrogenase (LDH) concentration in each group of cultures according to the manufacturer’s instructions (C0017,
Beyotime, China).

Enzyme-linked immunosorbent assay

To quantify the expression of inflammatory markers in VOrganoids that formed at different stages, the levels of
interleukin (IL)-6, IL-8, IL-10, IL-1pB, and tumour necrosis factor-o in culture supernatants were assayed via enzyme-linked
immunosorbent assay (BioLegend) according to the manufacturer’s instructions.

Statistical analysis

The data were analysed using IBM SPSS Statistics 22.0 and Image-Pro Plus 6.0, and the normality and variance of the data
distribution were analysed using the Kolmogorov-Smirnov test and Levene’s test, respectively. Means were compared
between two groups by t tests, and means were compared between multiple groups by one-way ANOVA with Bon-
ferroni correction for two-way comparisons. Differences were considered statistically significant when P < 0.05.

RESULTS

SCRNA-seq analysis

After quality control, we found no differences in the cell cycle distribution between the single-cell subpopulations. Cell
clustering by UMARP resulted in 13 cell subpopulations in two spatial dimensions, which were annotated and divided into
six classes: Chondrocytes, ECs, epithelial cells, neurons, natural killer cells, and tissue stem cells (Figure 1A). Among the
DEGs, FDCSP, KRT14, S100A8, S100A9, and S100A2 were the most common upregulated DEGs, while COL3A1, COL1A2,
IGFBP7, COL1A1, and VIM were the most common. For ECs, the upregulated DEGs were IFI27, ACKR1, RAMP2, AQP1,
and GNGI11, and the downregulated DEGs were S100A2, S100A9, KRT14, and S100A8. For chondrocytes, COL1A1,
COL1A2, POSTN, ASPN, and COL3A1 were upregulated DEGs, while S100A2, KRT14, S100A9, and S100A8 were
downregulated DEGs (Figure 1B).

Reclustering analysis of core cell subpopulations

ECs were re-extracted and reclustered. The 2D cell distribution determined by UMAP was used to analyse the cell spatial
clustering, and four subpopulations were obtained (Figure 1C). Pseudotime-series analysis revealed that the cell po-
pulation could be divided into three developmental stages, and hub regulators are also presented (Figure 1D). GO
analysis of development-related genes revealed that the primary regulatory pathways were closely related to ribonucleo-
protein complex biogenesis, proteasomal protein catabolic process, and RNA splicing.

EC pseudotime series and functional enrichment analyses

Pseudotime-series analysis of ECs revealed that CRIP1, IFITM1, and B2M were expressed at high levels in fate2 ECs,
while TMSB4X, ID3, and XIST were expressed at low levels. In fatel cells, MT-ND4, TIMP1, and MT-CO2 were highly
expressed, while PTMAPS5, ITM2B, and RPS27AP16 were expressed at low levels. In differentiating cells, MT-RNR1, MT-
RNR2, and DNASE1L3 were expressed at low levels, while IFI27, FABP4, and TMSB10 were highly expressed (Figure 1D).
Kyoto Encyclopedia of Genes and Genomes pathway analysis revealed that the VEGF signalling pathway (B-H adjusted
P value = 4.63E-06, gene count = 4), the IL-17 signalling pathway (B-H adjusted P value = 1.18E-05, gene count = 5), and
the AGE-RAGE signalling pathway in diabetic complications (B-H adjusted P value= 1.60E-05, gene count = 5) were the
predominant pathways enriched (Figure 1E).

GSEA of core pathways

GSEA showed that WESTON-VEGFA TARGETS (enrichment score = 0.47, normalised enrichment score = 2.11, and B-H
adjusted P value = 0.018) was associated with endodontium differentiation and progression. BGN, ELN, FOXO1, TIE]1,
and PECAM1, which had relatively high running enrichment scores, were considered key regulators of dental pulp
development (Figure 1F). In addition, GSVA and ternary cluster analyses revealed a significant difference in the VEGF
signalling pathway among the dental pulp ECs (P = 3.35e-172). PECAM1 (21%), FGF2 (13%), FOXO1 (13%), and SPHK1
(14%) were the core genes with high variability (Figure 1C).
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Derivation of human dermal papilla cells from mesenchymal tissue with multipotential differentiation potential

To investigate the multidirectional differentiation potential of hDPSCs, we first established hDPSCs from pulp tissues
extracted from third molars (patient age: 15 to 25 years). Cell surface marker identification experiments showed that the
hDPSCs were derived from mesenchymal tissue and expressed mesenchymal-specific surface markers (Figure 2A).
Multidirectional differentiation experiments revealed that hDPSCs could differentiate into osteogenic cells, cartilage cells,
and adipocytes and express their corresponding specific markers (Figure 2B). Collectively, these data proved that hDPSCs
exhibit multidirectional differentiation potential.
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Figure 2 Human dental pulp stem cell culture and identification of multilineage differentiation ability. A: Human dental pulp stem cell surface
marker identification; B: Immunofluorescence staining for dentin sialophosphoprotein, peroxisome proliferator-activated receptor y2, and collagen type Ill. Osteogenic,
adipogenic, and chondrogenic differentiation were examined by assessing mineralised nodule formation, oil red O staining, and alcian blue staining, respectively, via
pellet culture (morphology). Scale bar = 100 um. DSPP: Dentin sialophosphoprotein; PPARy2: Peroxisome proliferator-activated receptor y2; col lll: Collagen type IlI;
IF: Immunofluorescence; DAPI: 4’,6-diamidino-2-phenylindole.

Morphological and functional identification of vascularized human dental pulp organoids

The cells began to aggregate into clusters at approximately 6 h and formed a single spherical morphology after approx-
imately 1 d. The final diameter of the Vorganoid was approximately 400-600 pm. After the addition of 0.3% Triton X to
permeabilize the Vorganoids for 30 min, the cells were unevenly distributed within the Vorganoids, and flocculent and
irregularly distributed within the Vorganoids were observed. Long-term cultures of Vorganoids showed irregular cell
proliferation and hyaline stroma at the edges, and Vorganoids were cultured continuously for more than 42 d in vitro
(Figure 3A). HE staining and transmission electron microscopy revealed that the cells at the edge of the Vorganoids were
arranged in a spindle row complex with normal intracellular organelles and fewer necrotic cells. In contrast, lysosome-
like vesicles, which are polygonal in shape and tend to be compressed, appear in central cells. Compared to those in
organoid culture, Vorganoids in culture had a greater proportion of Matrigel, a looser cell density and internal structure,
fewer necrotic cells, and a greater distribution density and morphology similar to those of dental pulp tissue (Figure 3B).
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Figure 3 Strategies for the construction of a model for the study of prevascularized dental pulp organoids (Vorganoids). A: Schematic
diagram of the timeline for generating Vorganoids from human dental pulp stem cells; B: Morphological differences between normal tissues, organoids, and
vorganoids. Scale bar for hematoxylin-eosin staining = 100 ym and for transchromatic electron microscope = 5 ym. CM: Condition medium; HE: Hematoxylin-eosin;
TEM: Transchromatic electron microscope; hDPCs: Human dental pulp stem cells; VEGF: Vascular endothelial growth factor; CM: Conditioned medium; FBS: Foetal
bovine serum.

Differences in the expression of the angiogenic markers CD31 and VE were compared in three different tissues. CD31
was weakly expressed in pulp tissue, and VE was less expressed; CD31 was weakly expressed in organoids, while VE
was not expressed; and the fluorescence intensities of CD31 and VE were greater in Vorganoid than in pulp tissue and
organoids (Figure 4A). CD31 expression increased in the early stages of culture, reaching a peak at 14 d, with a sub-
sequent decrease in expression (Figure 4B). The Vorganoids maintained a morphology similar to that of dental pulp for
the first 21 d of in vitro culture, but when the culture time was extended to 28 d, loose dissociation occurred within the
Vorganoid masses (Figure 4C). The ATP concentration decreased with increasing culture time, and the LDH concen-
tration increased with increasing culture time (Figure 4D and E). The expression of IL-6 and IL-8 increased (Figure 4F),
but there were no statistically significant differences in the expression of the other inflammatory factors. This finding
suggested that the optimal period for using Vorganoids as a model for in vitro cell studies is within approximately 21 d.

RNA-Seq analysis of dentin-pulp-like organoid development

By sample clustering analysis, we found that the pulp cells were well differentiated between the 2D /3D culture and
normal groups (Figure 5A). Compared with control, organoid showed 4171 and 2598 up- and downregulated genes,
respectively, and Vorganoid showed 5227 and 3355 up- and downregulated genes, respectively (Figure 5B and C). GSEA
showed that the DEGs in the VEGFA pathway were significantly enriched in the organoid and Vorganoid groups relative
to the control group (organoid vs control: Enrichment score = 0.61, NES = 1.22, P.adjust = 0.0082; Vorganoid vs control:
Enrichment Score = 0.64, NES = 1.63, P.adjust = 0.0058) (Figure 5D and E).

Target gene identification and validation

The above analyses revealed that the VEGFA TARGETS pathway may be the major pathway associated with the pro-
gression of and changes in the organoid and Vorganoid pathways compared to those in the control group. The enrich-
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Figure 4 Morphological and functional identification of Vorganoids. A: Inmunofluorescence staining for vasculogenesis-related markers; B: CD31
expression pattern in Vorganoid cells during different culture durations; C: Morphological changes in Vorganoid cells during different culture durations; D and E:
Analysis of adenosine triphosphate (D) and lactate dehydrogenase (E) levels in Vorganoids during different culture durations; F: Expression patterns of inflammatory
markers in Vorganoids analysed via enzyme-linked immunosorbent assay. Significant difference between the groups, °P < 0.01, Scale bar = 100 ym. HE:
Hematoxylin-eosin; ATP: Adenosine triphosphate; LDH: Lactate dehydrogenase; IL: Interleukin; TNF: Tumour necrosis factor; NS: Not significant.

ment analysis revealed that the DEGs intersected with the DEGs identified by pseudotime series and single-cell RN A-seq
analysis to identify three common DEGs: PECAM1 (21%), FGF2 (13%) and FOXO1 (13%) (Figure 5D).

Immunofluorescence staining revealed that the increase in FOXO1 and FGF2 expression was significantly greater in the
Vorganoids group (P < 0.05) (Figure 6A). After 7 d of addition of the FOXO1 inhibitor AS1842856 to the Vorganoid
medium, a decrease in CD31 expression and an increase in FGF2 expression were observed, as was a decrease in the ratio
of p-AKT/FOXOL1 expression, with no significant change in VE expression (Figure 6B).

DISCUSSION

Revascularization plays an important role in tissue engineering. In this study, first, prevascularized human pulp or-
ganoids were constructed, and the vascularized organoids were found to be more similar to normal pulp tissue in terms
of function and morphology (Figure 7). hDPSCs have stem cell properties and can differentiate into different cell types for
clinical restorative applications. High expression of CD105, CD133 and CD146 has been shown to indicate subpopulations
of cells with high angiogenic potential[21]. Selected CD105-positive dental pulp cells encapsulated in collagen scaffolds
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Figure 5 Functional enrichment analysis results for differentially expressed genes in the organoid vs control and Vorganoid vs control
comparisons. A: The sample cluster dendrogram of different states of dentin-pulp-like organoid development; B and C: Volcano map showing the differentially
expressed genes identified via differential comparison of the organoid vs control (B) and Vorganoid vs control (C) groups; D and E: The vascular endothelial growth
factor A targets identified by gene set enrichment analysis enrichment analysis in the organoid vs control (D) and Vorganoid vs control (E) groups. VEGFA: Vascular
endothelial growth factor A.

and stromal cell-derived factor 1a and transplanted into root canals were able to form tissue with vascular-like structures
[22]. In addition, the angiogenic capacities of different cell types differ; interactions between cells enhance angiogenic
capacity, and an appropriate cell mixing ratio can significantly enhance angiogenesis[21,23-25]. In this study, the
stemness of hDPSCs was maintained by 3% hypoxia treatment, vascularisation medium was added to promote the differ-
entiation of pulp cells into ECs, Matrigel scaffolds provided attachment sites and growth space for the cells to maintain a
suitable biomechanical microenvironment, and 3D coculture with unconditioned pulp cells was subsequently performed
to promote organoid prevascularisation (Figures 5A and 7). Depending on the diffusional supply of nutrients and oxygen
[26], the diameter of the Vorganoids remains within 500 pm. To promote organoid vascularisa-tion, four elements,
namely, cells, oxygen levels, scaffolding and signalling factors, work synergistically. The morphological and functional
tests indicate that the Vorganoid partially. It should be noted that Vorganoids differ from tightly controlled structures in
vivo. The use of in vitro models is limited in terms of representing the cell composition and structure of the in vivo
counterpart, which can make them less reproducible.

To more thoroughly analyse the mechanisms involved in pulp tissue angiogenesis, we extracted single-cell sequencing
data from public databases, further analysed the key regulatory pathways linking EC subpopulations in the tissue to
angiogenesis, and performed a temporal analysis of key genes at different temporal and spatial nodes[27]. ECs were
dominant in Vorganoid culture, and the proportion of ECs in the cell population was quite high in Vorganoid culture.
Combined with the RNA-seq results, these findings revealed that the pathways associated with VEGFA targets were
significantly enriched in the development of Vorganoids. Among the regulatory factors, the FOXO1 and FGF2 biomarkers
were found to be involved in the regulation of Vorganoids.

FOXOL1 is a key transcription factor involved in a wide range of biological functions. It is widely expressed in vascular
ECs, and vascular cell adhesion molecule 1, intercellular adhesion molecule 1 and E-selectin have been reported to be
downstream regulators of vascular ECs[28,29]. Systematic knockout of the FOXO1 gene impaired angiogenesis and killed
embryos, but specific knockout of the FOXO1 gene in the adult mouse myocardium did not affect cardiac function[30,31].
Previous experiments showed that FOXO1 transcript expression was reduced in hypoxic culture but increased when the
culture environment was changed to conditional induction culture or 3D organoid formation (Figure 7). Thus, FOXO1
may regulate different gene transcripts that act at different stages of angiogenesis, particularly during embryonic deve-
lopment. Therefore, we investigated the role of FOXOL1 in the different stages of angiogenic differentiation in hDPSCs;
however, it is unclear whether it plays a synergistic role between its antioxidant and angiogenic effects. This topic is
worth investigating further.

The ability of cellular grafts to repair damaged tissues is limited, and the introduction of vascularized grafts brings
them closer to the function and maturation of the corresponding tissues. This technique has the potential to overcome the
limitations of many other models, such as maintaining in vitro accessibility and scalability, but significant improvements
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are still needed. In conclusion, the finding of this study suggested that this new model could be applied in the field,
which may pave the way for future dental regeneration prospects. In addition, vascularized organoids are more
biologically similar to normal tissue. In addition to tissue regeneration and repair, Vorganoids can also be used for
disease modelling, toxicity testing and drug screening. The use of human 3D organoids, along with other advances in
single-cell technology, has revealed unprecedented insights into human biology and disease mechanisms.

CONCLUSION

Current organoid models do not fully replicate all cell types, levels of cell maturation, and physiological functions of their
respective organs. They only exhibit some of the organ’s functions. In this study, we effectively established an in vitro
model of prevascularized dental pulp organoids and used it to elucidate new mechanisms of angiogenesis. Our results
suggest that the biomarkers FOXO1 and FGF2 confirm the angiogenic regulatory role of Vorganoids. However, to
understand the mechanisms by which organoids interact between structure and function, further investigation is
required. Additionally, the use of organoids in simulating inflammation in clinically relevant diseases and the immuno-
genicity of dental materials should be studied.

ARTICLE HIGHLIGHTS

Research background

Stem cells can self-organise into microsized organ units, which can partially model tissue function and regeneration.
Dental pulp organoids have been used to replicate the processes of tooth development and related diseases. However, the
lack of vasculature limits the usefulness of dental pulp organo.

Research motivation
The survival of stem cell transplants should be promoted, thereby improving the repair ability of the cells.

Research objectives
Three-dimensional (3D) self-assembly of a novel vascularised dental pulp-like organoid in vitro by hypoxia and con-
ditioned media.

Research methods

Human dental pulp stem cells were induced from endothelial cells (ECs) through exposure to a hypoxic environment and
conditioned medium. The resulting cells were then mixed with ECs at specific ratios and conditioned in a 3D
environment to produce Vorganoids. The biological characteristics of the Vorganoids were analysed, and the regulatory
pathways associated with angiogenesis were studied.

Research results

Vorganoids are similar in morphology and function to dental pulp tissue. Single-cell RNA sequencing of dental pulp
tissue and RNA sequencing of Vorganoids were performed to identify the involvement of the biomarkers forkhead box
protein O1 (FOXO1) and fibroblast growth factor 2 (FGF2) in key regulatory pathways associated with Vorganoid
angiogenesis.
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Research conclusions

In this study, we effectively established an in vitro model of prevascularized dental pulp organoids and used it to
elucidate novel mechanisms of angiogenesis during dental regeneration. The biomarkers FOXO1 and FGF2 confirmed the
angiogenesis-regulating role of angiopoietins.

Research perspectives

This innovative study has effectively established an in vitro model of prevascularized dental pulp organoids and used it
to elucidate new mechanisms of angiogenesis during regeneration, facilitating the development of clinical treatment
strategies.
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