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1 Chapter 1: Introduction 
 
1.1 Overview of stem cells 

Stem cells are specialized cells that are characterized by their long-term persistence within the 

body. They possess the capacity for self-renewal and rapid proliferation, along with the 

capability to differentiate into mature progeny cells under certain conditions. Multiple sources 

classify stem cells into two categories: embryonic stem cells and adult stem cells. Ethical and 

practical operational challenges are inherent in the study of embryonic stem cells. In contrast, 

adult stem cells possess characteristics such as a diverse array of origins, strong plasticity, and 

less immunological rejection. Furthermore, in recent years, they have garnered growing 

scholarly attention. Numerous studies have detected adult stem cells in several tissues of the 

human body, such as the brain, bone marrow, blood vessels, bone marrow muscle, skin, and 

liver. Could adult stem cells perhaps be present in the oral cavity as well? e.g. teeth. In theory, 

odontogenic stem cells are present during every stage of tooth development, and these stem 

cells adhere to specific developmental programs and processes in order to undergo 

differentiation into teeth. Human Dental pulp stem cells (hDPSCs) are found in the pulp tissue 

of adult teeth. These cells possess not only equivalent capacity for proliferation and 

differentiation as all other adult stem cells, but also provide the benefits of abundant sources, 

easy sampling, and less immunological rejection. Owing to these benefits, hDPSCs have 

emerged as a kind of seed cells with significant study potential[1] and have garnered 

increasing interest from tissue engineering experts. 

 

1.1.1 The history and definition of dental pulp stem cells 

Abundant sources of stem cells in the oral cavity include mucosal soft tissues, periodontal 

ligaments, and the tissue innervated by the blood vessels and nerves inside each tooth, known 

as dental pulp. During craniofacial development, ectodermal mesenchymal cells are the cells 

of origin of dental pulp tissue. Human dental pulp stem cells (hDPSCs) have similar plasticity 

to neural crest-derived stem cells and are capable of undergoing differentiation into neural and 

ectodermal mesenchymal progenitor cells. The initial isolation of stem cells from dental pulp 

tissue by Gronthos et al.[2] in 2000 marked a significant milestone in the field of hDPSCs 

research. At present, it is considered that hDPSCs are fibroblast-like cells that are uniformly 

present in dental pulp tissue and have the biological characteristics of stem cells. hDPSCs 

have many benefits in comparison to others[3]: 1) The presence of numerous sources and 

convenient collection methods can minimize the possibility of complications. 2) It possesses 
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immune and anti-inflammatory properties, which make it suitable for the study and 

implementation of allogeneic transplantation. 3) Under specific circumstances, it has a 

significant capacity to promote the formation of enamel and dentin cells. 4) hDPSCs obtained 

from impacted teeth can be isolated and expanded in vitro, and simultaneously exhibit robust 

proliferation and differentiation. 

 

1.1.2 Culture and molecular markers of hDPSCs  

1.1.2.1 hDPSCs culture 

The hDPSCs content in dental pulp tissue is extremely low. To get an adequate number of 

cells for application requirements, in vitro expansion techniques must be employed to address 

this issue[4]. The most common dissociation methods of hDPSCs include enzymatic digestion, 

tissue explant outgrowth, and modified tissue explant enzyme digestion based on the two 

methods. Fetal bovine serum (FBS) is the most commonly used in cell culture medium that 

supplies essential constituents like nutrients, growth factors, and hormones for cell 

proliferation, migration, and differentiation. However, the application of FBS may give rise to 

ethical, scientific, and safety concerns. Recently, several studies have substituted FBS with 

concentrated platelet lysate and platelet-rich plasma for the purpose of expansion of stem cells 

in vitro[5, 6]. However, the lack of clarity in the chemical composition and the need for a 

substantial quantity of peripheral blood in the procedure prevents the fulfillment of the desire 

for large-scale expansion. Utilizing their comprehensive knowledge of hDPSCs and the 

advancements in serum-free culture technology, several studies have embraced this method to 

cultivate hDPSCs in vitro. Comparing with the conventional culture using serum, the hDPSCs 

cultivated without serum had a fairly comparable shape, but with a slenderer and three-

dimensional appearance. The cultivated cells possess the capacity to generate clones, which 

aligns with the characteristics of hDPSCs[7]. 

 

1.1.2.2 Molecular markers of hDPSCs 

The hDPSCs closely resemble fibroblasts in cell culture, characterized by a small number of 

cells and lack of clear surface molecular markers. Generally, hDPSCs are identified by 

analyzing the cell surface markers before and after directional differentiation into 

odontoblasts. Today, the study on surface markers of hDPSCs is in its early stages, mostly 

depending on conventional mesenchymal stem cell markers like CD13, CD44, CD90, and 

CD105. hDPSCs are mostly recognized by using Stro-1 and CD146. Multiple studies have 

demonstrated that Stro-1 is effective in the identification of hDPSCs, and the involvement of 
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bone morphogenetic protein-2 (BMP2) enhances this mechanism [8]. In other studies, it has 

been demonstrated that CD16, an antigen found on the surface of peritubular endothelial cells, 

is also expressed on the surface of hDPSCs[2]. In the future, it is imperative to conduct 

further research on the molecular markers of hDPSCs. 

 

1.1.3 Biological characteristics of hDPSCs 

1.1.3.1 The high proliferation and self-renewal ability of hDPSCs 

hDPSCs possess a strong ability to self-proliferate as adult stem cells. An in vitro comparative 

study was conducted on the proliferation of the two (hDPSCs and BMSCs) after 

bromodeoxyuridine was added to the culture medium of the first-generation hDPSCs and 

bone marrow mesenchymal stem cells. It was found that the proliferation rate of hDPSCs was 

significantly higher than that of bone marrow stromal cells (BMSCs). Moreover, it was 

shown that hDPSCs retained a significant capacity for proliferation in following passages, 

therefore confirming the high proliferation potential of hDPSCs[2]. Guo et al. [9] used the 

method of single-cell cloning to isolate and culture rat hDPSCs. Following co-culturing 

hDPSCs with hydroxyapatite (HA)-tricalcium phosphate (TCP) cell scaffold to a certain 

extent, they were then transplanted under the skin of nude mice and histological examination 

was performed after a period of time. The tissue slice of the graft revealed the presence of a 

dentin-pulp complex-like structure, which further confirms the proliferation and 

differentiation capacity of hDPSCs. Gronthos et al.[10] implanted hDPSCs subcutaneously 

into immunodeficient mice aged 10 weeks by using HA/TCP ceramic particles as carriers. 

Expression of dentin-pulp-like complex and dentin sialophosphoprotein (DSPP) was seen 

after a period of 6 weeks. Upon detecting the isolated bone marrow stromal cells (MSCs) 

using a human aluDNA probe, it was determined that the majority of the MSCs showed 

positive results. Following the in vitro expansion of MSCs and subsequent retransplantation 

into nude mice, the resulting odontoblasts also expressed human-specific Alu-inserted genes. 

The positive reactivity for human dentin sialin confirmed the self-renewal capacity of 

hDPSCs. 

 

1.1.3.2 Evaluation of pluripotency in hDPSCs 

hDPSCs are a type of pluripotent stem cells that have the remarkable ability to differentiate 

into different types of cells under specific conditions. Current studies have confirmed that 

hDPSCs have the ability of differentiation into odontoblasts, osteoblasts, chondrocytes, 

adipocytes, nerve cells, vascular endothelial cells, and so on. hDPSCs differentiated into 
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odontoblasts, osteoblasts and adipocytes under certain induction conditions, and expressed the 

corresponding markers. For example, after 5 weeks of adipogenic induction of hDPSCs, 

positive lipid droplet aggregation was observed through Oil Red O staining, indicating the 

presence of adipocytes. In a study conducted by Zhang et al.[11], it was found that after 4 

weeks of co-culturing human dental pulp cells with porcine dental epithelial cells, the 

expressions of type Ⅳ collagen, amelogenin, dentin sialophosphoprotein, and laminin 5 were 

observed. Additionally, the formation of irregular mineralized tissues was observed. Ishkitiev 

et al. [12] reported that hDPSCs possess the capacity of differentiation into hepatocytes. They 

cultured hDPSCs in vitro by using the cell culture medium containing hepatocyte growth 

factor, dexamethasone, insulin-transferrin-selene-X and onostatin and observed that the cells 

expressed hepatocyte-specific molecular markers. Additional studies are necessary to 

ascertain the potential of hDPSCs for differentiation into other cell types and to identify the 

specific induction conditions. 

 

1.1.3.3 Paracrine effect 

hDPSCs have been observed to secrete a series of cytokines through paracrine effects in 

vivo[13-19], such as chemokine stromal cell-derived factor-1 (SDF-1), brain-derived 

neurotrophic factor (BDNF), ciliary neurotrophic factor (CNTF), glial cell-derived 

neurotrophic factor (GDNF), nerve growth factor (NGF), vascular endothelial growth factor 

(VEGF), granulocyte-colony stimulation factor (G-CSF) and stem cell factor (SCF). These 

cytokines have been found to promote angiogenesis, inhibit apoptosis, and protect 

regenerated tissues. Song et al.[20] demonstrated that hDPSCs exhibited superior 

cytoprotection to astrocytes in an ischemic animal model. Implanting hDPSCs into the rodent 

brain within 24 h after focal cerebral ischemia resulted in a significant improvement in the 

neurological behavior and sensorimotor function of the contralateral forelimb after 4 weeks. 

Despite a low survival rate of approximately 2.3%, the implanted hDPSCs demonstrated the 

ability to migrate towards the ischemic area of the brain and undergo differentiation into 

astrocytes or nerve cells. They proposed that this improvement in function was not due to 

neural replacement, but rather relied on the paracrine effect of hDPSCs [21]. hDPSCs can also 

induce functional neovascularization in hindlimb ischemia in mouse models [22]. 

 

1.1.4  Application of hDPSCs in tissue regeneration 

1.1.4.1 Repairing damaged dental pulp 

Studies have found that although hDPSCs can form a dental pulp-dentin complex, they lack 
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dentinal tubules [2, 10]. To induce differentiation of hDPSCs into odontoblast-like cells and 

the formation of mineralized hard tissue, several circumstances must be met, including the 

existence of healthy and undamaged dentin [23]. Iohara et al. [24] co-cultured canine hDPSCs 

and adipocytes in vitro with cell culture medium containing with IGF and EGF, and mixed 

with collagen containing SDF-1. They then transplanted these cells into the incisors, where 

the dental pulp tissue had been excised. Following a period of 2 weeks, the presence of pulp-

dentin-like complexes associated with the development of blood vessels and nerves was 

detected. According to Akai et al. [25], the artificial dental pulp regenerated using a poly-L-

lactic acid scaffold for hDPSCs growing exhibited the formation of new dentin. In the future, 

it is anticipated that using hDPSCs to regenerate the dental pulp-dentin complex for the 

purpose of repairing injured dental pulp would become a stable and efficient therapeutic 

approach. 

 

1.1.4.2 Reconstruction of Bone Defects  

The differentiation of hDPSCs into osteoblasts can be achieved by introducing an osteogenic 

induction medium that includes dexamethasone, β-glycerophosphorus sodium, ascorbic acid, 

and DMEM during the culture procedure, which is a potential source of osteocytes in bone 

regeneration and repair. A combination of platelet-rich plasma and hDPSCs was implanted 

into the maxillary defect of dogs by Ito et al. [26]. Following an 8-week period, implants were 

placed and subsequently cultivated for a further 8 weeks. The findings indicated that there 

was not only the development of bone tissue around the implant, but also an enhancement in 

the binding competence with the adjacent bone tissue. By co-culturing human hDPSCs with 

silk fibroin scaffolds, Riccio et al.[27] effectively restored significant parietal bone defects in 

rats. This presents a highly promising reconstruction model for the future restoration of 

diverse forms of bone tissue defects. 

 

1.1.4.3 Construction of tissue-engineered teeth 

The rapid development of stem cell and tissue engineering technology in recent years has 

fostered optimism for tooth regeneration. The currently established experimental methods for 

tooth regeneration are as following[28]: 1) The tooth germ or cells are initially implanted into 

the living tissue. Once the tooth crown is formed, it is then implanted into the jaw bone to 

complete the tooth formation process. 2) After hDPSCs are first cultured, induced and 

expanded in vitro for a period of time, these cells are then implanted into the alveolar bone or 

other areas of the body to facilitate the growth of a complete tooth. Ibarretxe et al.[28] 
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conducted a study where they chose mouse teeth in the developmental cap stage. They 

isolated odontogenic epithelial cells from these teeth and subsequently co-cultured them with 

hDPSCs in vitro. The tooth germs were subsequently implanted into the mouse jaw. Upon 

further investigation, it was discovered that they seamlessly integrated with the alveolar bone 

and functioned like natural teeth. As research progresses, the development of in vitro tissue-

engineered teeth has emerged as a promising field. This advancement holds immense 

importance in enhancing the quality of life for individuals with tooth loss. 

 

1.1.4.4 Treatment of neurodegenerative diseases 

Ibarretxe et al.[29] reported the advantages of hDPSCs in the treatment of Parkinson's disease: 

hDPSCs are easy to obtain and are autologous cells, thus minimizing the risk of immune 

rejection and inflammatory responses when utilized; hDPSCs exhibit the expression of glial 

cell and nerve cell markers; hDPSCs demonstrate electrical activities akin to neurons, such as 

expressing receptors of nerve cells and generating action potentials; hDPSCs have the ability 

to grow and survive in the host's neural tissue; hDPSCs can play an immunomodulatory role 

in the survival of adjacent cells by secreting cytokines. However, the extent to which hDPSCs 

can differentiate into neural stem cells and establish functional synaptic connections with host 

neurons when transplanted into neural tissue requires further investigation. 

 

1.1.4.5 Application in muscle repair and reconstruction 

Duchenne muscular dystrophy (DMD) is a severe muscular atrophy caused by the lack of 

functional structural protein dystrophin, resulting in restricted mobility. Typically, individuals 

succumb to myocardial and pulmonary muscle weakness at approximately 20 years of age, 

resulting in fatality. The study conducted by Chen et al.[30] demonstrated that the 

suppression of miR-143 expression greatly increased the expression of muscle differentiation 

factors and fast myosin heavy chain genes, and deduced that miRNAs play a role in 

controlling the expression of various muscle type functions in vertebrates. Li et al.[31] 

observed that the expression of miR-135 and miR-143 in hDPSCs was dramatically 

suppressed after hDPSCs were treated with 5-aza-2'-deoxycytidine. Additionally, hDPSCs 

exhibited notable myogenic properties and the development of myotubes. It is concluded that 

miRNAs play a decisive role in the process of inducing myogenic differentiation of hDPSCs. 

 

1.1.4.6 Application in corneal repair and reconstruction 

Corneal blindness is a severe ocular condition wholly causing vision loss. Currently, the 
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primary therapeutic approach is allogeneic corneal transplantation. The limited availability of 

donor sources and the manifestation of immunological rejection reactions restrict its clinical 

use. 

Tissue-engineered corneal construction currently stands as a prominent research focus within 

the field of ophthalmology, with the selection of ideal seed cells being essential to the 

endeavor. Monteiro et al.[32] reported that human dental pulp stem cells (hDPSCs) can 

sustainably express limbal stem cell (LSC) specific markers in vitro. Subsequently, their team 

implanted tissue-engineered immature hDPSCs grafts directly onto the exposed stromal 

matrix of the cornea in rabbits with alkali burns. Over 1 to 12 weeks, the corneal transparency 

of the experimental animals gradually improved. Histological analysis revealed well-formed 

stromal layer structures and multi-layered epithelial formation at the site of the corneal burns, 

demonstrating that the engraftment of immature hDPSCs could promote the functional 

restoration of the corneal epithelial tissue in alkali-burned animals[33]. Kushnerev et al. [34] 

successfully transplanted hDPSCs onto the corneal surface using a corneal contact lens as a 

carrier and detected the expression of corneal epithelial markers CK3 and CK12. This further 

confirms the potential of hDPSCs to differentiate into corneal epithelial cells. Additional 

research[35] suggests that hDPSCs can promote the growth and regeneration of corneal 

epithelial cells and possess capabilities to prevent corneal conjunctivalization and maintain 

corneal transparency. 

 
1.2.1 Cryopreservation of Human Pluripotent Stem Cells 

1.2.1.1 Principles of Cryopreservation    

The process by which cells, tissues, or organs are frozen at temperatures below -80°C, 

especially below -140°C, while ensuring their viability is referred to as cryopreservation[36]. 

Lowering the temperature affects the biochemical processes of cells. When cells are preserved 

long-term in liquid nitrogen (-196°C), the metabolism of cellular enzymes is inhibited, almost 

completely halting. Upon rewarming, cells regain their metabolic capabilities and continue 

their biochemical processes. 

 

1.2.1.2 Common Cryopreservation Methods   

One of the primary threats to cells during cryopreservation is damage to organelles and cell 

membranes caused by ice crystal formation at low temperatures. To prevent internal and 

external ice crystal formation, commonly used methods for the cryopreservation of human 

pluripotent stem cells include slow-freezing and vitrification. 
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Slow-freezing is a classical method of cryopreservation[37]. In slow-freezing, water outside 

the proximity of the specimen crystallizes slowly and orderly, gradually extracting water from 

within the cells and subjecting the specimen to extremely high osmotic pressures to prevent 

ice formation. The main steps of the slow-freezing method are[38]: ①collection of cells, ② 

addition of cryoprotectant, and ③ gradual solidification of the cell suspension at a controlled 

cooling rate (from -1 to -10°C/min). (④Long-term low-temperature storage of cells (typically 

in liquid nitrogen). ⑤Rapid thawing, with the cell suspension in a 37-40°C water bath. ⑥ 

Removal of the cryoprotectant by centrifugation. ⑦ Inoculation and cultivation of cells under 

appropriate conditions. Although the slow-freezing method is effective for various types of 

adult cells, hematopoietic cells, human mesenchymal stem cells, and even mouse embryonic 

stem cells, it is not suitable for the cryopreservation of human pluripotent stem cells due to its 

low recovery rates and high differentiation rates[39-41]. 

Vitrification was first used for cryopreserving bovine oocytes and embryos[42], and later 

applied to human pluripotent stem cells. This method involves sequentially immersing cell 

clusters in two cryoprotectant solutions with gradually increasing concentrations, where cells 

undergo brief and continuous exposures (37°C or room temperature for 60 seconds and 26 

seconds, respectively). The primary components of the vitrification solution are dimethyl 

sulfoxide (DMSO) and ethylene glycol, with sucrose concentration varying according to the 

medium. For example, Reubinof et al[40] used a vitrification solution consisting of 20% 

DMSO, 20% ethylene glycol, and 0.5 mol/L sucrose for human pluripotent stem cells. 

In vitrification, a high concentration vitrification solution and a rapid cooling rate prevent the 

formation of ice crystals, instead forming a glass-like state. The formation of this glassy state 

requires a sufficiently rapid cooling rate. To achieve a sufficiently rapid cooling rate, droplets 

of the cryoprotectant solution containing clusters (fewer than 10) are placed on the open tip of 

a micropipette and then directly immersed into liquid nitrogen[43, 44]. During the thawing 

process, to prevent the reformation of ice crystals, the warming rate must also be as rapid as 

possible. This can be accomplished by immersing the frozen clusters directly into a pre-

warmed medium containing sucrose, using sucrose as an osmotic buffer to gradually wash 

away the cryoprotectant[45]. 

Comparison of Slow-Freezing and Vitrification Methods for Human Pluripotent Stem Cells: 

Some studies have reported that the recovery rate of vitrified human pluripotent stem cell 

clusters exceeds 75%, whereas programmed freezing yields only a 5%-10% recovery rate, 

leading many laboratories to adopt vitrification as their preferred method for cryopreserving 

human pluripotent stem cells[46, 47]. However, vitrification has its limitations: it requires 
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significant manpower and high technical skill from operators; it is not suitable for the large-

scale cryopreservation of cells; and direct contact of cells with liquid nitrogen also poses a 

risk of contamination[48]. Many researchers are continually attempting to overcome these 

limitations. 

The studies by Li et al[46] compared three cryopreservation protocols for human pluripotent 

stem cells, including slow-freezing using cryovials, and vitrification using both plastic straws 

and slow-freezing methods. The efficiency of the three cryopreservation protocols was 

evaluated by assessing the number of adherent undifferentiated clones on days one to two and 

seven to eight post-thaw. The findings indicated that vitrification had the highest efficiency 

(recovery rates of 80%-90%), while both slow-freezing methods were less efficient and not 

suitable for the cryopreservation of human pluripotent stem cells. Using a programmable 

freezer significantly improved the efficiency of the slow-freezing method (the recovery rate 

increased to 50% from 5%). Aside from slow-freezing using cryovials, the other two methods 

did not affect the pluripotency or the karyotype normality of the cells post-thaw. Another 

study from the same period reported that although using a programmable freezer improved the 

efficiency of slow-freezing (from 4%-8% to 10%-20%), it was still insufficient for the 

cryopreservation of human pluripotent stem cells. This study identified optimal 

cryopreservation conditions: gradually increasing concentrations of dimethyl sulfoxide and 

Serum Replacement in a series of cryoprotectant solutions, with human pluripotent stem cell 

clusters progressively transferred to these solutions prior to freezing; a reverse process was 

used for thawing to gradually replace the cryoprotectant. This approach, combining a 

programmable freezer and a stepwise method, yielded a cryopreservation efficiency of 30%-

50%[49]. 

 

1.2.1.3 Cryogenic Damage 

During cryopreservation, exposure to low temperatures can cause cellular damage or even 

death. Cryogenic damage can occur singly or in combination at one or more of the following 

stages: ①cytotoxic damage from cryoprotectants[50, 51], ②osmotic damage from 

cryoprotectants during the freezing and thawing process [52], ③mechanical damage from 

intracellular ice crystal formation[53], and ④ mechanical damage from recrystallization 

within cells during thawing [54]. In programmed freezing, rapid phase transitions between 

solid and liquid phases in extracellular solutions are primarily used to reduce such damage, 

whereas vitrification prevents ice crystal formation through the use of high concentrations of 

cryoprotectants, thus protecting cells from damage. 



10 
 

Cooling rate is another variable in the cryopreservation process that is associated with cellular 

damage. In vitrification, the cooling rate is very fast, leading to the glass-like solidification of 

both intracellular and extracellular environments without ice crystal formation, or only very 

small crystals form, which do not cause significant damage to cell membranes and organelles. 

Cells are also not exposed to high solute concentrations for extended periods, avoiding 

damage. In slow-freezing, if the cooling rate is too fast, ice crystals form before complete 

cellular dehydration, destroying cell organelles and membranes and causing cell death. 

Conversely, if the cooling rate is too slow, cells dehydrate completely due to osmotic forces, 

leading to cellular shrinkage and death. When the cooling rate is set within a range that both 

prevents the formation of intracellular ice crystals and mitigates severe cellular dehydration, 

cell damage can be avoided. This optimal cooling rate is referred to as the "recovery range" or 

"recovery window." Most eukaryotes, when not treated with cryoprotectants, either do not 

exhibit a recovery window or it is difficult to observe. Cryoprotectants minimally prevent the 

formation of intracellular ice crystals; rather, their primary function is to prevent or reduce 

dehydration and shrinkage during the slow freezing process[55]. Hence, regardless of the use 

of cryoprotectants, strict control of the cooling rate is crucial to reduce cellular damage during 

slow freezing. The use of a programmable cooling device allows for controlled cooling rates, 

which is more reliable and repeatable technologically. Some experiments have investigated 

the correlation between programmable cooling devices and the cryopreservation of 

pluripotent stem cells. According to Ware et al.,[56] using a programmable cooling device 

with dimethyl sulfoxide as the cryoprotectant and wheat straw as the carrier, the freezing 

efficiency was between 60% and 70%, with no increase in differentiation rates. This study 

identified three key factors for successful cryopreservation of human pluripotent stem 

cells:①maintaining the temperature above the point where intracellular ice formation occurs 

but below the extracellular freezing point (-7°C to -12°C); ②an appropriate cooling rate 

(0.3°C to 1.8°C per minute).③Rapid thawing (at temperatures between 25-37°C). Another 

study described an improved protocol: samples were cooled from 0°C to -35°C at a rate of 

0.5°C per minute, with the temperature maintained below -10°C before immersion in liquid 

nitrogen or rapid thawing. This approach achieved a recovery rate of 80%[57]. 

 

1.2.2 Improvements in Human Pluripotent Stem Cell Cryopreservation Techniques 

Over the past few decades, numerous laboratories have dedicated efforts to enhance the 

cryopreservation efficiency of human pluripotent stem cells, including using various 

cryoprotectants or molecular substances, employing animal-free cryoprotective solutions, and 
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freezing either adherent clusters, suspended cell clumps, or individual cell suspensions. 

 

1.2.2.1 Selection and Optimization of Cryoprotectants       

Cryoprotectants are compounds that can reduce damage to cells during the freezing and 

thawing process by diluting the solute concentration in the solution[58]. The mechanism of 

action involves the cryoprotectant permeating the cell membrane during cooling, thereby 

reducing cellular shrinkage[59]. Dimethyl sulfoxide (DMSO) is a non-electrolyte with a small 

molecular weight and high solubility, capable of penetrating cell membranes effectively. It 

lowers the freezing point, thereby reducing its cytotoxic effects on cells. Cryoprotectants are 

broadly classified into two types: ① permeating agents such as DMSO and ethylene glycol, 

and ② non-permeating agents such as sucrose and trehalose. They function differently: 

permeating agents can penetrate the cell membrane, entering the cell to create a certain molar 

concentration that reduces the concentration of electrolytes in the unfrozen solution both 

inside and outside the cell. This protects the cell from damage due to high concentrations of 

electrolytes and prevents excessive efflux of water, thus avoiding excessive cellular 

dehydration and shrinkage. Non-permeating agents, on the other hand, protect cells by 

forming a viscous, transparent shell on the exterior surface of the cell. Choosing the 

appropriate cryoprotectant or combination of protectants can improve the cell freezing rate. 

Studies have shown that DMSO itself is a toxic chemical agent, and at high concentrations, it 

can be toxic to cells [60]. However, pre-cooling DMSO in a refrigerator at 4°C can reduce its 

cytotoxicity[61]. Katkov[62] conducted a cytotoxicity comparison of four different 

cryoprotectants used for the freezing of induced pluripotent stem cells (dimethyl sulfoxide, 

ethylene glycol, propylene glycol, and glycerol). The cells were exposed to a solution 

containing 10% cryoprotectant at 37°C for 30 minutes. The results showed that DMSO had 

the strongest toxicity, while glycerol exhibited the least toxicity. DMSO is a small-molecule, 

highly permeable chemical and is currently the most commonly used cryoprotectant for cell 

preservation[63]. Its mechanism of action involves lowering the freezing point of the culture 

medium and preventing the aggregation of free proteins, thus enhancing the permeability of 

the cell membrane to water. When DMSO permeates into cells before freezing, it reduces the 

concentration of electrolytes in the unfrozen intracellular and extracellular solutions, thereby 

protecting cells from damage due to high concentrations of electrolytes, while also preventing 

excessive water efflux, which helps avoid excessive dehydration and shrinkage of cells[64]. 

DMSO is toxic to cells, and high concentrations can adversely affect the survival and 

recovery of cell activity after thawing. Fetal bovine serum inherently provides cellular 
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protection and can neutralize the toxic effects of DMSO; appropriately increasing its 

concentration can benefit cell survival after recovery[60]. Interestingly, the same 

cryoprotectant shows opposite results in slow freezing methods, where dimethyl sulfoxide 

exhibits the least toxicity and glycerol the most. This indicates that temperature significantly 

impacts the effectiveness of cryoprotectants. Additionally, the study clarifies that the low 

recovery efficiency of human pluripotent stem cells is primarily caused by the freeze-thaw 

process, rather than the addition and removal of cryoprotectants[62]. 

 

1.2.2.2 Cryopreservation of Adherent Human Pluripotent Stem Cell Clones, Suspension 

Clones, and Isolated Single Cells 

Due to the low recovery rate of human pluripotent stem cells (hPSCs) frozen in suspension 

using the slow-freezing method, many studies have attempted cryopreservation of adherent 

clones using vitrification. Ji et al[65]. cryopreserved adherent hPSCs clones in a 24-well plate 

using 10% DMSO and 30% (v/v) FBS. Their study confirmed that the recovery rate of 

adherent clones was five times higher than that of cell suspensions. Katkov et al.[62] reported 

a multistep cryopreservation protocol for adherent induced pluripotent stem cell (iPSC) clones 

using ethylene glycol as a cryoprotectant and a programmable cooler, which achieved a 

sixfold higher efficiency than the slow-freezing method. Two reasons explain the higher 

efficiency of cryopreserving adherent clones: ① Suspension clones experience significant 

cell death or damage within the clone during freezing as cells are not adhered, which is a key 

factor leading to the low recovery rate of suspension clones. ② Continuous extracellular 

signaling among cells during the cryopreservation of adherent clones plays a crucial role in 

enhancing cell viability and reducing differentiation. The main disadvantage of this method is 

that it does not allow for the mass storage of cells. Additionally, the culture dishes cannot be 

sealed as tightly as cryovials, which increases the risk of cross-contamination during storage 

in liquid nitrogen. To address this, Nie et al[66]. attempted to cryopreserve adherent human 

pluripotent stem cells using microcarriers (Cytodex3), enabling the cryopreservation of large 

quantities of adherent cells. These microcarriers consist of a thin layer of collagen covalently 

bonded to a crosslinked dextran matrix, which, along with a MatrigelTM substrate layer or 

irradiated mouse embryonic fibroblasts (MEF), enhances the adhesion of human pluripotent 

stem cell clones. This study was the first to report the effective proliferation of human 

pluripotent stem cell clones on two types of microcarriers (coated with MatrigelTM and MEF), 

and it compared this cryopreservation method with the slow-freezing technique. The human 

pluripotent stem cell microcarriers were suspended in a cryoprotectant solution containing 
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10% DMSO and 30% (v/v) FBS, with a cell density of 1X10^6 cells/mL in a 10 cm dish. The 

cell suspension was transferred to cryovials and placed in a programmable cooling box 

(cooling rate of 1°C/min) before storage in liquid nitrogen. Cell recovery rates were assessed 

by cell counting seven days post-thaw and compared to the slow-freezing method. The study 

observed that the efficiency of cryopreservation on microcarriers was 1.7 times higher than 

that without microcarriers. Although the increase in recovery rate is not significant, further 

optimization of this method could potentially enable the mass cryopreservation of cells in the 

future. Human pluripotent stem cells tend to grow in clonal clusters, and when dispersed into 

single cells, they are prone to damage and apoptosis, which is why most cryopreservation 

protocols focus on freezing clonal clusters of human pluripotent stem cells to enhance 

efficiency[67]. Additionally, because accurate counts of viable cells post-thaw are challenging 

to calculate, freezing clonal clusters simplifies the assessment of recovery rates. However, 

freezing clonal clusters limits the exposure of internal cells within the clone to the 

cryoprotectant. Consequently, T'Joen[68] has improved the efficiency of freezing by 

dispersing cells into a mixture of single cells and microcellular clusters before 

cryopreservation. 

 

1.3 Human Dental Pulp Stem Cells-inflamed Pulps (hDPSC-IPs) 

Current research primarily utilizes dental pulp stem cells harvested from third molars and 

orthodontically extracted teeth, presenting limitations in both donor and source availability. 

Root canal therapy, the most prevalent dental pulp treatment, involves the crucial step of 

removing inflamed or necrotic dental pulp. The potential to isolate seed cells from the 

extracted pulp for use in tissue engineering has emerged as a research focus in recent years. In 

2010, Wang et al.[69] isolated dental pulp stem cells from permanent teeth clinically 

diagnosed with irreversible pulpitis. By conducting comparative experiments with stem cells 

from healthy dental pulp and those from teeth diagnosed with irreversible pulpitis, they 

demonstrated that stem cells capable of proliferation still exist in inflamed pulp tissues. These 

cells also retain the ability to differentiate into odontogenic and osteogenic lines, albeit in 

reduced numbers. 

Recent studies have confirmed the clinical applicability of dental pulp stem cells in 

regenerative medicine fields such as bone regeneration, neural regeneration, and dentin-pulp 

complex regeneration[70]. As a variant of dental pulp stem cells, hDPSC-IPs possess robust 

self-renewal capabilities and multidirectional differentiation potential, similar to normal 

dental pulp stem cells. These qualities form the basis and premise for the clinical applications 
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of hDPSC-IPs. With further research, the clinical use of inflamed dental pulp stem cells is 

poised to expand significantly. 

 

1.4 Keloid Scars: Pathogenesis, Clinical Features, and Challenges in Treatment 

Scars, medically referred to as scar tissue, are abnormal connective tissues that form on the 

skin or other tissues after an injury, through a process of repair and remodeling[71]. The 

formation of this tissue is a physiological response of the body to damage, intended to repair 

and replace the original tissue structure. The scar formation process involves complex 

biochemical and cellular dynamics, including inflammatory responses, neovascularization, 

migration and proliferation of fibroblasts, and the deposition of collagen and other matrix 

proteins. The nature of the scar is influenced by factors such as the nature of the trauma, the 

site and depth of the injury, the healing method, and individual differences. Scars can be 

classified based on their morphology, function, and pathology, including hypertrophic scars, 

atrophic scars, and keloids[72]. While hypertrophic and atrophic scars are more common, 

keloids represent a severe form of scarring disease, often exhibiting invasive characteristics, 

such as growth into surrounding tissues and a tendency to recur, behaving similarly to tumors 

[73]. Keloids arise from abnormal fibroblast proliferation and excessive collagen deposition 

during the skin's repair process following an injury, presenting as a benign tumor-like 

proliferation[74]. They not only affect the appearance and psychological well-being of 

patients but also cause symptoms such as pain, itching, contracture, and functional 

impairment, significantly impacting the quality of life. The pathogenesis of keloids is not fully 

understood. Current theories suggest it may be related to genetic factors, ethnicity, age, sex, 

hormones, inflammation, immunity, and oxidative stress[75, 76], Keloids commonly occur on 

the chest, shoulders, earlobes, neck, and facial areas [77], and are more likely to develop in 

areas of high skin tension[78]. The incidence of keloids varies among different populations 

and regions. Compared to Western countries, the incidence is higher in Asia, reaching up to 

0.15%[79]. Furthermore, women are more prone to keloids than men, which may be related to 

hormonal levels, skin structure, and physiological characteristics specific to females[80]. 

Keloids are diverse in morphology, presenting as raised, nodular, cord-like, or patchy 

structures, with surfaces that are either smooth or rough. Their color can range from red to 

purple or brown, and they are typically hard in texture with unclear edges. Commonly, they 

are accompanied by symptoms such as itching, pain, and a sensation of tightness[81]. Various 

treatment methods for keloids include surgical excision, laser therapy, pharmacological 

treatments, physical therapies, and compression therapy. However, the outcomes are often 
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suboptimal with high recurrence rates, making this a continuing focus and challenge in 

medical research [82, 83].  

 

1.5 Sjögren's Syndrome: Pathogenesis, Clinical Manifestations, and Challenges in 

Treatment 

Dysfunction of the lacrimal and salivary glands and reduced glandular secretion are 

commonly caused by Sjögren's Syndrome (SS), radiation therapy, cancer, or aging. Permanent 

damage to secretory acini or the loss of supportive microenvironmental signals can lead to dry 

eye or dry mouth. SS is the primary cause of glandular dysfunction and currently has no cure, 

ultimately having a severe impact on the health and well-being of patients[84]. Regenerative 

strategies could significantly improve the quality of life for millions of people. In 1935, 

Swedish ophthalmologist Henrik Sjögren identified a disease characterized mainly by dryness 

symptoms, accompanied by muscle and joint pain[85], which was later named SS. This 

autoimmune disorder is caused by extensive lymphocytic infiltration into the exocrine glands, 

with pathological features including destruction of the glandular secretory units (acini and 

ducts). SS is categorized into primary and secondary types: primary SS is not associated with 

other autoimmune diseases, whereas secondary SS typically arises from other conditions such 

as rheumatoid arthritis and systemic sclerosis. Primary Sjögren's Syndrome (PSS) is currently 

the second most prevalent autoimmune disease after rheumatoid arthritis, with the incidence 

in females typically 10 to 15 times higher than in males. The peak age of onset for females is 

around 56 years, while for males, it usually occurs after 65 [86]. Exocrine gland dysfunction 

is the most common manifestation of PSS, with 95% of patients experiencing severe dry 

mouth, dry eyes, dental caries, oral ulcers, conjunctivitis, scleritis, and retinal vasculitis. 

Additionally, 33% of patients also develop extraglandular diseases, including neurological 

disorders (such as cranial nerve paralysis, transverse myelitis, and dorsal root ganglionopathy), 

reproductive system disorders (such as genital dryness and reduced libido), dermatological 

conditions (such as xerosis, skin itching, scaling, erythema annulare, atypical folliculitis, and 

Raynaud's phenomenon), sensory system disorders (such as olfactory and taste disturbances), 

and psychological illnesses (such as sleep disorders, anxiety, and depression)[87]. 

The specific pathogenesis of Primary PSS is still under investigation, but it is confirmed that, 

like other autoimmune diseases, PSS is associated with genetics, immune deficiencies, viral 

infections (such as cytomegalovirus, human immunodeficiency virus, human T-cell leukemia 

virus, and hepatitis virus), and environmental factors. These pathogenic factors induce 

abnormal activation and widespread infiltration of immune cells (especially B lymphocytes 
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and T lymphocytes) into the glands. The glands are primarily composed of ducts, acini, and 

epithelial cells. The extensive infiltration of immune cells and inflammatory factors leads to 

the destruction of glandular structure and function, thereby contributing to the onset of PSS. 

The pathomechanism of glandular inflammatory responses in PSS patients is extremely 

complex, involving multiple immune cells, inflammatory mediators, and signaling pathways, 

making it challenging to develop effective diagnostic and treatment strategies for this 

condition. 

 

1.5.1 Current Treatment Status for Sjögren's Syndrome (SS) 

1.5.1.1 Multidisciplinary Management Approach 

Due to the heterogeneity in clinical presentations of SS, experts currently recommend 

specialized diagnosis and treatment for SS. Additionally, at the time of diagnosis, it is 

important not only to screen for non-autoimmune diseases but also to assess the extent of 

organ involvement in patients. Based on clinical symptoms and serological indicators, a 

personalized treatment plan should be developed[88]. This process requires collaboration 

across multiple disciplines, involving a medical team centered around rheumatology 

specialists and including various health professionals. 

 

1.5.1.2 Local Treatment for Glandular Symptoms 

Over 95% of SS patients experience dryness symptoms. Studies by Haldorsen et al.[89] 

indicate that, except in the early stages of the disease, the degree of glandular dysfunction in 

SS does not progressively worsen but rather maintains stability over a long period. Currently, 

there are no medications reported that can reverse glandular damage and cure dryness 

symptoms. Therefore, to minimize adverse reactions, current guidelines recommend 

prioritizing local treatments. Additionally, numerous studies have shown that initiating local 

treatment early in the onset of glandular dysfunction has a definite effect in alleviating 

dryness symptoms with minimal adverse reactions[90]. For dry mouth, treatment plans are 

tailored based on the degree of glandular dysfunction. Assessment methods include measuring 

salivary flow or conducting salivary gland scintigraphy[91]. For mild glandular dysfunction, 

non-pharmacological stimulation is preferred, such as taste stimulants (sugar-free acidic 

candies, xylitol, etc.). For moderate dysfunction, muscarinic agonists such as pilocarpine and 

cevimeline, with anethole trithione or bromhexine as alternatives for non-responders, are used. 

In cases of severe glandular dysfunction, where the salivary glands have atrophied and neither 

drugs nor non-drug treatments can stimulate saliva production, saliva substitutes are the first 
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choice. These include oral sprays, gels, and rinses. 

 

For dry eyes, the first-line treatments include artificial tears and ocular gels. The current 

guidelines recommend using artificial tears containing methylcellulose or hyaluronate at least 

twice daily to increase tear volume and reduce friction between the eyelids and the eyeball [8]. 

Since ocular gels can cause blurred vision, they are recommended for nighttime use. In cases 

of refractory or severe dry eye, treatment should be guided by an ophthalmologist and may 

include medications such as topical cyclosporine, lifitegrast (inhibiting LFA-1), 1% 

dipyridamole, or diquafosol (a P2Y2 receptor agonist)[92-94]. Diluted autologous serum may 

be used as a local teardrop for refractory cases[95], although its efficacy remains controversial. 

 

1.5.1.3 Systemic Whole-body Treatments Remain Controversial 

Joint or muscle pain, fatigue, and weakness are common symptoms of Sjögren's Syndrome 

(SS). For acute pain, nonsteroidal anti-inflammatory drugs (NSAIDs) can be used; for 

recurrent musculoskeletal pain, hydroxychloroquine may be added. For chronic non-

inflammatory pain, personalized treatment should be administered, avoiding repeated use of 

NSAIDs or glucocorticoids (GCs). Pregabalin can be used to improve fibromyalgia-like 

symptoms[96]. Additionally, some non-pharmacological treatments, such as aerobic exercise, 

can also help alleviate pain. 

 

1.6 Clinical Manifestations and Treatment Challenges of Neurofibromatosis 

Neurofibromatosis (NF) is a group of autosomal dominant genetic disorders, including three 

subtypes: Type 1 NF, Type 2 NF, and Schwannomatosis. These diseases show considerable 

phenotypic variability, primarily characterized by tumors in the nervous system, skin lesions, 

and peripheral nervous system abnormalities, causing multiple, progressive damages that pose 

significant treatment challenges. Current reasonable approaches include screening at-risk 

populations, early diagnosis, close follow-up, and establishing a multidisciplinary treatment 

framework based on the natural progression characteristics of NF. 

 

1.6.1 Neurofibromatosis Type 1 (NF1) 

Neurofibromatosis Type 1 (NF1), also known as Von Recklinghausen disease, is an autosomal 

dominant genetic disorder caused by mutations in the NF1 gene, with a global incidence of 

approximately 1 in 3,000 newborns [97, 98], about 50% of which are sporadic mutations. 

Patients often begin showing symptoms in childhood, with diverse clinical manifestations 



18 
 

such as café-au-lait spots, axillary or inguinal freckling, and multiple neurofibromas. NF1 

frequently involves multiple systems, including the development of various benign and 

malignant tumors, skeletal abnormalities, cardiovascular and cerebrovascular diseases, and 

cognitive and psychological abnormalities[99-102]. Neurofibromas are characteristic findings 

of NF1, classified into cutaneous neurofibromas (cNF) and plexiform neurofibromas (pNF). 

Plexiform neurofibromas often exhibit invasive growth, damaging surrounding normal tissues 

and organs, with 8% to 13% of pNF cases progressing to malignant peripheral nerve sheath 

tumors[103-105]. Currently, treatment for NF1 primarily involves symptomatic management 

through surgery and medication. Although these approaches can alleviate symptoms, they do 

not cure the disease. 

 

1.6.2 NF2-associated schwannomas (NF2) 

NF2-associated schwannomas (NF2) is an autosomal dominant genetic disorder caused by 

mutations in the NF2 gene. It is clinically characterized by bilateral vestibular schwannomas 

(VSs) and is often accompanied by multiple tumors in the nervous system as well as related 

ocular and skin lesions. Common nervous system lesions include bilateral vestibular 

schwannomas, other cranial nerve schwannomas, intracranial meningiomas, spinal tumors, 

and peripheral neuropathies[106]. Typical ocular lesions include cataracts, preretinal 

membranes, and retinal hamartomas[107]. Common skin manifestations include skin tumors, 

skin patches, and subcutaneous tumors[108, 109]. 

Patients with NF2 face numerous challenges, such as hearing loss, the need for repeated 

surgeries to remove intracranial and spinal cord tumors, loss of critical neurological functions, 

and a shortened life expectancy[110, 111]. Given the variety of lesions, choosing a treatment 

strategy is highly complex. For newly diagnosed patients, disease assessment based on 

phenotype predictions from similar genotypes is beneficial. Treatment strategies differ 

significantly between patients at high risk of early bilateral hearing loss and those at lower 

risk[112]. 
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9. Discussion 
 
9.1   5% DMSO offers better protection and lower toxicity for hDPSCs cryopreservation 

(This part is about the publication doi: 10.21873/invivo.12049. See page 19 of this 

dissertation). 

Stem cells are undifferentiated cells with significant self-renewal abilities and multi-

differentiation potential. Stem cells exist in embryonic as well as adult tissues. They can be 

categorized into embryonic and adult stem cells. Human dental pulp stem cells (hDPSCs) are 

adult stem cells originating from dental pulp tissue. As a result, they demonstrate the potential 

for self-renewal and multi-differentiation. Their differentiation into osteoblasts, odontoblasts, 

adipocytes, muscle cells, and neurons is influenced by microenvironment modulation. 

hDPSCs play a vital role in tooth regeneration, nerve repair, and bone tissue engineering. The 

dental pulp is an accessible and plentiful source of stem cells for tissue regeneration, suitable 

for translational medicine. 

Stem cells isolated from exfoliated deciduous or routinely extracted permanent teeth can be 

produced in large quantities for diverse applications[113]. Consequently, the critical challenge 

is to establish an effective and trustworthy tissue inventory system to preserve this effortlessly 

accessible and extremely precious dental pulp tissue. Research has demonstrated that 

cryopreservation is an efficacious technique for biological tissue samples to be preserved for 

an extended period of time[114]. Isolating stem cells with biological activities rather than 

genes from frozen tissues requires more than simple preservation in liquid nitrogen. It is 

essential to develop and refine methods for tissue cryopreservation to guarantee the successful 

cultivation and utilization of stem cells in the future[115]. 

Dimethyl sulfoxide (DMSO), as the principal agent in cell cryopreservation, serves as a 

crucial osmotic cell protectant. Cryopreservation at extremely low temperatures (-198°C) can 

avert damage from ice crystal formation in intracellular fluid, fluctuations in osmotic pressure, 

and disruption of cellular structure. However, although DMSO is the most effective 

cryopreservation protectant for cells, it is also a harmful chemical agent, particularly evident 

during cell recovery and culture[116]. Research indicates that a residual content of 10% 

DMSO in the culture media results in nearly 100% inhibition of cellular proliferation. At a 

concentration of 0.1%, the inhibition rate is 35%.DMSO negatively impacts cell growth even 

at a concentration of 0.004%[117]. Furthermore, DMSO's considerable skin penetration and 

volatility, which are indicative of its status as a "universal solvent," may pose health risks to 

the operator. Therefore, reducing the dosage and frequency of DMSO during cell freezing and 

resuscitation may mitigate the risks associated with transplantation procedures and enhance 
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operational safety. The traditional concentration of DMSO was decreased from 10% to 5% 

aiming to mitigate direct cytotoxicity resulting from the repetitive freezing and thawing of 

cells and the DMSO itself. The dosage of DMSO could be meticulously regulated from the 

sample collecting phase, enhancing the frozen storage method. 

To objectively assess the efficacy of the cryopreservation system utilizing 5% DMSO on 

hDPSCs, the experiment established a positive control group (lacking cryopreservation 

solution) and a negative control group (cryopreservation system containing 10% 

DMSO). Assessments were made regarding cell morphology, stem cell-specific markers, 

capacity of cell self-renewal, and the potential for multi-directional differentiation. It was 

demonstrated that in the experiment assessing the duration required for primary hDPSCs to 

migrate from dental pulp explants, the migration time for cells in both cryopreserved groups 

was significantly prolonged compared to the positive control group. However, the data 

distinctly illustrated that the migration time in the group comprised of 5% DMSO was much 

lower compared to the group comprised of 10% DMSO (P<0.05). This result was likewise 

observed in the primary cell yield assay. The experimental group's statistics remained in a 

median position when compared to the other two groups. The reason for such a result is 

attributable to the use of primary hDPSCs as the research subject and aimed at examining the 

effect of thawing on the initial stages of in vitro cell isolation. It has been proven that freezing 

influenced the initial stage of cell isolation and culture [49], resulting in an extended 

adaptation period and reduced cell yield. Furthermore, the proportion of DMSO added 

significantly influenced the previously mentioned two features. In a later series of 

experiments, the third passage of cells was utilized, as these cells may be naturally purified 

during passage, making it the most appropriate for clinical application. Therefore, in vitro cell 

culture can not only guarantee cell quantity but also serve as a reliable representation, 

provided that the biological activity remains unaffected by the cryopreservation of tissue from 

donors. It can establish an academic basis for future transplantation in clinical therapies and 

enhance treatment safety. The study found no significant differences (P>0.05) in various 

biological characteristics between hDPSCs preserved by two cryopreservation methods and 

freshly extracted hDPSCs. This aligns with prior study findings, indicating that 

cryopreservation does not alter the fundamental biological properties and functionality of 

stem cells[118]. In conclusion, cryopreservation influenced the isolation and cell yield of 

primary hDPSCs. However, suitably decreasing the DMSO addition ratio can mitigate this 

impact. The biological activity of hDPSCs is not compromised by cryopreservation post-

passage, and they can be safely utilized in subsequent transplantation procedures. In terms of 
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overall cell yield and the duration needed for in vitro culture, the 5% DMSO cryopreservation 

system surpassed the 10% DMSO system and represented one of the more optimal options for 

hDPSCs preservation. Finally, it is advisable to select a 5% DMSO rather than 10% to 

mitigate its direct cytotoxic effects on cells during the passage process, hence minimizing cell 

loss. 

 

9.2   Direct cryopreservation of pulp tissue is a viable method for hDPSCs preservation 

(This part is about the publication doi: 10.5507/bp.2020.061. See page 28 of this dissertation). 

In tissue engineering, the selection of the most suitable seed cells is essential. hDPSCs are 

extensively studied stem cells that meet the strict requirements for an ideal source of seed 

cells in tissue engineering and cell therapy[119, 120]. In hDPSCs culture, cryopreservation in 

liquid nitrogen is a conventional storage technique[121, 122]. Furthermore, advancements in 

biotechnology are continually enhancing this method[123, 124]. hDPSCs retain viability and 

differentiation potential after two years of cryopreservation [125]. Perry et al.demonstrated 

that intact dental pulp tissue cryopreserved at 4 °C was successfully cultured for a duration of 

up to five days[126]. Our study established the viability of cryopreserving fragments of 

human dental pulp tissue and the long-term preservation of hDPSCs isolated from these 

fragments using liquid nitrogen (-196°C) cryopreservation. The proliferation and 

differentiation potential of cells cultured from cryopreserved tissue fragments were 

comparable to those derived from fresh tissue fragments. The cryopreserved cells from 

explants exhibited a two-day growth delay compared to the other group. The result is 

consistent with previous studies, indicating that following extended cryopreservation, native 

hDPSCs necessitate an adaptation period for growth[127]. 

Currently, there is no data on the total cell yield, as the cultures were still in the 3-5 passage 

stage. It is anticipated that certain cells will sustain damage during cryopreservation, resulting 

in a total yield that is inferior to that of fresh tissue. A plausible rationale for our achievement 

in acquiring viable cells from cryopreserved dental pulp fragments is the loose packaging 

structure of hDPSCs, which facilitates the complete penetration of the cryoprotectant DMSO, 

similar to that observed in a single-cell suspension. A further potential explanation pertained 

to the limited sample volume (<0.5cm3). As mentioned above, it is recommended to minimize 

the volume of dental pulp fragments to the greatest extent possible. This strategy may not be 

applicable to other tissues. Our study aims to isolate single cells for culture purposes. 

Consequently, maintaining the initial structure and cellular arrangement of the tissue is not 

essential. The delayed proliferation of cells produced from cryopreserved explants could be 
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attributed to changes in the structure and organization of cells throughout the cryopreservation 

process. Despite a minor delay in cell growth, viable cells derived from cryopreserved tissue 

fragments exhibited characteristics comparable to those found in fresh tissue fragments. 

We did identify congruent characteristics regarding proliferation, adipogenic, and osteogenic 

differentiation in matched fresh and frozen tissue fragments. Importantly, fibroblasts as 

negative controls exhibited a complete absence of differentiation under identical conditions. 

This provides compelling evidence that the observed differentiation was exclusive to human 

hDPSCs. Our findings aligned with existing literature indicating that cryopreservation does 

not alter biological features, structure, or mechanical and biological properties[118]. 

The main aim of this work was to evaluate the viability of cryopreserving dental pulp 

fragments for the subsequent hDPSCs culture and the dental pulp tissue was, therefore, 

sectioned into pieces on a sterile culturing bench in the laboratory to avert contamination. We 

are currently investigating the viability of preparing dental pulp tissue in a conventional 

clinical environment devoid of a laboratory sterile bench. Dental pulp tissue affected by 

severe infections can be preserved during tooth extractions at dental or oral clinics. The sole 

requisite apparatus is a household -20°C refrigerator, which is used to temporarily store tissue 

fragments, followed by their transfer to a -80°C refrigerator at an opportune moment, and 

ultimately their placement in liquid nitrogen for long-term preservation. 

 

9.3 Direct cryopreservation of treated teeth is feasible for preserving hDPSCs 

(This part is about the publication doi: 10.3390/ijms231911485. See page 36 of this 

dissertation). 

This study introduces a novel cryopreservation technique using varying DMSO 

concentrations to preserve third molars, which could provide hDPSCs for donors. To assess 

the efficacy of the newly developed cryopreservation method, we extracted 18 third molars 

and isolated cell lineages, thereafter analyzing the disparities between frozen and unfrozen 

teeth. The study found that cell growth duration was significantly longer in the T1 and T2 

DMSO frozen groups than in fresh dental pulp tissue, indicating that higher DMSO 

concentrations extend the growth period of primary cells. The T1 and T2 frozen groups 

produced significantly fewer primary cells than group C. Nonetheless, cryopreserving 

hDPSCs at −80 °C for one month post-first passage did not affect cell morphology, including 

size, cytoplasmic density, and nuclear features. The results from colony formation efficiency, 

cell viability, and MTS assays indicated that the novel cryopreservation method preserved 

hDPSC activity. We evaluated the surface antigens of hDPSCs from teeth preserved using a 



105 
 

novel cryopreservation technique, following ISCT protocols. It was found that CD45 and 

CD34 expressions were negative across all three groups, whereas CD73, CD90, and CD105 

expressions were positive, consistent with prior research[128]. The surface antigens of these 

cells biologically correspond to those of mesenchymal stem cells (MSCs), indicating that the 

cryopreservation procedure does not adversely affect the biological characteristics of hDPSCs. 

After 21 days of induced differentiation, the frozen group of hDPSCs retained their ability to 

differentiate into adipose and osteogenic tissues, as indicated by calcium and lipid 

accumulation. Moreover, the mRNAs linked to osteogenesis, specifically ALP, RUNX2, COL 

I, and OSC, were not downregulated at the observed time points (7, 14, and 21 days). Three 

groups did not exhibit any discernible variation in their ALP detection results. The 

differentiation potential of hDPSCs preserved in DMSO was retained post-passage, as 

indicated by changes in osteogenic gene expression levels over the course of osteogenic 

induction. 

This study demonstrates that the novel cryopreservation method diminished the yield of 

primary hDPSCs and prolonged their initial emergence period. This may be because the 

cryopreservation method may diminish the interaction between dental pulp tissue and 

cryoprotectants that preserve tooth integrity, leading to an inadequate quantity of safeguarded 

cells. DMSO, a commonly utilized cryoprotectant, may present slight hazards at 

concentrations below 10%, despite its capacity to inhibit the production of ice crystals in cells 

and preserve their structural and functional integrity post-thawing[129, 130]. Conversely, the 

freezing process did not notably affect the proliferation and differentiation abilities of 

passaged hDPSCs. This may be because the one-month freezing period may not have been 

sufficiently prolonged, resulting in minimal cell damage. Furthermore, the dental tissue of the 

donor chosen for the present study exhibited considerable cellular resilience, enabling the 

cells to endure physical and chemical stressors. 

Alveolar bone loss due to dental implants, tumor surgery, trauma, and periodontitis has 

significantly increased the demand for bone regeneration treatments in individuals over 40 

years old[131]. Consequently, hDPSCs are regarded as a valuable biological resource for 

regenerative medicine and tissue engineering[132]. Age-related declines in MSC number and 

capacity for self-renewal have been documented in studies[133]. As MSCs age, their 

proliferation and differentiation capabilities diminish as a result of telomere shortening[134], 

DNA damage, and epigenetic alterations in transcriptional regulation[134, 135]. The increased 

formation of secondary dentin and root canal mineralization in older adults leads to significant 

dental pulp tissue atrophy, making the extraction of hDPSCs challenging[136]. Therefore, the 
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preservation of a patient's younger hDPSCs in advance is crucial for maintaining their stem 

cell functionalities, including proliferation and differentiation potential. Our preservation 

technique allows for the freezing and storage of a large number of hDPSCs, maintaining their 

optimal stem cell properties and maximum proliferation capacity. 

Our laboratory previously demonstrated that dental pulp tissues can be cryopreserved for a 

month in 5% and 10% dimethyl sulfoxide (DMSO) media at −196 °C. Additionally, human 

dental pulp stem cells (hDPSCs) exhibited similar proliferation, growth, and differentiation 

capacities in both frozen and unfrozen groups[137]. This discovery provides important 

insights into the extensive and enduring preservation of dental pulp tissues. Nevertheless, the 

absence of sterile conditions in surgical areas of clinics and hospitals continues to pose a risk 

of tissue contamination due to environmental constraints. Furthermore, the majority of dental 

clinics do not have the capability to cryopreserve tissues and cells at −196 °C using liquid 

nitrogen. Our method corroborates earlier findings that hDPSCs preserved in 10% DMSO at 

−80 °C for 1-5 years maintain significant capability[138, 139]. This aligns partially with 

research indicating that hDPSCs maintain functionality after being stored at −85 °C for six 

months [140]. Ginani F et al. also discovered that human deciduous teeth cells could maintain 

similar cell viability and proliferation rates for up to six months after six months of storage at 

−80 °C in 10% DMSO[141], suggesting that the whole-tooth cryopreservation method might 

still be applicable for the preservation of deciduous teeth. 

The multipotent differentiation capabilities of stem cells are essential for their therapeutic 

use. Dental mesenchymal stem cells (DMSCs) are ideal for cell engineering and tissue 

regeneration due to their ability to differentiate into endodermal, mesodermal, and ectodermal 

lineages. Yanasse et al. The combination of human hDPSCs and platelet-rich plasma (PRP) 

formed a stem cell scaffold that notably enhanced articular cartilage repair in a rabbit model 

[142]. Wang et al. In a mouse model of amyotrophic lateral sclerosis (ALS), injecting either 

the secretion proteome or the carrier (DMEM) from cultured human dental pulp stem cells 

(hDPSCs) significantly extended survival and overall lifespan following disease onset[143]. 

Li et al.and Carter et al.HGF-modified hDPSCs were cultured and intravenously transplanted 

into a rat model of ulcerative colitis, demonstrating their ability to inhibit inflammation and 

promote proliferation by differentiating into ISC-like cells, thus reducing oxidative stress 

damage[144]. Hata et al. Injected cultured hDPSCs into nude mice with diabetic 

polyneuropathy led to notable enhancements in nerve conduction velocity, blood flow, and 

sensory perception thresholds[145]. In addition, hDPSCs offer significant advantages in terms 

of accessibility compared to other stem cell sources. Third molars are the primary source for 
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stem cell cryopreservation among various teeth. Carter et al. report that third molar impaction 

occurs in 18–68% of cases, with 41% identified as mesioangular impactions, leading dentists 

to frequently advise prophylactic extraction[146]. This study focuses on impacted third 

molars that are not fully erupted, and whose extraction does not affect oral masticatory 

function. Impacted third molars can cause gum swelling, ulcers, damage, and decay of the 

second molars, as well as periodontal and osseous diseases around them. They are linked to 

pathological changes, including pericoronitis, root resorption, periodontitis, caries, and cyst or 

tumor development[147]. Retaining impacted wisdom teeth over time can elevate the risk of 

pathologies in adjacent structures, and their removal at an older age may result in more 

frequent and severe complications[148]. Consequently, the preventive extraction of 

asymptomatic, healthy wisdom teeth, regardless of their impaction status,  has traditionally 

been deemed a suitable treatment strategy[149]. 

Premolars, particularly those extracted during orthodontic procedures for severe crowding and 

Class II malocclusions, are the second most common source of human dental pulp stem cells 

(hDPSCs) after impacted third molars. The typical age of these patients ranges from 10 to 16 

years[150]. Multiple teeth are the third most common source of hDPSCs[151]. Biologically, 

any healthy tooth, including the specified categories, can provide hDPSCs. Premolars 

extracted during orthodontic treatment are a frequent source of dental pulp cells[151]. When 

teeth are well-preserved after extraction, dental pulp cells can serve as a valuable and versatile 

source of stem cells for organ reconstruction and tissue regeneration, rather than being 

considered biological waste. In conventional cryopreservation, extracting dental pulp is 

crucial, as improper methods can contaminate dental tissues. Furthermore, as preservation 

time increases, the number of dental pulp stem cells isolated from extracted teeth 

decreases[152]. Research shows that dental pulp stem cells can stay viable in vitro for up to 

12 hours or overnight[124], representing the minimum exposure duration in a sterile surgical 

environment. Our study demonstrates that cryopreserving entire teeth at −80°C is a viable 

method that improves the retrieval of viable dental pulp stem cells, reduces contamination risk 

during post-extraction processes, and maintains the cells' original phenotype. Moreover, this 

approach allows us to reduce the requirements and costs associated with hDPSCs preservation, 

creating better conditions for establishing a dental stem cell bank and future clinical 

applications. 

However, due to time constraints and limited samples, further research into the maximum 

duration of complete tooth cryopreservation remains challenging. Resolving this issue would 

enhance the flexibility of whole-tooth cryopreservation programs, allowing their 
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implementation at the optimal time for cellular function in therapeutic applications. Future 

research will aim to enhance the understanding of hDPSC preservation. 

 

9.4 Comparison of the neurogenic differentiation performance of hDPSCs at different 

passages 

(This part is about the publication doi: 10.5507/bp.2021.058. See page 55 of this dissertation). 

The central and peripheral nervous systems regulate all bodily activities and perform essential 

physiological functions. Although central nervous system damage is permanent, peripheral 

nerves have limited regenerative abilities. Consequently, severe nerve damage can lead to 

irreversible functional impairments. Stem cells possess the ability for self-renewal and 

differentiation into multiple lineages. In recent years, various stem cells, including hDPSCs, 

have been proven to possess potent differentiation capabilities and beneficial paracrine effects, 

making them promising therapeutic agents for treating neuronal diseases and nerve injuries. 

Moreover, hDPSCs express both traditional neuronal markers, including nestin, GFAP, and 

NSE, and additional markers such as NeuN and S-100. They also release neurotrophic factors 

such as brain-derived neurotrophic factor (BDNF), glial cell line-derived neurotrophic factor 

(GDNF), and other nerve growth factors (NGFs), which are essential for nerve repair 

processes[25]. 

BDNF and GDNF directly act on dopaminergic neurons, providing robust trophic support that 

facilitates the recovery of these neurons following injury. Neurotrophic factors promote cell 

growth and neuronal differentiation by acting autocrine and paracrine on their own cells and 

the surrounding microenvironment. 

Research indicates that the biological properties of mesenchymal stem cells remain stable up 

to 10 passages. According to studies by Jin Hua et al., hDPSCs marked with Stro1+ obtained 

through immunomagnetic bead sorting show higher expression levels at passage 9 (P9) 

compared to passage 1 (P1). This suggests that P1 hDPSCs possess the potential for 

multipotent differentiation toward dentin, bone, and cartilage formation, while P9 hDPSCs, 

representing a later stage, show a greater propensity for osteogenic differentiation. These data 

imply that extended in vitro culturing can specifically influence the differentiation potential of 

hDPSCs. 

ELISA results indicate that hDPSCs secrete the highest level of VEGF at passage 3 (P3), 

measuring 7300 micrograms per liter. VEGF is a key regulator of both physiological and 

pathological angiogenesis and vasculogenesis, significantly influencing endothelial cell 

proliferation, survival, migration, and infiltration. hDPSCs enhance vascular regeneration via 
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VEGF expression, which in turn supports axonal growth and Schwann cell proliferation. 

VEGF-A plays a crucial role in angiogenesis. In a study involving the transplantation of 

differentiated hDPSCs into a rat model with a 15 mm sciatic nerve defect, VEGF-A was 

observed to enhance angiogenesis and facilitate the initial inward growth of nerve fibers[153]. 

Regarding the neurogenic paracrine effects, ELISA results indicated that the BDNF levels 

secreted by third-passage hDPSC cells were 2421 μg/L.BDNF is extensively present in the 

central nervous system (CNS) and is vital for CNS development, impacting neuron survival, 

differentiation, growth, and development.  It also prevents neuronal death and aids in 

reversing pathological neuronal states. BDNF, a neurotrophic factor, is crucial for neuron 

regeneration, differentiation, survival, and normal physiological function. 

Variations in BDNF expression are strongly linked to neurological disorders such as 

depression, epilepsy, Alzheimer's, Parkinson's, and Huntington's diseases[154]. 

ELISA analysis revealed that third-passage hDPSCs secreted NT-3 at a peak concentration of 

7571 µg/L.NT-3 significantly increases the number and dendritic length of βIII-tubulin+ 

retinal cells. It was also observed that the activity of retinal cells decreases when an NT-3 

receptor inhibitor is used, demonstrating NT-3's protective effects on retinal ganglion cells 

(RGCs) [Reference 10]. RGCs express various neurotrophic factors such as NGF, BDNF, NT-

3, and GDNF. These factors can bind to receptors on RGCs, enhancing not only their survival 

but also promoting axonal regeneration[155]. 

hDPSCs can also be used for treating retinal damage due to their paracrine effects, which 

include the expression of the aforementioned neurotrophic factors. ELISA results further 

indicated that the secretion of NGF by third-passage hDPSCs was the highest, reaching 4814 

micrograms per liter. NGF, an early-identified neurotrophin, supports sensory neuron survival, 

nerve fiber growth, and sensory neuron peptide gene expression. In the retina, retinal ganglion 

cells, bipolar neurons, and glial cells locally produce and utilize NGF via paracrine or 

autocrine mechanisms. Moreover, Colafrancesco et al. [156]found that NGF can protect the 

retina by reducing the apoptosis of ganglion cells. 

NGF and its receptors are prominently expressed in the visual centers during visual system 

development, affecting neuronal proliferation, survival, and selective apoptosis. Furthermore, 

NGF maintains neuronal survival and differentiation by activating signaling pathways through 

its binding with the tropomyosin receptor kinase A (TrkA) receptor. In the form-deprivation 

myopia (FDM) model in guinea pigs, Davis et al.[157]employed immunohistochemistry and 

quantitative PCR to assess  NGF and TrkA protein and gene expression levels. The study 

found that extended form deprivation led to a reduction in NGF and TrkA protein and nucleic 
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acid expression in the retina. 

Information regulation within retinal cells facilitates differentiation during the developmental 

stages of retinal function. Additionally, Spalding et al.[158]demonstrated that NGF and TrkA 

are present in both neuronal and non-neuronal cells within the guinea pig retina in the FDM 

model. The experiments analyzed cytokine secretion levels from the second to the tenth 

passage of hDPSCs. Further investigation is needed to clarify cytokine secretion levels in 

subsequent passages and to explore the clinical applications, indications, and 

contraindications of hDPSCs. Moreover, the exact mechanisms of hDPSCs' paracrine 

functions, factors influencing these functions, and how to effectively utilize this potential 

capability of stem cells require further investigation. 

 

9.5 hDPSCs from neurofibroma-affected and normal teeth have similar biological 

properties 

(This part is about the publication doi: 10.21873/invivo.13113. See page 63 of this 

dissertation). 

Innovative treatment techniques are urgently needed in oral and maxillofacial medicine to 

restore the function and structure of damaged tissues. Stem cell research and regenerative 

medicine have recently experienced significant advancements and groundbreaking 

discoveries[159]. Recent reports highlight dental tissue-derived stem cells as a promising 

source for bone regeneration in oral and maxillofacial surgery, craniofacial abnormalities, and 

orthopedics. Furthermore, stem cells can be collected intraorally, including from tooth pulp 

and periodontal ligaments. Prior studies have demonstrated that dental stem cells exhibit 

advantages in myogenic, odontogenic/osteogenic, and chondrogenic differentiation [160, 161]. 

Furthermore, stem cells can be collected intraorally, including from tooth pulp and 

periodontal ligaments. Our previous studies have demonstrated that dental stem cells exhibit 

advantages in myogenic, odontogenic/osteogenic, and chondrogenic differentiation[162, 163]. 

Oral cavity neurofibromas frequently involve the trigeminal and upper cervical nerves[164]. 

Neurofibroma can occur in the oral cavity, affecting areas such as the tongue, lip, palate, 

gingiva, major salivary glands, and maxillary bones. Due to the substantial size of the inferior 

alveolar nerve bundles, most intraosseous forms are reported in the posterior mandible,  with 

fewer occurrences in the maxilla[165]. NF-1 is important due to its distinct clinical 

presentation, treatment, and prognosis. The standard treatment for neurofibroma involves 

complete surgical removal. These tumors are not radiosensitive and have little benefit from 

treatment [166]. The tumor will be removed in bloc with the surrounding tissues including 
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bone and teeth. There is a need for autologues tissue repair in patients suffering from tumor 

predisposition syndrome. Therefore, cell culture studies on the differentiation capability of 

stem cells are a first step towards improved reconstructive measures in a severely affected 

body region (haploinsufficiency and second hit of NF1 gene in the tumor region). 

Is it possible that stem cells present at these sites possess distinct properties compared to those 

in normal teeth? This study compared the multilineage potentials and proteomic profiles of 

mesenchymal stem cells (MSCs) derived from the dental pulp of normal and NF teeth. 

We successfully cultured and isolated original dental pulp stem cells using the tissue block 

method with limiting dilution. Research has demonstrated that similar to normal pulp tissues, 

stem cells are also found in NF teeth. 

Maintaining self-renewal and differentiation is essential for stem cell growth and therapeutic 

application[167]. The two types of stem cells exhibited similar morphological and biological 

characteristics. The MTS and CFU assays were employed to evaluate proliferation and 

colony-forming potential, suggesting that the inherent self-organizing morphogenetic 

properties in ex vivo culture may be a characteristic of pulp tissue stem cells. 

The potential of MSC stem cells to differentiate into osteogenic, chondrogenic, and 

adipogenic lineages traditionally serves as a measure of their suitability for orthopedic and 

aesthetic regeneration applications[168]. Collagen type I (COL I) serves as an early marker 

for matrix mineralization, while Osteocalcin (OSC) indicates osteogenic differentiation and 

maturation of bone[169]Previous research demonstrated that dental pulp cells express bone-

related genes, such as ALP, osteocalcin, and collagen I, and are capable of forming 

mineralized nodules in vitro[137]. Cells from NF teeth exhibit characteristics including in 

vitro mineralized nodule formation and expression of bone-associated markers such as 

Osteocalcin (OSC) and Collagen type I (COL I). The osteogenic differentiation potential of 

these cells was comparable to the bone-forming activity of normal pulp stem cells. The 

adipogenic potential of both MSCs was evaluated. The most commonly assessed genes were 

peroxisome proliferator-activated receptor γ (PPAR-γ) and lipoprotein lipase (LPL). Similar to 

osteogenic differentiation, adipogenic differentiation in MSCs from NF teeth also exhibited 

lipid vacuoles, as evidenced by Oil Red staining.  

This study successfully obtained dental pulp stem cells from NF teeth, which were 

comparable to normal dental pulp stem cells. The development of tissue-engineered bone for 

clinical bone defect reconstruction remains exploratory, facing challenges such as acquiring 

ample high-quality stem cells, enhancing vascularization and mechanical properties, and 

ensuring effective integration with host bone tissue. As related disciplines and technologies 



112 
 

advance, existing challenges will be gradually overcome, allowing tissue-engineered bone to 

eventually become a standard clinical method for bone defect reconstruction. 

 

9.6 Inducing differentiation of human dental pulp cells toward acinar-lineage 

(This part is about the publication PMID: 33042457. See page 75 of this dissertation). 

We successfully induced acinar-like differentiation in human dental pulp cells. This induction 

was achieved by co-culturing with salivary gland cells in a transwell setup. Since both cell 

populations shared the same medium, the acinar differentiation of the dental pulp cells in the 

lower chamber likely resulted from factors and components secreted by the salivary gland 

cells in the upper insert. 

To induce differentiation into various cell lines such as adipocytes and osteocytes, conditions 

based on specific combinations of small molecules have been established. However, no such 

straightforward conditions exist yet for acinar differentiation. A recent study successfully 

enriched lacrimal gland cells from human embryonic stem cells by transfecting synthetic 

messenger RNA encoding several transcription factors[170]. Nonetheless, transfection is not a 

feasible method for medical applications due to its complexities and potential for unintended 

effects. 

Co-culturing represents another strategy for inducing differentiation. Adipose stromal cells 

differentiated into the acinar lineage when co-cultured with salivary gland cells[171]. 

However, that study did not provide details on the co-culture setup, nor did it mention the use 

of a transwell. It is possible that the two cell types were mixed together in the culture. 

In this study, we utilized a transwell structure for co-culture, which allows the exchange of 

chemical substances and biochemical molecules while the semi-permeable membranes 

prevent cell passage. Thus, Cells of the two types are physically separated from one 

another. A significant advantage of this semi-co-culture approach is that the two types of cells 

can originate from different sources. While the pluripotent cells in the lower chamber can be 

autologous, and suitable for applications without causing host rejection, the inducer cells in 

the upper insert can be from different sources. In our study, human salivary gland cells were 

used as inducer cells. However, other inducer cells and tissue sources are theoretically 

possible, such as cell lines from human or non-human glandular tissues. Alternatively, the 

conditioned medium from gland cells might also influence the acinar differentiation of 

pluripotent cells. 

We adopted a ratio of 4:1 between inducer cells and differentiating cells. However, other 

ratios may also be effective. Additionally, as approximately 30% of dental pulp cells achieved 
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acinar-like differentiation, these cells could secrete factors that facilitate further differentiation 

of other dental pulp cells. It would be interesting to explore the possibilities of other types of 

pluripotent cells in the future, including bone marrow cells and adipose stromal cells, in this 

type of acinar differentiation. 

There are currently two main hypotheses regarding the mechanisms of mesenchymal stem cell 

multilineage differentiation: the microenvironment induction theory and the cell fusion 

theory. The study utilized co-culturing to differentiate human dental pulp stem cells (hDPSCs) 

into salivary gland-like cells. Literature indicates that co-culturing acinar cells with bone 

marrow mesenchymal stem cells (BM-MSCs) in a Transwell system can prompt BM-MSCs to 

differentiate into salivary acinar-like cells that secrete alpha-amylase. Cardiomyocyte lysate 

enhances BM-MSC proliferation and differentiation into cardiomyocyte-like cells. 

In the experiments on culturing acinar cells, we incorporated 10% fetal bovine serum (FBS) 

into DMEM/F12 culture medium. This effectively preserved the biological functions of the 

acinar cells, creating necessary conditions for the subsequent proliferation of salivary acinar 

cells and successful induction of BM-MSCs into salivary acinar-like cells. 

In the acinar cell culture experiments, 10% fetal bovine serum (FBS) was added to the 

DMEM/F12 medium. This effectively preserved the biological functions of the acinar cells, 

creating necessary conditions for the subsequent proliferation of salivary acinar cells and 

successful induction of BM-MSCs into salivary acinar-like cells. 

In this study, the experimental group used lysate prepared from submandibular gland cells 

(SMGCs) to induce BM-MSCs. Immunocytochemistry revealed amylase expression in the 

cytoplasm of these cells, whereas the control group, which continued to be cultured in the 

original medium, showed no amylase expression. This indicates that in the simulated 

microenvironment of the submandibular gland acinar cells lysate, the interaction of BM-

MSCs with the extracellular matrix of SMGCs, various cytokines, and enzymes, leads to the 

regulation of key genes that determine their differentiation path. Although we simulated the 

submandibular gland environment and induced the expression of the submandibular gland-

specific secretory protein, alpha-amylase, in dental pulp mesenchymal stem cells, further 

investigation is required to identify the specific cytokines and gene action sites involved in 

this induction. Moreover, the difference between the amylase protein secreted by the induced 

submandibular gland-like cells and that secreted by normal submandibular gland cells 

warrants further study. 

Human stem/progenitor cells are considered to possess certain immunosuppressive 

activities[172, 173]. Therefore, aside from their potential to perform acinar functions post-



114 
 

induction, dental pulp cells may also help suppress some dysregulated immune responses that 

damage the original lacrimal gland cells in conditions such as dry eye disease. 

This study shows that acinar differentiation is achievable by co-culturing human dental pulp 

cells with salivary gland cells in a transwell setup, maintaining separate cell 

populations. Acinar-like cells may serve as an autologous cell source with potential 

applications in cell therapy for dry eye disease. 

 

9.7 Effects of hDPSCs on the Biological Phenotype of Hypertrophic Keloid Fibroblasts 

(This part is about the publication doi: 10.3390/cells10071803. See page 75 of this 

dissertation). 

The intricate process of wound healing frequently results in scar formation following skin 

injuries. Scar formation involves various cell types such as fibroblasts, endothelial cells, 

macrophages, and lymphocytes[174-176]. The biological behavior of fibroblasts is regarded 

as a crucial variable. Research indicates that fibroblasts, as primary components of scar tissue, 

can excessively proliferate, exhibit incomplete apoptosis, and synthesize collagen abnormally, 

contributing to persistent scar tissue growth.[177, 178]. Inhibiting fibroblast proliferation and 

inducing apoptosis in scar tissue can significantly reduce scar tissue growth, thereby slowing 

disease progression and playing a crucial role in scar improvement and treatment. Hence, the 

treatment of scar keloids requires an understanding of the biological characteristics of 

fibroblasts in scar tissue. 

Mesenchymal stem cells (MSCs), a crucial component of the stem cell family, are extensively 

used in the treatment of scar-related conditions such as pulmonary fibrosis. Furthermore, they 

have shown remarkable potential in reducing cardiac scar formation by secreting a variety of 

cytokines.[179]. Research involving animal models and clinical trials indicates that stem cells 

have the potential to regenerate damaged organs. Stem cells enhance tissue repair by secreting 

cytokines like interleukin-6, interleukin-8, and interleukin-10, along with other proteins 

crucial for tissue regeneration[180, 181]. Recent studies suggest that adipose stem cells can 

suppress mRNA expression of COL1A1, TGF-β1, CTGF, and ACTA2 in renal fibrosis tissue, 

offering a therapeutic approach to kidney fibrosis. The ability of dental pulp stem cells to 

secrete cytokines that inhibit the proliferation and migration of keloid fibroblasts, contributing 

to skin scar repair, has not been previously documented.[182].  

Human dental pulp stem cells (hDPSCs), scar keloid fibroblasts (HKFs), and normal skin 

fibroblasts (HNFs) were isolated via the tissue explant method. We investigated the molecular 

mechanisms by which hDPSCs influence HKF proliferation, migration, and apoptosis using a 
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Transwell co-culture system. Scar keloids are histologically defined by significant 

extracellular collagen secretion and deposition[183]. Both skin scar keloids and fibromas are 

fibroconnective tissue disorders characterized by excessive extracellular collagen 

deposition[184]. Additionally, we found that co-culturing with hDPSCs inhibited HKF and 

HNF migration, but they did not suppress proliferation or induce apoptosis. Our experimental 

data align with recent studies indicating that conditioned medium and cell lysates from human 

Wharton’s Jelly-derived MSCs (WJ-MSCs) can inhibit the migration of human HKFs[185]. In 

contrast to the previous report, we employed hDPSCs due to their easy accessibility, minimal 

invasiveness, and suitability for autologous applications. Contrary findings have been 

reported, indicating that the conditioned medium from human WJ-MSCs can enhance HKF 

proliferation via a paracrine mechanism using an indirect Transwell co-culture system[186], 

We propose that the varying results may stem from the use of diverse MSC types, cell 

processing and culturing methods, and assay techniques, which could influence the migration, 

proliferation, collagen secretion, and apoptosis of scar keloid fibroblasts involved in wound 

healing after skin injury. Therefore, by inhibiting the migration and proliferation of scar 

keloid fibroblasts, it is also possible to suppress the formation of scar keloids[187]. 

Furthermore, studies have shown that inhibiting the expression of matrix metalloproteinases 

in scar keloid fibroblasts can reduce their migratory capacity, thus serving as an adjunct 

treatment for scar keloids [183]. Research indicates that suppressing mTOR protein 

expression in scar keloid fibroblasts reduces their migration, thereby inhibiting scar keloid 

development[188]. Our study supports the notion that dental pulp stem cells can inhibit the 

migration of keloid fibroblasts in vitro, implying their potential role in promoting wound 

healing by preventing scar formation. 

The expression of genes associated with anti-fibrotic and pro-fibrotic activities is integral to 

the development of fibrotic diseases, reinforcing the classification of hypertrophic scars and 

keloids as such. Excessive scarring and fibrosis are primarily caused by the overexpression of 

TGF-β1 and TGF-β2. Research indicates that targeting the expression of TGF-β1 and TGF-β2 

in hypertrophic scars and keloids can effectively inhibit scar proliferation, leading to 

beneficial clinical outcomes [188, 189]. Consequently, TGF-β1 and TGF-β2 are pivotal 

targets in hypertrophic scar and keloid treatment research. CTGF is a marker protein for 

fibrotic diseases, enhancing fibroblast proliferation and the secretion and deposition of 

extracellular matrix proteins such as type I collagen and fibronectin.[190, 191]. The study 

demonstrated that co-culturing human dental pulp stem cells (hDPSCs) with human keloid 

fibroblasts (HKF) for 24 hours significantly decreased the gene and protein expression of 
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TGF-β1, TGF-β2, and CTGF in HKFs. This supports evidence that MSCs, through paracrine 

functions, can secrete cytokines and modify fibroblast phenotypes, including fibrosis and 

proliferation  [192, 193]. Growing evidence indicates that the paracrine function of MSCs is a 

key mechanism underlying their therapeutic effects. After injection, MSCs migrate to injury 

sites via chemotaxis, proliferate, and differentiate into cells that produce the extracellular 

matrix essential for tissue repair. Additionally, upon entering the body, MSCs can exhibit 

paracrine functions, secreting cytokines and bioactive substances needed for tissue repair, 

thereby inducing the body's own cells to repair tissue damage. The SMAD signaling pathway 

is a downstream mediator of TGF-β, with R-SMAD3 being upregulated in scar keloids 

following phosphorylation, while downregulation of R-SMAD3 significantly reduces the 

expression of procollagen genes in keloid fibroblasts. I-SMAD6 and I-SMAD7 suppress 

TGF-β activity. SMAD6 prevents the interaction between SMAD4 and R-SMAD. Keloid 

fibroblasts exhibit decreased expression of I-SMAD6 and I-SMAD7. By inhibiting the TGF-

β1-SMAD signaling pathway and activating TLR7 or SMAD7, the formation of scar keloids 

can be significantly reduced. The Toll-like receptor (TLR) signaling pathway plays both 

protective and destructive roles. Following skin injury, Toll-like receptors (TLRs) interact 

with damage-associated molecular patterns (DAMPs), facilitating the innate immune system's 

response to sterile tissue damage. TLR stimulation in macrophages elevates pro-inflammatory 

and pro-fibrotic cytokine levels, altering fibroblast gene expression and TGF-β responses, 

thereby enhancing collagen production. 

 

Hypertrophic scars and keloid tissues are characterized by excessive extracellular matrix 

deposition. Excessive extracellular matrix deposition can result from either increased 

synthesis or reduced degradation.[194]. Collagen synthesis is three times higher in 

hypertrophic scars and can be up to twenty times higher in keloids compared to normal skin 

[195]. Our experiments demonstrated that co-culturing human scar fibroblasts (HSF) and 

human keloid fibroblasts (HKF) with hDPSCs led to reduced extracellular matrix synthesis, 

evidenced by lower expression levels of Type I collagen, α-SMA, and hydroxyproline. 

Moreover, in the extracellular matrix of scar tissues, Type I collagen is usually the 

predominant type of collagen present. Measuring hydroxyproline content in cell culture 

medium reliably indicates fibroblasts' collagen synthesis capability. Previous reports indicate 

that both bone marrow and dermal MSCs can suppress collagen synthesis and α-SMA 

expression in keloid fibroblasts[186]. 
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In conclusion, our findings align with prior research, demonstrating that dental pulp stem cells 

can inhibit pro-fibrotic gene expression and collagen synthesis in keloid fibroblasts in 

vitro. The study demonstrated that dental pulp stem cells inhibit keloid fibroblast 

migration. In future experiments, keloid fibroblasts' specific secreted cytokines must be 

investigated for their influence on their biological behavior. 

From an ethical standpoint, embryonic stem cell research is highly controversial due to its 

destructive impact on embryos, leading to opposition from some groups. Human dental pulp 

stem cells, as adult stem cells, are not subject to the same ethical constraints. Regarding 

material collection, obtaining samples from naturally exfoliated deciduous teeth or extracted 

wisdom teeth is relatively simple and feasible, causing minimal harm to donors (children), 

and is more readily accepted by their parents. Personalized collection and storage of SHED 

(stem cells from human exfoliated deciduous teeth) for autologous transplantation and 

regenerative therapy can significantly minimize the risks of immune rejection and cross-

infection. Moreover, storing stem cells before the onset of disease provides lifelong protection 

for individuals, which is one of the guiding principles for establishing stem cell banks. SHED 

banks are available for use by the donor's close relatives, including grandparents, parents, and 

siblings. Research by Arora et al. indicates that the storage cost of SHED banks is only one-

third that of cord blood cell banks. Adult stem cells, such as SHED and cord blood-derived 

stem cells, complement each other in their multipotent differentiation capabilities and 

potential for clinical applications. Cord blood stem cells can generate essential blood 

components, including red and white blood cells and platelets, for treating various 

hematological disorders. Unlike hematopoietic stem cells, SHED uniquely contributes to both 

soft and hard tissue regeneration. 

 

9.8 Concluding remarks 

In conclusion, our research has successfully demonstrated the immense potential of human 

dental pulp stem cells (hDPSCs) in regenerative medicine. Through comprehensive studies, 

we optimized cryopreservation techniques, ensuring that hDPSCs maintain their viability and 

differentiation potential even after long-term storage. This advancement, particularly with the 

whole teeth, opens up new possibilities for the efficient storage and future therapeutic use of 

hDPSCs. 

Moreover, our investigation into the differentiation capabilities of hDPSCs has revealed their 

significant versatility. From bone tissue engineering to neurological therapies, hDPSCs have 

shown robust osteogenic, adipogenic, and neural differentiation potential. Additionally, their 
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ability to differentiate into acinar-like cells offers promising therapeutic avenues for treating 

glandular disorders, such as dry-eye syndrome. Furthermore, our findings on hDPSCs’ role in 

inhibiting fibrosis and keloid formation suggest their potential as a novel approach to treating 

fibrotic conditions. 

Overall, these studies emphasize the diverse applications of hDPSCs, from bone regeneration 

and neurological repair to glandular restoration and fibrosis treatment. The combination of 

their multipotent nature and the feasibility of long-term cryopreservation positions hDPSCs as 

a valuable tool for future clinical applications in personalized and regenerative medicine. 
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10. Abbreviations 
 
ADSCs               Adipose-Derived Stem Cells 

ALP               Alkaline Phosphatase 

ALS                Amyotrophic Lateral Sclerosis 

AMS                Amylase Assay Kit 

AP-1                Activator Protein-1 

ATP                 Adenosine Triphosphate 

BMSCs                 Bone Marrow Mesenchymal Stem Cells 

BMP2                 Bone Morphogenetic Protein-2 

BDNF                 Brain-Derived Neurotrophic Factor 

BM-MSCs  Bone Marrow Mesenchymal Stem Cells 

BSA                       Bovine Serum Albumin 

C/N                       Carbon-to-Nitrogen Ratio 

CBF                       Core-Binding Factor 

CD                 Cluster of Differentiation 

CD44                    Cluster of Differentiation 44 

CD73                    Cluster of Differentiation 73 

CD90                    Cluster of Differentiation 90 

CD105                 Cluster of Differentiation 105 

COL I                 Type I Collagen 

CNTF                 Ciliary Neurotrophic Factor 

cNF                 Cutaneous Neurofibromas 

CTGF                 Connective Tissue Growth Factor 

CXCL1                  C-X-C Motif Chemokine Ligand 1 

CXCR6                  C-X-C Chemokine Receptor Type 6 

DAPI                  4',6-Diamidino-2-Phenylindole 

DMD                   Duchenne Muscular Dystrophy 

DMSCs                   Dental Mesenchymal Stem Cells 
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DMSO                   Dimethyl Sulfoxide 

DMEM                   Dulbecco's Modified Eagle Medium 

DNA                        Deoxyribonucleic Acid 

DPSC                   Dental Pulp Stem Cell 

DSPP                   Dentin Sialophosphoprotein 

ECM                    Extracellular Matrix 

EDTA                    Ethylenediaminetetraacetic Acid 

EGF                    Epidermal Growth Factor 

ELISA                     Enzyme-Linked Immunosorbent Assay 

ERK1/2      Extracellular Signal-Regulated Kinase 1/2 

FBS                    Fetal Bovine Serum 

GAPDH                   Glyceraldehyde-3-phosphate 

GCs                    Glucocorticoids 

G-CSF                    Granulocyte-Colony Stimulating Factor 

GDNF                    Glial Cell-Derived Neurotrophic Factor 

hDPSCs                   Human Dental Pulp Stem Cells 

hMSCs                     Human Mesenchymal Stem Cells 

iPSC                          Induced Pluripotent Stem Cell 

H&E                    Hematoxylin and Eosin 

HA                    Hydroxyapatite 

HGF                    Hepatocyte Growth Factor 

HLA                    Human Leukocyte Antigen 

HKFs                    Human Keloid Fibroblasts 

HNFs                    Human Normal Fibroblasts 

HUVECs     Human Umbilical Vein Endothelial Cells 

IGF                    Insulin-Like Growth Factor 

IL-1β                    Interleukin-1β 

IL-6                     Interleukin-6 
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ISC                     Intestinal Stem Cell 

JAK2                     Janus Kinase 2 

LFA-1                    Lymphocyte Function-Associated Antigen 1 

LPL                    Lipoprotein Lipase 

MAP                    Mitogen-Activated Protein 

MAPKs                    Mitogen-Activated Protein Kinases 

MCP-1                    Monocyte Chemoattractant Protein-1 

MEF                         Mouse Embryonic Fibroblasts 

MI                             Myocardial Infarction 

MMPs                    Matrix Metalloproteinases 

MPNST                    Malignant Peripheral Nerve Sheath Tumors 

mRNA                     Messenger RNA 

miRNAs                  MicroRNAs 

MSCs                    Mesenchymal Stem Cells 

NF1                    Neurofibromatosis Type 1 

NF2                    Neurofibromatosis Type 2 

NF-kB                    Nuclear Factor-kB 

NGF                    Nerve Growth Factor 

NOD                    Non-Obese Diabetic 

NT-3                    Neurotrophin-3 

OSC                    Osteocalcin 

PBS                    Phosphate-Buffered Saline 

PCR                    Polymerase Chain Reaction 

PNF                    Plexiform Neurofibroma 

PNST                    Peripheral Nerve Sheath Tumors 

PI3K                        Phosphatidylinositol-3-Kinase 

PLGA                       Poly Lactic-co-Glycolic Acid 

PRP                    Platelet-Rich Plasma 
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PSS                    Primary Sjögren's Syndrome 

RNA                    Ribonucleic Acid 

ROS                    Reactive Oxygen Species 

RUNX2                    Runt-Related Transcription Factor 2 

SCF                    Stem Cell Factor 

SDF-1                     Stromal Cell-Derived Factor-1 

SEM                     Scanning Electron Microscopy 

SIC                     Substituted Isochroman 

SOC                     Organic Carbon 

SOD                     Superoxide Dismutase 

SS                     Sjögren's Syndrome 

STAT3                     Signal Transducer and Activator of Transcription 3 

TGF-β                    Transforming Growth Factor-β 

TNF-α                    Tumor Necrosis Factor-α 

TRAP                    Tartrate-Resistant Acid Phosphatase 

UC                    Ulcerative Colitis 

VEGF                    Vascular Endothelial Growth Factor 

WNT                    Wingless/Integrated Signaling Pathway 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



123 
 

11. Literaturverzeichnis 
 
[1] P.Y. Collart-Dutilleul, E. Secret, I. Panayotov, D. Deville de Periere, R.J. Martin-Palma, V. 
Torres-Costa, M. Martin, C. Gergely, J.O. Durand, F. Cunin, F.J. Cuisinier, Adhesion and 
proliferation of human mesenchymal stem cells from dental pulp on porous silicon scaffolds, 
ACS Appl Mater Interfaces 6(3) (2014) 1719-28. 
[2] S. Gronthos, M. Mankani, J. Brahim, P.G. Robey, S. Shi, Postnatal human dental pulp 
stem cells (hDPSCs) in vitro and in vivo, Proc Natl Acad Sci U S A 97(25) (2000) 13625-30. 
[3] M. Tatullo, M. Marrelli, K.M. Shakesheff, L.J. White, Dental pulp stem cells: function, 
isolation and applications in regenerative medicine, J Tissue Eng Regen Med 9(11) (2015) 
1205-16. 
[4] M. Yang, H. Zhang, R. Gangolli, Advances of mesenchymal stem cells derived from bone 
marrow and dental tissue in craniofacial tissue engineering, Curr Stem Cell Res Ther 9(3) 
(2014) 150-61. 
[5] M.B. Murphy, D. Blashki, R.M. Buchanan, I.K. Yazdi, M. Ferrari, P.J. Simmons, E. 
Tasciotti, Adult and umbilical cord blood-derived platelet-rich plasma for mesenchymal stem 
cell proliferation, chemotaxis, and cryo-preservation, Biomaterials 33(21) (2012) 5308-16. 
[6] S. Gottipamula, A. Sharma, S. Krishnamurthy, A.S. Majumdar, R.N. Seetharam, Human 
platelet lysate is an alternative to fetal bovine serum for large-scale expansion of bone 
marrow-derived mesenchymal stromal cells, Biotechnol Lett 34(7) (2012) 1367-74. 
[7] T. Struys, M. Moreels, W. Martens, R. Donders, E. Wolfs, I. Lambrichts, Ultrastructural 
and immunocytochemical analysis of multilineage differentiated human dental pulp- and 
umbilical cord-derived mesenchymal stem cells, Cells Tissues Organs 193(6) (2011) 366-78. 
[8] X. Yang, X.F. Walboomers, J.J. van den Beucken, Z. Bian, M. Fan, J.A. Jansen, Hard 
tissue formation of STRO-1-selected rat dental pulp stem cells in vivo, Tissue Eng Part A 
15(2) (2009) 367-75. 
[9] H.Guo, B.Wu, X.Guo, J.Wang. Journal of Endodontics and Periodontics, Culture and 
characterization of rat dental pulp stem cells, 14(5) (2004) 242-245. 
[10] S. Gronthos, J. Brahim, W. Li, L.W. Fisher, N. Cherman, A. Boyde, P. DenBesten, P.G. 
Robey, S. Shi, Stem cell properties of human dental pulp stem cells, J Dent Res 81(8) (2002) 
531-5. 
[11] W. Zhang, I.P. Ahluwalia, P.C. Yelick, Three dimensional dental epithelial-
mesenchymal constructs of predetermined size and shape for tooth regeneration, Biomaterials 
31(31) (2010) 7995-8003. 
[12] N. Ishkitiev, K. Yaegaki, B. Calenic, T. Nakahara, H. Ishikawa, V. Mitiev, M. Haapasalo, 
Deciduous and permanent dental pulp mesenchymal cells acquire hepatic morphologic and 
functional features in vitro, J Endod 36(3) (2010) 469-74. 
[13] X. Li, J. Hou, B. Wu, T. Chen, A. Luo, Effects of platelet-rich plasma and cell coculture 
on angiogenesis in human dental pulp stem cells and endothelial progenitor cells, J Endod 
40(11) (2014) 1810-4. 
[14] M. Nakashima, K. Iohara, Mobilized dental pulp stem cells for pulp regeneration: 
initiation of clinical trial, J Endod 40(4 Suppl) (2014) S26-32. 
[15] W. Martens, A. Bronckaers, C. Politis, R. Jacobs, I. Lambrichts, Dental stem cells and 
their promising role in neural regeneration: an update, Clin Oral Investig 17(9) (2013) 1969-
83. 
[16] W. Zhang, W. Liu, J. Ling, Z. Lin, Y. Gao, X. Mao, Y. Jian, Odontogenic differentiation 
of vascular endothelial growth factor-transfected human dental pulp stem cells in vitro, Mol 
Med Rep 10(4) (2014) 1899-906. 
[17] L. Zhu, W.L. Dissanayaka, C. Zhang, Dental pulp stem cells overexpressing stromal-
derived factor-1alpha and vascular endothelial growth factor in dental pulp regeneration, Clin 
Oral Investig 23(5) (2019) 2497-2509. 



124 
 

[18] I. Lambrichts, R.B. Driesen, Y. Dillen, P. Gervois, J. Ratajczak, T. Vangansewinkel, E. 
Wolfs, A. Bronckaers, P. Hilkens, Dental Pulp Stem Cells: Their Potential in Reinnervation 
and Angiogenesis by Using Scaffolds, J Endod 43(9S) (2017) S12-S16. 
[19] R. Kunimatsu, K. Nakajima, T. Awada, Y. Tsuka, T. Abe, K. Ando, T. Hiraki, A. 
Kimura, K. Tanimoto, Comparative characterization of stem cells from human exfoliated 
deciduous teeth, dental pulp, and bone marrow-derived mesenchymal stem cells, Biochem 
Biophys Res Commun 501(1) (2018) 193-198. 
[20] M. Song, S.S. Jue, Y.A. Cho, E.C. Kim, Comparison of the effects of human dental pulp 
stem cells and human bone marrow-derived mesenchymal stem cells on ischemic human 
astrocytes in vitro, J Neurosci Res 93(6) (2015) 973-83. 
[21] W.K. Leong, T.L. Henshall, A. Arthur, K.L. Kremer, M.D. Lewis, S.C. Helps, J. Field, 
M.A. Hamilton-Bruce, S. Warming, J. Manavis, R. Vink, S. Gronthos, S.A. Koblar, Human 
adult dental pulp stem cells enhance poststroke functional recovery through non-neural 
replacement mechanisms, Stem Cells Transl Med 1(3) (2012) 177-87. 
[22] K. Iohara, L. Zheng, H. Wake, M. Ito, J. Nabekura, H. Wakita, H. Nakamura, T. Into, K. 
Matsushita, M. Nakashima, A novel stem cell source for vasculogenesis in ischemia: 
subfraction of side population cells from dental pulp, Stem Cells 26(9) (2008) 2408-18. 
[23] L. Casagrande, M.M. Cordeiro, S.A. Nor, J.E. Nor, Dental pulp stem cells in regenerative 
dentistry, Odontology 99(1) (2011) 1-7. 
[24] K. Iohara, K. Imabayashi, R. Ishizaka, A. Watanabe, J. Nabekura, M. Ito, K. Matsushita, 
H. Nakamura, M. Nakashima, Complete pulp regeneration after pulpectomy by 
transplantation of CD105+ stem cells with stromal cell-derived factor-1, Tissue Eng Part A 
17(15-16) (2011) 1911-20. 
[25] K. Sakai, A. Yamamoto, K. Matsubara, S. Nakamura, M. Naruse, M. Yamagata, K. 
Sakamoto, R. Tauchi, N. Wakao, S. Imagama, H. Hibi, K. Kadomatsu, N. Ishiguro, M. Ueda, 
Human dental pulp-derived stem cells promote locomotor recovery after complete transection 
of the rat spinal cord by multiple neuro-regenerative mechanisms, J Clin Invest 122(1) (2012) 
80-90. 
[26] K. Ito, Y. Yamada, S. Nakamura, M. Ueda, Osteogenic potential of effective bone 
engineering using dental pulp stem cells, bone marrow stem cells, and periosteal cells for 
osseointegration of dental implants, Int J Oral Maxillofac Implants 26(5) (2011) 947-54. 
[27] M. Riccio, T. Maraldi, A. Pisciotta, G.B. La Sala, A. Ferrari, G. Bruzzesi, A. Motta, C. 
Migliaresi, A. De Pol, Fibroin scaffold repairs critical-size bone defects in vivo supported by 
human amniotic fluid and dental pulp stem cells, Tissue Eng Part A 18(9-10) (2012) 1006-13. 
[28] G. Ibarretxe, A. Alvarez, M.L. Canavate, E. Hilario, M. Aurrekoetxea, F. Unda, Cell 
Reprogramming, IPS Limitations, and Overcoming Strategies in Dental Bioengineering, Stem 
Cells Int 2012 (2012) 365932. 
[29] G. Ibarretxe, O. Crende, M. Aurrekoetxea, V. Garcia-Murga, J. Etxaniz, F. Unda, Neural 
crest stem cells from dental tissues: a new hope for dental and neural regeneration, Stem Cells 
Int 2012 (2012) 103503. 
[30] L. Chen, P. Wu, X.H. Guo, Y. Hu, Y.L. Li, J. Shi, K.Z. Wang, W.Y. Chu, J.S. Zhang, 
miR-143: a novel regulator of MyoD expression in fast and slow muscles of Siniperca chuatsi, 
Curr Mol Med 14(3) (2014) 370-5. 
[31] D. Li, T. Deng, H. Li, Y. Li, MiR-143 and miR-135 inhibitors treatment induces skeletal 
myogenic differentiation of human adult dental pulp stem cells, Arch Oral Biol 60(11) (2015) 
1613-7. 
[32] B.G. Monteiro, R.C. Serafim, G.B. Melo, M.C. Silva, N.F. Lizier, C.M. Maranduba, R.L. 
Smith, A. Kerkis, H. Cerruti, J.A. Gomes, I. Kerkis, Human immature dental pulp stem cells 
share key characteristic features with limbal stem cells, Cell Prolif 42(5) (2009) 587-94. 
[33] J.A. Gomes, B. Geraldes Monteiro, G.B. Melo, R.L. Smith, M. Cavenaghi Pereira da 
Silva, N.F. Lizier, A. Kerkis, H. Cerruti, I. Kerkis, Corneal reconstruction with tissue-



125 
 

engineered cell sheets composed of human immature dental pulp stem cells, Invest 
Ophthalmol Vis Sci 51(3) (2010) 1408-14. 
[34] E. Kushnerev, S.G. Shawcross, S. Sothirachagan, F. Carley, A. Brahma, J.M. Yates, M.C. 
Hillarby, Regeneration of Corneal Epithelium With Dental Pulp Stem Cells Using a Contact 
Lens Delivery System, Invest Ophthalmol Vis Sci 57(13) (2016) 5192-5199. 
[35] W. Alshemmri, S. Shawcross, J. Yates, F. Carley, A. Brahma, M.C. Hillarby, Dental 
Pulp Stem Cells for Corneal Surface Regeneration in Limbal Stem Cell Deficiency, 
Investigative Ophthalmology & Visual Science 58(8) (2017) 1382-1382. 
[36] J.G. Baust, D. Gao, J.M. Baust, Cryopreservation: An emerging paradigm change, 
Organogenesis 5(3) (2009) 90-6. 
[37] H.T. Meryman, Cryopreservation of living cells: principles and practice, Transfusion 
47(5) (2007) 935-45. 
[38] A. Hubel, Parameters of cell freezing: implications for the cryopreservation of stem cells, 
Transfus Med Rev 11(3) (1997) 224-33. 
[39] D. Berz, E.M. McCormack, E.S. Winer, G.A. Colvin, P.J. Quesenberry, 
Cryopreservation of hematopoietic stem cells, Am J Hematol 82(6) (2007) 463-72. 
[40] B.E. Reubinoff, M.F. Pera, G. Vajta, A.O. Trounson, Effective cryopreservation of 
human embryonic stem cells by the open pulled straw vitrification method, Hum Reprod 
16(10) (2001) 2187-94. 
[41] M. Richards, C.Y. Fong, S. Tan, W.K. Chan, A. Bongso, An efficient and safe xeno-free 
cryopreservation method for the storage of human embryonic stem cells, Stem Cells 22(5) 
(2004) 779-89. 
[42] J.A. Thomson, J. Itskovitz-Eldor, S.S. Shapiro, M.A. Waknitz, J.J. Swiergiel, V.S. 
Marshall, J.M. Jones, Embryonic stem cell lines derived from human blastocysts, Science 
282(5391) (1998) 1145-7. 
[43] G. Vajta, P. Holm, M. Kuwayama, P.J. Booth, H. Jacobsen, T. Greve, H. Callesen, Open 
Pulled Straw (OPS) vitrification: a new way to reduce cryoinjuries of bovine ova and embryos, 
Mol Reprod Dev 51(1) (1998) 53-8. 
[44] G. Vajta, P. Holm, T. Greve, H. Callesen, Survival and development of bovine 
blastocysts produced in vitro after assisted hatching, vitrification and in-straw direct 
rehydration, J Reprod Fertil 111(1) (1997) 65-70. 
[45] C.J. Hunt, P.M. Timmons, Cryopreservation of Human Embryonic Stem Cell Lines, in: 
J.G. Day, G.N. Stacey (Eds.), Cryopreservation and Freeze-Drying Protocols, Humana Press, 
Totowa, NJ, 2007, pp. 261-270. 
[46] Y. Li, J.C. Tan, L.S. Li, Comparison of three methods for cryopreservation of human 
embryonic stem cells, Fertil Steril 93(3) (2010) 999-1005. 
[47] T. Li, Q. Mai, J. Gao, C. Zhou, Cryopreservation of human embryonic stem cells with a 
new bulk vitrification method, Biol Reprod 82(5) (2010) 848-53. 
[48] G. Vajta, Z.P. Nagy, Are programmable freezers still needed in the embryo laboratory? 
Review on vitrification, Reprod Biomed Online 12(6) (2006) 779-96. 
[49] J.Y. Lee, J.E. Lee, D.K. Kim, T.K. Yoon, H.M. Chung, D.R. Lee, High concentration of 
synthetic serum, stepwise equilibration and slow cooling as an efficient technique for large-
scale cryopreservation of human embryonic stem cells, Fertil Steril 93(3) (2010) 976-85. 
[50] K. Muldrew, L.E. McGann, The osmotic rupture hypothesis of intracellular freezing 
injury, Biophys J 66(2 Pt 1) (1994) 532-41. 
[51] U. Schneider, R.R. Maurer, Factors affecting survival of frozen-thawed mouse embryos, 
Biol Reprod 29(1) (1983) 121-8. 
[52] P. Mazur, U. Schneider, Osmotic responses of preimplantation mouse and bovine 
embryos and their cryobiological implications, Cell Biophys 8(4) (1986) 259-85. 
[53] S. Fujikawa, Freeze-fracture and etching studies on membrane damage on human 
erythrocytes caused by formation of intracellular ice, Cryobiology 17(4) (1980) 351-62. 



126 
 

[54] P. Mazur, K.W. Cole, Roles of unfrozen fraction, salt concentration, and changes in cell 
volume in the survival of frozen human erythrocytes, Cryobiology 26(1) (1989) 1-29. 
[55] P. Mazur, Freezing of living cells: mechanisms and implications, Am J Physiol 247(3 Pt 
1) (1984) C125-42. 
[56] C.B. Ware, A.M. Nelson, C.A. Blau, Controlled-rate freezing of human ES cells, 
Biotechniques 38(6) (2005) 879-80, 882-3. 
[57] P.F. Yang, T.C. Hua, J. Wu, Z.H. Chang, H.C. Tsung, Y.L. Cao, Cryopreservation of 
human embryonic stem cells: a protocol by programmed cooling, Cryo Letters 27(6) (2006) 
361-8. 
[58] L.M. Roger, H.G. Reich, E. Lawrence, S. Li, W. Vizgaudis, N. Brenner, L. Kumar, J. 
Klein-Seetharaman, J. Yang, H.M. Putnam, N.A. Lewinski, Applying model approaches in 
non-model systems: A review and case study on coral cell culture, PLoS One 16(4) (2021) 
e0248953. 
[59] E.J. Woods, M.A. Zieger, D.Y. Gao, J.K. Critser, Equations for obtaining melting points 
for the ternary system ethylene glycol/sodium chloride/water and their application to 
cryopreservation, Cryobiology 38(4) (1999) 403-7. 
[60] I. Newton, P. Charbord, J.P. Schaal, P. Herve, Toward cord blood banking: density-
separation and cryopreservation of cord blood progenitors, Exp Hematol 21(5) (1993) 671-4. 
[61] Wang Liang, Liu Tingting, Peng Tao, Zhu Hai, Wang Hanqing, Cao Xu, Research on the 
isolation, culture, and cryopreservation of ear fibroblast cells from Holstein cows %J 
Heilongjiang Animal Husbandry and Veterinary Medicine, (5) (2006) 9-12. 
[62] Katkov, II, N.G. Kan, F. Cimadamore, B. Nelson, E.Y. Snyder, A.V. Terskikh, DMSO-
Free Programmed Cryopreservation of Fully Dissociated and Adherent Human Induced 
Pluripotent Stem Cells, Stem Cells Int 2011 (2011) 981606. 
[63] N. Kotobuki, M. Hirose, H. Machida, Y. Katou, K. Muraki, Y. Takakura, H. Ohgushi, 
Viability and osteogenic potential of cryopreserved human bone marrow-derived 
mesenchymal cells, Tissue Eng 11(5-6) (2005) 663-73. 
[64] H. Li, X. Zou, C. Woo, M. Ding, M. Lind, C. Bunger, Experimental anterior lumbar 
interbody fusion with an osteoinductive bovine bone collagen extract, Spine (Phila Pa 1976) 
30(8) (2005) 890-6. 
[65] L. Ji, J.J. de Pablo, S.P. Palecek, Cryopreservation of adherent human embryonic stem 
cells, Biotechnol Bioeng 88(3) (2004) 299-312. 
[66] Y. Nie, V. Bergendahl, D.J. Hei, J.M. Jones, S.P. Palecek, Scalable culture and 
cryopreservation of human embryonic stem cells on microcarriers, Biotechnol Prog 25(1) 
(2009) 20-31. 
[67] K. Takahashi, S. Yamanaka, Induction of pluripotent stem cells from mouse embryonic 
and adult fibroblast cultures by defined factors, Cell 126(4) (2006) 663-76. 
[68] V. T'Joen, L. De Grande, H. Declercq, M. Cornelissen, An efficient, economical slow-
freezing method for large-scale human embryonic stem cell banking, Stem Cells Dev 21(5) 
(2012) 721-8. 
[69] Z. Wang, J. Pan, J.T. Wright, S. Bencharit, S. Zhang, E.T. Everett, F.B. Teixeira, J.S. 
Preisser, Putative stem cells in human dental pulp with irreversible pulpitis: an exploratory 
study, J Endod 36(5) (2010) 820-5. 
[70] A. Yamamoto, K. Sakai, K. Matsubara, F. Kano, M. Ueda, Multifaceted neuro-
regenerative activities of human dental pulp stem cells for functional recovery after spinal 
cord injury, Neurosci Res 78 (2014) 16-20. 
[71] T. Gong, Y. Wang, S. Dong, X. Ma, D. Du, C. Zou, Q. Zheng, Z. Wen, Single-cell RNA-
seq reveals the communications between extracellular matrix-related components and 
Schwann cells contributing to the earlobe keloid formation, Front Med (Lausanne) 9 (2022) 
1000324. 



127 
 

[72] X. Zhang, D. Lan, S. Ning, H. Jia, S. Yu, Botulinum toxin type A prevents the 
phenotypic transformation of fibroblasts induced by TGF‑beta1 via the PTEN/PI3K/Akt 
signaling pathway, Int J Mol Med 44(2) (2019) 661-671. 
[73] B.Y. Zhou, W.B. Wang, X.L. Wu, W.J. Zhang, G.D. Zhou, Z. Gao, W. Liu, Nintedanib 
inhibits keloid fibroblast functions by blocking the phosphorylation of multiple kinases and 
enhancing receptor internalization, Acta Pharmacol Sin 41(9) (2020) 1234-1245. 
[74] C. Feng, M. Shan, Y. Xia, Z. Zheng, K. He, Y. Wei, K. Song, T. Meng, H. Liu, Y. Hao, 
Z. Liang, Y. Wang, Y. Huang, Single-cell RNA sequencing reveals distinct immunology 
profiles in human keloid, Front Immunol 13 (2022) 940645. 
[75] M. Shan, H. Liu, Y. Hao, K. Song, C. Feng, Y. Wang, The Role of CD28 and CD8(+) T 
Cells in Keloid Development, Int J Mol Sci 23(16) (2022). 
[76] I.G. Petrou, S. Nikou, S. Madduri, M. Nifora, V. Bravou, D.F. Kalbermatten, The Role of 
Hippo Signaling Pathway and ILK in the Pathophysiology of Human Hypertrophic Scars and 
Keloids: An Immunohistochemical Investigation, Cells 11(21) (2022). 
[77] D. Liu, Y. Zhang, L. Zhen, R. Xu, Z. Ji, Z. Ye, Activation of the NFkappaB signaling 
pathway in IL6+CSF3+ vascular endothelial cells promotes the formation of keloids, Front 
Bioeng Biotechnol 10 (2022) 917726. 
[78] Q. Pang, X. Lin, J. Sun, J. Hu, S. Dai, Y. Shen, M. Xu, J. Xu, Comprehensive Analysis 
of Circular RNA Expression in ceRNA Networks and Identification of the Effects of 
hsa_circ_0006867 in Keloid Dermal Fibroblasts, Front Mol Biosci 9 (2022) 800122. 
[79] Su Zhiguo, Fan Jincai, Liu Liqiang, Jiao Hu, Chen Hongbo, Chen Yihua, Research 
progress on the pathogenesis of keloid scars %J Chinese Journal of Plastic Surgery, 38(2) 
(2022) 228-231. 
[80] C. Noishiki, Y. Hayasaka, R. Yoshida, R. Ogawa, Over 90% of Childhood BCG 
Vaccine-Induced Keloids in Japan Occur in Women, Dermatol Ther (Heidelb) 13(5) (2023) 
1137-1147. 
[81] X. Wang, B. Liang, J. Li, X. Pi, P. Zhang, X. Zhou, X. Chen, S. Zhou, R. Yang, 
Identification and characterization of four immune-related signatures in keloid, Front 
Immunol 13 (2022) 942446. 
[82] F. Oettgen, F. Haubner, [Treatment of keloids], HNO 70(7) (2022) 571-578. 
[83] Q. Wang, P. Wang, Z. Qin, X. Yang, B. Pan, F. Nie, H. Bi, Altered glucose metabolism 
and cell function in keloid fibroblasts under hypoxia, Redox Biol 38 (2021) 101815. 
[84] S.J. Bowman, Primary Sjogren's syndrome, Lupus 27(1_suppl) (2018) 32-35. 
[85] G.M. BRUCE, KERATOCONJUNCTIVITIS SICCA, Archives of Ophthalmology 26(6) 
(1941) 945-964. 
[86] B. Qin, J. Wang, Z. Yang, M. Yang, N. Ma, F. Huang, R. Zhong, Epidemiology of 
primary Sjogren's syndrome: a systematic review and meta-analysis, Ann Rheum Dis 74(11) 
(2015) 1983-9. 
[87] E.K. Akpek, V.Y. Bunya, I.J. Saldanha, Sjogren's Syndrome: More Than Just Dry Eye, 
Cornea 38(5) (2019) 658-661. 
[88] P. Brito-Zeron, S. Retamozo, M. Ramos-Casals, Phenotyping Sjogren's syndrome: 
towards a personalised management of the disease, Clin Exp Rheumatol 36 Suppl 112(3) 
(2018) 198-209. 
[89] K. Haldorsen, K. Moen, H. Jacobsen, R. Jonsson, J.G. Brun, Exocrine function in 
primary Sjogren syndrome: natural course and prognostic factors, Ann Rheum Dis 67(7) 
(2008) 949-54. 
[90] A.D. Pucker, S.M. Ng, J.J. Nichols, Over the counter (OTC) artificial tear drops for dry 
eye syndrome, Cochrane Database Syst Rev 2(2) (2016) CD009729. 
[91] M. Ramos-Casals, P. Brito-Zeron, D.E.L.M. Perez, C. Diaz-Lagares, A. Bove, M.J. Soto, 
I. Jimenez, R. Belenguer, A. Siso, A. Muxi, F. Pons, Clinical and prognostic significance of 



128 
 

parotid scintigraphy in 405 patients with primary Sjogren's syndrome, J Rheumatol 37(3) 
(2010) 585-90. 
[92] M. Gao, L. Zhao, R. Liang, Q. Zhu, Q. Zhao, X. Kong, Evaluation of the Efficacy and 
Safety of Topical 0.05% Cyclosporine Eye Drops (II) in the Treatment of Dry Eye Associated 
with Primary Sjogren's Syndrome, Ocul Immunol Inflamm 31(8) (2023) 1662-1668. 
[93] M.B. Doctor, S. Basu, Lacrimal Gland Insufficiency in Aqueous Deficiency Dry Eye 
Disease: Recent Advances in Pathogenesis, Diagnosis, and Treatment, Semin Ophthalmol 
37(7-8) (2022) 801-812. 
[94] Zhou Shihai, Luo Ping*, S. ZHOU, P.J. Zhong. J.C.J.o.M.A.P. LUO, Research progress 
in the treatment of primary Sjögren's syndrome with biological agents 
Research Progress on Biologics in the Treatment of Primary Sj&ouml;gren's Syndrome, 
39(17) (2022) 2293-2300. 
[95] J.S. Lopez-Garcia, I. Garcia-Lozano, L. Rivas, N. Ramirez, R. Raposo, M.T. Mendez, 
Autologous serum eye drops diluted with sodium hyaluronate: clinical and experimental 
comparative study, Acta Ophthalmol 92(1) (2014) e22-9. 
[96] L.J. Crofford, P.J. Mease, S.L. Simpson, J.P. Young, Jr., S.A. Martin, G.M. Haig, U. 
Sharma, Fibromyalgia relapse evaluation and efficacy for durability of meaningful relief 
(FREEDOM): a 6-month, double-blind, placebo-controlled trial with pregabalin, Pain 136(3) 
(2008) 419-431. 
[97] K.I. Ly, J.O. Blakeley, The Diagnosis and Management of Neurofibromatosis Type 1, 
Med Clin North Am 103(6) (2019) 1035-1054. 
[98] W. Wang, C.J. Wei, X.W. Cui, Y.H. Li, Y.H. Gu, B. Gu, Q.F. Li, Z.C. Wang, Impacts of 
NF1 Gene Mutations and Genetic Modifiers in Neurofibromatosis Type 1, Front Neurol 12 
(2021) 704639. 
[99] D. Angelova-Toshkina, J. Holzapfel, S. Huber, M. Schimmel, D. Wieczorek, A.K. 
Gnekow, M.C. Fruhwald, M. Kuhlen, Neurofibromatosis type 1: A comparison of the 1997 
NIH and the 2021 revised diagnostic criteria in 75 children and adolescents, Genet Med 24(9) 
(2022) 1978-1985. 
[100] Z.C. Wang, H.B. Li, C.J. Wei, W. Wang, Q.F. Li, Community-boosted 
neurofibromatosis research in China, Lancet Neurol 21(9) (2022) 773-774. 
[101] L.L. Ge, M.Y. Xing, H.B. Zhang, Q.F. Li, Z.C. Wang, Role of nerves in 
neurofibromatosis type 1-related nervous system tumors, Cell Oncol (Dordr) 45(6) (2022) 
1137-1153. 
[102] M.H. Chung, R. Aimaier, Q. Yu, H. Li, Y. Li, C. Wei, Y. Gu, W. Wang, Z. Guo, M. 
Long, Q. Li, Z. Wang, RRM2 as a novel prognostic and therapeutic target of NF1-associated 
MPNST, Cell Oncol (Dordr) 46(5) (2023) 1399-1413. 
[103] S. Acar, A.E. Armstrong, A.C. Hirbe, Plexiform neurofibroma: shedding light on the 
investigational agents in clinical trials, Expert Opin Investig Drugs 31(1) (2022) 31-40. 
[104] B.N. Somatilaka, A. Sadek, R.M. McKay, L.Q. Le, Malignant peripheral nerve sheath 
tumor: models, biology, and translation, Oncogene 41(17) (2022) 2405-2421. 
[105] I. Cortes-Ciriano, C.D. Steele, K. Piculell, A. Al-Ibraheemi, V. Eulo, M.M. Bui, A. 
Chatzipli, B.C. Dickson, D.C. Borcherding, A. Feber, A. Galor, J. Hart, K.B. Jones, J.T. 
Jordan, R.H. Kim, D. Lindsay, C. Miller, Y. Nishida, P.Z. Proszek, J. Serrano, R.T. Sundby, 
J.J. Szymanski, N.J. Ullrich, D. Viskochil, X. Wang, M. Snuderl, P.J. Park, A.M. Flanagan, 
A.C. Hirbe, N. Pillay, D.T. Miller, M.C. Genomics of, Genomic Patterns of Malignant 
Peripheral Nerve Sheath Tumor (MPNST) Evolution Correlate with Clinical Outcome and 
Are Detectable in Cell-Free DNA, Cancer Discov 13(3) (2023) 654-671. 
[106] M.J. Smith, J.E. Higgs, N.L. Bowers, D. Halliday, J. Paterson, J. Gillespie, S.M. Huson, 
S.R. Freeman, S. Lloyd, S.A. Rutherford, A.T. King, A.J. Wallace, R.T. Ramsden, D.G. 
Evans, Cranial meningiomas in 411 neurofibromatosis type 2 (NF2) patients with proven gene 



129 
 

mutations: clear positional effect of mutations, but absence of female severity effect on age at 
onset, J Med Genet 48(4) (2011) 261-5. 
[107] M.M. Bosch, E. Boltshauser, P. Harpes, K. Landau, Ophthalmologic findings and long-
term course in patients with neurofibromatosis type 2, Am J Ophthalmol 141(6) (2006) 1068-
1077. 
[108] M. MacCollin, V.F. Mautner, The diagnosis and management of neurofibromatosis 2 in 
childhood, Semin Pediatr Neurol 5(4) (1998) 243-52. 
[109] V.F. Mautner, M. Lindenau, M.E. Baser, L. Kluwe, J. Gottschalk, Skin abnormalities in 
neurofibromatosis 2, Arch Dermatol 133(12) (1997) 1539-43. 
[110] A. Hexter, A. Jones, H. Joe, L. Heap, M.J. Smith, A.J. Wallace, D. Halliday, A. Parry, 
A. Taylor, L. Raymond, A. Shaw, S. Afridi, R. Obholzer, P. Axon, A.T. King, N.F.R.G. 
English Specialist, J.M. Friedman, D.G. Evans, Clinical and molecular predictors of mortality 
in neurofibromatosis 2: a UK national analysis of 1192 patients, J Med Genet 52(10) (2015) 
699-705. 
[111] R.E. Ferner, A. Shaw, D.G. Evans, D. McAleer, D. Halliday, A. Parry, F.L. Raymond, J. 
Durie-Gair, C.O. Hanemann, R. Hornigold, P. Axon, J.F. Golding, Longitudinal evaluation of 
quality of life in 288 patients with neurofibromatosis 2, J Neurol 261(5) (2014) 963-9. 
[112] H.J. North, D. Mawman, M. O'Driscoll, S.R. Freeman, S.A. Rutherford, A.T. King, C. 
Hammerbeck-Ward, D.G. Evans, S.K. Lloyd, Outcomes of cochlear implantation in patients 
with neurofibromatosis type 2, Cochlear Implants Int 17(4) (2016) 172-177. 
[113] S. Aydin, F. Sahin, Stem Cells Derived from Dental Tissues, Adv Exp Med Biol 1144 
(2019) 123-132. 
[114] V. Mirabet, M. Alvarez, P. Solves, D. Ocete, C. Gimeno, Use of liquid nitrogen during 
storage in a cell and tissue bank: contamination risk and effect on the detectability of potential 
viral contaminants, Cryobiology 64(2) (2012) 121-3. 
[115] B.M. Seo, M. Miura, W. Sonoyama, C. Coppe, R. Stanyon, S. Shi, Recovery of stem 
cells from cryopreserved periodontal ligament, J Dent Res 84(10) (2005) 907-12. 
[116] T. Nishigaki, Y. Teramura, A. Nasu, K. Takada, J. Toguchida, H. Iwata, Highly 
efficient cryopreservation of human induced pluripotent stem cells using a dimethyl 
sulfoxide-free solution, Int J Dev Biol 55(3) (2011) 305-11. 
[117] D.L. Han, K.Q. Liu, S.S. Guo, H.L. Zhu, C. Huang, B.H. Wang, [Dose-effect 
relationship of DMSO and Tween 80 influencing the growth and viability of murine bone 
marrow-derived cells in vitro], Zhongguo Shi Yan Xue Ye Xue Za Zhi 16(2) (2008) 377-80. 
[118] D. Balci, A. Can, The assessment of cryopreservation conditions for human umbilical 
cord stroma-derived mesenchymal stem cells towards a potential use for stem cell banking, 
Curr Stem Cell Res Ther 8(1) (2013) 60-72. 
[119] M. Miura, S. Gronthos, M. Zhao, B. Lu, L.W. Fisher, P.G. Robey, S. Shi, SHED: stem 
cells from human exfoliated deciduous teeth, Proc Natl Acad Sci U S A 100(10) (2003) 5807-
12. 
[120] D.J. Alongi, T. Yamaza, Y. Song, A.F. Fouad, E.E. Romberg, S. Shi, R.S. Tuan, G.T. 
Huang, Stem/progenitor cells from inflamed human dental pulp retain tissue regeneration 
potential, Regen Med 5(4) (2010) 617-31. 
[121] S. Thirumala, W.S. Goebel, E.J. Woods, Clinical grade adult stem cell banking, 
Organogenesis 5(3) (2009) 143-54. 
[122] J.C. Munevar, N. Gutierrez, N.T. Jimenez, G.I. Lafaurie, Evaluation of two human 
dental pulp stem cell cryopreservation methods, Acta Odontol Latinoam 28(2) (2015) 114-21. 
[123] Y. Takebe, S. Tatehara, T. Fukushima, R. Tokuyama-Toda, R. Yasuhara, K. Mishima, 
K. Satomura, Cryopreservation Method for the Effective Collection of Dental Pulp Stem Cells, 
Tissue Eng Part C Methods 23(5) (2017) 251-261. 
[124] N.C. Huynh, S.H. Le, V.N. Doan, L.T.Q. Ngo, H.L.B. Tran, Simplified conditions for 
storing and cryopreservation of dental pulp stem cells, Arch Oral Biol 84 (2017) 74-81. 



130 
 

[125] R.S. Alsulaimani, S.A. Ajlan, A.M. Aldahmash, M.S. Alnabaheen, N.Y. Ashri, 
Isolation of dental pulp stem cells from a single donor and characterization of their ability to 
differentiate after 2 years of cryopreservation, Saudi Med J 37(5) (2016) 551-60. 
[126] B.C. Perry, D. Zhou, X. Wu, F.C. Yang, M.A. Byers, T.M. Chu, J.J. Hockema, E.J. 
Woods, W.S. Goebel, Collection, cryopreservation, and characterization of human dental 
pulp-derived mesenchymal stem cells for banking and clinical use, Tissue Eng Part C 
Methods 14(2) (2008) 149-56. 
[127] P.Y. Collart Dutilleul, C. Thonat, P. Jacquemart, F. Cuisinier, B. Levallois, F. Chaubron, 
[Dental pulp stem cells: characteristics, cryopreservation and therapeutic potentialities], 
Orthod Fr 83(3) (2012) 209-16. 
[128] M. La Noce, A. Stellavato, V. Vassallo, M. Cammarota, L. Laino, V. Desiderio, V. Del 
Vecchio, G.F. Nicoletti, V. Tirino, G. Papaccio, C. Schiraldi, G.A. Ferraro, Hyaluronan-
Based Gel Promotes Human Dental Pulp Stem Cells Bone Differentiation by Activating 
YAP/TAZ Pathway, Cells 10(11) (2021). 
[129] N. Pilbauerova, J. Schmidt, T. Soukup, R. Koberova Ivancakova, J. Suchanek, The 
Effects of Cryogenic Storage on Human Dental Pulp Stem Cells, Int J Mol Sci 22(9) (2021). 
[130] A. Zambelli, G. Poggi, G. Da Prada, P. Pedrazzoli, A. Cuomo, D. Miotti, C. Perotti, P. 
Preti, G. Robustelli della Cuna, Clinical toxicity of cryopreserved circulating progenitor cells 
infusion, Anticancer Res 18(6B) (1998) 4705-8. 
[131] M. Sato, Y. Kawase-Koga, D. Yamakawa, Y. Fujii, D. Chikazu, Bone Regeneration 
Potential of Human Dental Pulp Stem Cells Derived from Elderly Patients and Osteo-Induced 
by a Helioxanthin Derivative, Int J Mol Sci 21(20) (2020). 
[132] A. Graziano, R. d'Aquino, G. Laino, G. Papaccio, Dental pulp stem cells: a promising 
tool for bone regeneration, Stem Cell Rev 4(1) (2008) 21-6. 
[133] L. Liu, T.A. Rando, Manifestations and mechanisms of stem cell aging, J Cell Biol 
193(2) (2011) 257-66. 
[134] E.U. Alt, C. Senst, S.N. Murthy, D.P. Slakey, C.L. Dupin, A.E. Chaffin, P.J. Kadowitz, 
R. Izadpanah, Aging alters tissue resident mesenchymal stem cell properties, Stem Cell Res 
8(2) (2012) 215-25. 
[135] J.A. Smith, R. Daniel, Stem cells and aging: a chicken-or-the-egg issue?, Aging Dis 3(3) 
(2012) 260-8. 
[136] P.E. Murray, H.R. Stanley, J.B. Matthews, A.J. Sloan, A.J. Smith, Age-related 
odontometric changes of human teeth, Oral Surg Oral Med Oral Pathol Oral Radiol Endod 
93(4) (2002) 474-82. 
[137] M. Yan, O.A. Nada, L. Kluwe, M. Gosau, R. Smeets, R.E. Friedrich, Expansion of 
Human Dental Pulp Cells In Vitro Under Different Cryopreservation Conditions, In Vivo 
34(5) (2020) 2363-2370. 
[138] S. Raik, A. Kumar, V. Rattan, S. Seth, A. Kaur, S. Bhatta Charyya, Assessment of Post-
thaw Quality of Dental Mesenchymal Stromal Cells After Long-Term Cryopreservation by 
Uncontrolled Freezing, Appl Biochem Biotechnol 191(2) (2020) 728-743. 
[139] A. Kumar, S. Bhattacharyya, V. Rattan, Effect of uncontrolled freezing on biological 
characteristics of human dental pulp stem cells, Cell Tissue Bank 16(4) (2015) 513-22. 
[140] E.J. Woods, B.C. Perry, J.J. Hockema, L. Larson, D. Zhou, W.S. Goebel, Optimized 
cryopreservation method for human dental pulp-derived stem cells and their tissues of origin 
for banking and clinical use, Cryobiology 59(2) (2009) 150-7. 
[141] F. Ginani, D.M. Soares, L.M. Rabelo, H.A.O. Rocha, L.B. de Souza, C.A.G. Barboza, 
Effect of a cryopreservation protocol on the proliferation of stem cells from human exfoliated 
deciduous teeth, Acta Odontol Scand 74(8) (2016) 598-604. 
[142] R.H. Yanasse, R.W. De Labio, L. Marques, J.T. Fukasawa, R. Segato, A. Kinoshita, 
M.A. Matsumoto, S.L. Felisbino, B. Solano, R.R. Dos Santos, S.L.M. Payao, 
Xenotransplantation of human dental pulp stem cells in platelet-rich plasma for the treatment 



131 
 

of full-thickness articular cartilage defects in a rabbit model, Exp Ther Med 17(6) (2019) 
4344-4356. 
[143] J. Wang, K. Zuzzio, C.L. Walker, Systemic Dental Pulp Stem Cell Secretome Therapy 
in a Mouse Model of Amyotrophic Lateral Sclerosis, Brain Sci 9(7) (2019). 
[144] N. Li, Y. Zhang, N. Nepal, G. Li, N. Yang, H. Chen, Q. Lin, X. Ji, S. Zhang, S. Jin, 
Dental pulp stem cells overexpressing hepatocyte growth factor facilitate the repair of DSS-
induced ulcerative colitis, Stem Cell Res Ther 12(1) (2021) 30. 
[145] M. Hata, M. Omi, Y. Kobayashi, N. Nakamura, M. Miyabe, M. Ito, T. Ohno, Y. 
Imanishi, T. Himeno, H. Kamiya, J. Nakamura, H. Miyachi, S. Ozawa, K. Miyazawa, A. 
Mitani, T. Nagao, S. Goto, J. Takebe, T. Matsubara, K. Naruse, Sustainable Effects of Human 
Dental Pulp Stem Cell Transplantation on Diabetic Polyneuropathy in Streptozotocine-
Induced Type 1 Diabetes Model Mice, Cells 10(9) (2021). 
[146] K. Carter, S. Worthington, Predictors of Third Molar Impaction: A Systematic Review 
and Meta-analysis, J Dent Res 95(3) (2016) 267-76. 
[147] H. Ghaeminia, M.E. Nienhuijs, V. Toedtling, J. Perry, M. Tummers, T.J. Hoppenreijs, 
W.J. Van der Sanden, T.G. Mettes, Surgical removal versus retention for the management of 
asymptomatic disease-free impacted wisdom teeth, Cochrane Database Syst Rev 5(5) (2020) 
CD003879. 
[148] L.W. McArdle, T. Renton, The effects of NICE guidelines on the management of third 
molar teeth, Br Dent J 213(5) (2012) E8. 
[149] W.C. Brokaw, The third molar question: when and why should we recommend 
removal?, Va Dent J 68(4) (1991) 18-21. 
[150] Z. Omar, L. Short, D.W. Banting, H. Saltaji, Profile changes following extraction 
orthodontic treatment: A comparison of first versus second premolar extraction, Int Orthod 
16(1) (2018) 91-104. 
[151] C.P. Ferrua, E.G.Z. Centeno, L.C.D. Rosa, C.C.D. Amaral, R.F. Severo, R. Sarkis-
Onofre, G.G. Nascimento, G. Cordenonzi, R.K. Bast, F.F. Demarco, F. Nedel, How has dental 
pulp stem cells isolation been conducted? A scoping review, Braz Oral Res 31 (2017) e87. 
[152] E.J. Eubanks, S.A. Tarle, D. Kaigler, Tooth storage, dental pulp stem cell isolation, and 
clinical scale expansion without animal serum, J Endod 40(5) (2014) 652-7. 
[153] K. Sanen, W. Martens, M. Georgiou, M. Ameloot, I. Lambrichts, J. Phillips, Engineered 
neural tissue with Schwann cell differentiated human dental pulp stem cells: potential for 
peripheral nerve repair?, J Tissue Eng Regen Med 11(12) (2017) 3362-3372. 
[154] B. Lima Giacobbo, J. Doorduin, H.C. Klein, R. Dierckx, E. Bromberg, E.F.J. de Vries, 
Brain-Derived Neurotrophic Factor in Brain Disorders: Focus on Neuroinflammation, Mol 
Neurobiol 56(5) (2019) 3295-3312. 
[155] M. Berry, Z. Ahmed, B. Lorber, M. Douglas, A. Logan, Regeneration of axons in the 
visual system, Restor Neurol Neurosci 26(2-3) (2008) 147-74. 
[156] V. Colafrancesco, M. Coassin, S. Rossi, L. Aloe, Effect of eye NGF administration on 
two animal models of retinal ganglion cells degeneration, Ann Ist Super Sanita 47(3) (2011) 
284-9. 
[157] B.M. Davis, T.P. Goodness, A. Soria, K.M. Albers, Over-expression of NGF in skin 
causes formation of novel sympathetic projections to trkA-positive sensory neurons, 
Neuroreport 9(6) (1998) 1103-7. 
[158] K.L. Spalding, Q. Cui, A.R. Harvey, The effects of central administration of 
neurotrophins or transplants of fetal tectal tissue on retinal ganglion cell survival following 
removal of the superior colliculus in neonatal rats, Brain Res Dev Brain Res 107(1) (1998) 
133-42. 
[159] J. Pizzicannella, M. Cavalcanti, O. Trubiani, F. Diomede, MicroRNA 210 Mediates 
VEGF Upregulation in Human Periodontal Ligament Stem Cells Cultured on 
3DHydroxyapatite Ceramic Scaffold, Int J Mol Sci 19(12) (2018). 



132 
 

[160] J. Cai, Y. Zhang, P. Liu, S. Chen, X. Wu, Y. Sun, A. Li, K. Huang, R. Luo, L. Wang, Y. 
Liu, T. Zhou, S. Wei, G. Pan, D. Pei, Generation of tooth-like structures from integration-free 
human urine induced pluripotent stem cells, Cell Regen 2(1) (2013) 6. 
[161] K. Iwasaki, K. Akazawa, M. Nagata, M. Komaki, I. Honda, C. Morioka, N. Yokoyama, 
H. Ayame, K. Yamaki, Y. Tanaka, T. Kimura, A. Kishida, T. Watabe, I. Morita, The Fate of 
Transplanted Periodontal Ligament Stem Cells in Surgically Created Periodontal Defects in 
Rats, Int J Mol Sci 20(1) (2019). 
[162] M. Yan, O.A. Nada, R. Smeets, M. Gosau, R.E. Friedrich, L. Kluwe, Compare features 
of human dental pulp cells cultured from pulp tissues with and without cryopreservation, 
Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub 165(4) (2021) 445-451. 
[163] M. Yan, O.A. Nada, L.L. Fu, D.Z. Li, H.C. Feng, L.M. Chen, M. Gosau, R.E. Friedrich, 
R. Smeets, A comparative study on the secretion of various cytokines by pulp stem cells at 
different passages and their neurogenic potential, Biomed Pap Med Fac Univ Palacky 
Olomouc Czech Repub  (2021). 
[164] A. Theos, B.R. Korf, P. American College of, S. American Physiological, 
Pathophysiology of neurofibromatosis type 1, Ann Intern Med 144(11) (2006) 842-9. 
[165] N. Vivek, R. Manikandhan, P.C. James, R. Rajeev, Solitary intraosseous neurofibroma 
of mandible, Indian J Dent Res 17(3) (2006) 135-8. 
[166] M.N. Needle, A. Cnaan, J. Dattilo, J. Chatten, P.C. Phillips, S. Shochat, L.N. Sutton, 
S.N. Vaughan, E.H. Zackai, H. Zhao, P.T. Molloy, Prognostic signs in the surgical 
management of plexiform neurofibroma: the Children's Hospital of Philadelphia experience, 
1974-1994, J Pediatr 131(5) (1997) 678-82. 
[167] S. Deng, Y. Zhang, C. Xu, D. Ma, MicroRNA-125b-2 overexpression represses 
ectodermal differentiation of mouse embryonic stem cells, Int J Mol Med 36(2) (2015) 355-62. 
[168] A.I. Caplan, Mesenchymal stem cells, J Orthop Res 9(5) (1991) 641-50. 
[169] M.S. Rahman, N. Akhtar, H.M. Jamil, R.S. Banik, S.M. Asaduzzaman, TGF-beta/BMP 
signaling and other molecular events: regulation of osteoblastogenesis and bone formation, 
Bone Res 3 (2015) 15005. 
[170] M. Hirayama, T. Kawakita, K. Tsubota, S. Shimmura, Challenges and Strategies for 
Regenerating the Lacrimal Gland, Ocul Surf 14(2) (2016) 135-43. 
[171] M. Hirayama, Advances in Functional Restoration of the Lacrimal Glands, Invest 
Ophthalmol Vis Sci 59(14) (2018) DES174-DES182. 
[172] S. Aggarwal, M.F. Pittenger, Human mesenchymal stem cells modulate allogeneic 
immune cell responses, Blood 105(4) (2005) 1815-22. 
[173] A. Uccelli, N.K. de Rosbo, The immunomodulatory function of mesenchymal stem 
cells: mode of action and pathways, Ann N Y Acad Sci 1351 (2015) 114-26. 
[174] J. Zhang, Z. Liu, W. Cao, L. Chen, X. Xiong, S. Qin, Z. Zhang, X. Li, C.A. Hu, 
Amentoflavone inhibits angiogenesis of endothelial cells and stimulates apoptosis in 
hypertrophic scar fibroblasts, Burns 40(5) (2014) 922-9. 
[175] L. He, A.G. Marneros, Macrophages are essential for the early wound healing response 
and the formation of a fibrovascular scar, Am J Pathol 182(6) (2013) 2407-17. 
[176] P. Bernabei, L. Rigamonti, S. Ariotti, M. Stella, C. Castagnoli, F. Novelli, Functional 
analysis of T lymphocytes infiltrating the dermis and epidermis of post-burn hypertrophic scar 
tissues, Burns 25(1) (1999) 43-8. 
[177] Y.F. Gong, X.M. Zhang, F. Liu, Z.Z. Wang, X.F. Deng, Y. Jiao, X.J. Li, X.Y. Huang, 
Inhibitory effect of recombinant human endostatin on the proliferation of hypertrophic scar 
fibroblasts in a rabbit ear model, Eur J Pharmacol 791 (2016) 647-654. 
[178] H. Wang, Z. Chen, X. Li, Y. Tang, X. Li, S. Zhang, L. Ma, X. Huang, TSG-6 treatment 
promoted apoptosis in human fibroblasts of pathological scar, Cell Mol Biol (Noisy-le-grand) 
62(6) (2016) 33-7. 



133 
 

[179] M. Merimi, L. Lagneaux, D. Moussa Agha, P. Lewalle, N. Meuleman, A. Burny, H. 
Fahmi, M. Najar, Mesenchymal Stem/Stromal Cells in Immunity and Disease: A Better 
Understanding for an Improved Use, J Clin Med 9(5) (2020). 
[180] J.Q. Cao, Y.Y. Liang, Y.Q. Li, H.L. Zhang, Y.L. Zhu, J. Geng, L.Q. Yang, S.W. Feng, J. 
Yang, J. Kong, C. Zhang, Adipose-derived stem cells enhance myogenic differentiation in the 
mdx mouse model of muscular dystrophy via paracrine signaling, Neural Regen Res 11(10) 
(2016) 1638-1643. 
[181] H.J. Harn, S.Z. Lin, S.H. Hung, Y.M. Subeq, Y.S. Li, W.S. Syu, D.C. Ding, R.P. Lee, 
D.K. Hsieh, P.C. Lin, T.W. Chiou, Adipose-derived stem cells can abrogate chemical-induced 
liver fibrosis and facilitate recovery of liver function, Cell Transplant 21(12) (2012) 2753-64. 
[182] C. Zhang, T. Wang, L. Zhang, P. Chen, S. Tang, A. Chen, M. Li, G. Peng, H. Gao, H. 
Weng, H. Zhang, S. Li, J. Chen, L. Chen, X. Chen, Combination of lyophilized adipose-
derived stem cell concentrated conditioned medium and polysaccharide hydrogel in the 
inhibition of hypertrophic scarring, Stem Cell Res Ther 12(1) (2021) 23. 
[183] J. Zhao, B. Shu, L. Chen, J. Tang, L. Zhang, J. Xie, X. Liu, Y. Xu, S. Qi, Prostaglandin 
E2 inhibits collagen synthesis in dermal fibroblasts and prevents hypertrophic scar formation 
in vivo, Exp Dermatol 25(8) (2016) 604-10. 
[184] S. Tejiram, J. Zhang, T.E. Travis, B.C. Carney, A. Alkhalil, L.T. Moffatt, L.S. Johnson, 
J.W. Shupp, Compression therapy affects collagen type balance in hypertrophic scar, J Surg 
Res 201(2) (2016) 299-305. 
[185] S.Y. Song, J.E. Jung, Y.R. Jeon, K.C. Tark, D.H. Lew, Determination of adipose-
derived stem cell application on photo-aged fibroblasts, based on paracrine function, 
Cytotherapy 13(3) (2011) 378-84. 
[186] G.A. Abusin, R.F. Abu-Arja, R.D. Gingrich, M.D. Silverman, G.K. Zamba, A.J. 
Schlueter, An algorithm for utilizing peripheral blood CD34 count as a predictor of the need 
for plerixafor in autologous stem cell mobilization--cost-effectiveness analysis, J Clin Apher 
28(4) (2013) 293-300. 
[187] Q. Chun, W. ZhiYong, S. Fei, W. XiQiao, Dynamic biological changes in fibroblasts 
during hypertrophic scar formation and regression, Int Wound J 13(2) (2016) 257-62. 
[188] W. Chen, X. Fu, S. Ge, T. Sun, G. Zhou, D. Jiang, Z. Sheng, Ontogeny of expression of 
transforming growth factor-beta and its receptors and their possible relationship with scarless 
healing in human fetal skin, Wound Repair Regen 13(1) (2005) 68-75. 
[189] Z.B. Kryger, M. Sisco, N.K. Roy, L. Lu, D. Rosenberg, T.A. Mustoe, Temporal 
expression of the transforming growth factor-Beta pathway in the rabbit ear model of wound 
healing and scarring, J Am Coll Surg 205(1) (2007) 78-88. 
[190] C.H. Lee, B. Shah, E.K. Moioli, J.J. Mao, CTGF directs fibroblast differentiation from 
human mesenchymal stem/stromal cells and defines connective tissue healing in a rodent 
injury model, J Clin Invest 120(9) (2010) 3340-9. 
[191] D. Abraham, Connective tissue growth factor: growth factor, matricellular organizer, 
fibrotic biomarker or molecular target for anti-fibrotic therapy in SSc?, Rheumatology 
(Oxford) 47 Suppl 5 (2008) v8-9. 
[192] K.J. Ashcroft, F. Syed, A. Bayat, Site-specific keloid fibroblasts alter the behaviour of 
normal skin and normal scar fibroblasts through paracrine signalling, PLoS One 8(12) (2013) 
e75600. 
[193] N. Murao, K. Seino, T. Hayashi, M. Ikeda, E. Funayama, H. Furukawa, Y. Yamamoto, 
A. Oyama, Treg-enriched CD4+ T cells attenuate collagen synthesis in keloid fibroblasts, Exp 
Dermatol 23(4) (2014) 266-71. 
[194] A. Mukhopadhyay, M.Y. Wong, S.Y. Chan, D.V. Do, A. Khoo, C.T. Ong, H.H. Cheong, 
I.J. Lim, T.T. Phan, Syndecan-2 and decorin: proteoglycans with a difference--implications in 
keloid pathogenesis, J Trauma 68(4) (2010) 999-1008. 



134 
 

[195] S. Ud-Din, A. Bayat, New insights on keloids, hypertrophic scars, and striae, Dermatol 
Clin 32(2) (2014) 193-209. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



135 
 

12. Zusammenfassung auf Deutsch und auf Englisch 

Zusammenfassung 

Unsere Forschungsgruppe hat eine Reihe von Studien zu menschlichen Zahnmark-

Stammzellen (hDPSCs) durchgeführt, wobei der Schwerpunkt auf der Optimierung ihrer 

Kryokonservierung, dem Verständnis ihres Differenzierungspotenzials und der Untersuchung 

ihrer therapeutischen Anwendungen in der regenerativen Medizin lag. 

Zunächst haben wir verschiedene Kryokonservierungsmethoden untersucht, um optimale 

Bedingungen für die Erhaltung der Lebensfähigkeit und Funktionalität von hDPSCs zu 

ermitteln. Durch den Vergleich frischer hDPSCs mit solchen, die in 5% und 10% DMSO 

konserviert wurden, stellten wir fest, dass 5% DMSO bessere Bedingungen für die Erhaltung 

der Zellviabilität und ein schnelleres Zellwachstum im Vergleich zu 10% DMSO bot. 

Dennoch zeigten sowohl kryokonservierte als auch frische Zellen ähnliche 

Koloniebildungsraten, Überlebensraten und Differenzierungspotenziale. Diese Ergebnisse 

zeigten, dass die Kryokonservierung, insbesondere mit 5% DMSO, eine praktikable 

Langzeitlagerlösung für Stammzellen ist. Aufbauend auf diesen Erkenntnissen haben wir die 

Machbarkeit der Kryokonservierung ganzer Zahnmarkgewebe über längere Zeiträume 

untersucht. Nach der Lagerung von Gewebefragmenten in 10% DMSO für über einen Monat 

stellten wir fest, dass die aus diesen konservierten Geweben gewonnenen Zellen ihre 

biologischen Eigenschaften, einschließlich Proliferation und Differenzierungspotenzial, 

beibehielten. Wichtig ist, dass es keine signifikanten Unterschiede in den biologischen 

Eigenschaften zwischen Zellen aus frischen und kryokonservierten Geweben gab, was die 

Praktikabilität der Kryokonservierung von Gewebefragmenten für die zukünftige klinische 

Anwendung bestätigt. 

Basierend auf diesen Erkenntnissen entwickelten und testeten wir einen neuartigen 

Ansatz zur Kryokonservierung ganzer Zähne. Diese Methode ermöglicht die Erhaltung von 

hDPSCs in ihrer natürlichen Umgebung und bewahrt ihre Lebensfähigkeit und multipotenten 

Eigenschaften, einschließlich ihrer Fähigkeit zur Differenzierung in osteogene und adipogene 

Linien. Dieser Ansatz bietet eine kostengünstige und effiziente Lösung für die 

Langzeitlagerung von hDPSCs und macht sie für therapeutische Anwendungen ohne sofortige 

Extraktion aus dem zahn leicht verfügbar. 

Zusammen bilden diese Studien eine kohärente Entwicklung von der Optimierung der 

Kryokonservierungsbedingungen für einzelne Zellen über die Erhaltung größerer 

Gewebesegmente bis hin zur Kryokonservierung ganzer Zähne. Jede Stufe baut auf den 

vorhergehenden Erkenntnissen auf und erhöht die Praktikabilität der Verwendung von 
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hDPSCs in regenerativen Therapien. Unsere Forschung zeigt, dass hDPSCs ihre 

Lebensfähigkeit und ihr Differenzierungspotenzial über verschiedene 

Kryokonservierungsmethoden hinweg beibehalten, wodurch neue Möglichkeiten für ihre 

Anwendung in langfristigen klinischen Anwendungen eröffnet werden. 

In einer weiteren Studie untersuchten wir die Zytokinsekretion von hDPSCs in 

verschiedenen Passagen. Passage 3 wurde als optimaler Zeitpunkt identifiziert, da sie die 

höchsten Sekretionsniveaus von VEGF, BDNF und NGF aufwies, was sie besonders für 

neurologische Therapien geeignet macht. Darüber hinaus behielten hDPSCs, die von 

Patienten mit Neurofibromatose Typ 1 (NF1) stammen, ähnliche osteogene und adipogene 

Differenzierungskapazitäten wie jene gesunder Individuen, was auf ihr Potenzial für den 

Einsatz in der Knochengewebsrekonstruktion hinweist. 

Wir haben auch die Fähigkeit von hDPSCs zur Differenzierung in azinusartige Zellen 

nachgewiesen, wenn sie mit Speicheldrüsenzellen co-kultiviert werden. Diese azinäre 

Differenzierung, gekennzeichnet durch eine erhöhte Amylaseaktivität und die Expression 

epithelialer Marker, deutet auf potenzielle therapeutische Anwendungen bei 

Drüsenerkrankungen wie dem trockenen Auge hin. 

Schließlich ergab unsere Forschung zur Rolle von hDPSCs bei der Behandlung von 

Keloiden, dass die Co-Kultivierung von hDPSCs mit Keloidfaserblasten (HKFs) die 

Expression pro-fibrotischer Gene und die Synthese der extrazellulären Matrix hemmt, 

während gleichzeitig die Expression antifibrotischer Gene gefördert wird. Diese Erkenntnisse 

deuten darauf hin, dass hDPSCs einen neuartigen Ansatz zur Verhinderung und Behandlung 

von Fibrose und Keloidbildung bieten könnten. 

Insgesamt unterstreichen diese Studien unserer Gruppe die Vielseitigkeit von hDPSCs in 

der regenerativen Medizin und demonstrieren ihr Potenzial in einer Vielzahl therapeutischer 

Anwendungen, einschließlich der neurologischen, knochen- und drüsenbezogenen 

Regeneration sowie der Behandlung von Fibrose. Die Fähigkeit, hDPSCs erfolgreich zu 

kryokonservieren, erhöht zusätzlich ihren Nutzen für die langfristige klinische Anwendung. 
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Summary 

Our research group has conducted a series of studies on human dental pulp stem cells 

(hDPSCs), focusing on optimizing their cryopreservation, understanding their differentiation 

potential, and investigating their therapeutic applications in regenerative medicine. 

Initially, we investigated various cryopreservation methods to determine optimal 

conditions for preserving hDPSCs while maintaining their viability and functionality. By 

comparing fresh hDPSCs with those preserved in 5% and 10% DMSO, we found that while 

5% DMSO provided better conditions for maintaining cell viability and faster cell outgrowth 

compared to 10% DMSO, both cryopreserved and fresh cells demonstrated similar colony 

formation, survival rates, and differentiation potential. These results indicated that 

cryopreservation, particularly with 5% DMSO, is a viable long-term storage solution for stem 

cells. Building on these findings, we further explored the feasibility of cryopreserving entire 

dental pulp tissues for extended periods. After storing tissue fragments in 10% DMSO for 

over a month, we found that cells derived from these preserved tissues retained their 

biological characteristics, including proliferation and differentiation potential. Importantly, 

there was no significant difference in the biological properties between cells cultured from 

fresh and cryopreserved tissues, confirming the practicality of cryopreserving tissue fragments 

for future clinical use.Taking these insights a step further, we developed and tested a novel 

approach to cryopreserving whole teeth. This method allows for the preservation of hDPSCs 

in their natural environment, maintaining their viability and multipotent characteristics, 

including their ability to differentiate into osteogenic and adipogenic lineages. This approach 

offers a cost-effective and efficient solution for long-term storage of hDPSCs, making them 

readily available for therapeutic applications without the need for immediate extraction. 

Collectively, these studies form a cohesive progression from optimizing 

cryopreservation conditions for individual cells to preserving larger tissue segments, 

ultimately leading to whole-tooth cryopreservation. Each stage builds upon the previous 

findings, enhancing the practicality of using hDPSCs in regenerative therapies. Our research 

demonstrates that hDPSCs maintain their viability and differentiation potential across various 

cryopreservation methods, opening new possibilities for their use in long-term clinical 

applications. 

In another study, we examined cytokine secretion by hDPSCs across different passages. 

Passage 3 was identified as the optimal stage, with the highest levels of VEGF, BDNF, and 

NGF secretion, making it particularly suitable for neurological therapies. Furthermore, 

hDPSCs derived from patients with neurofibromatosis type 1 (NF1) retained similar 
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osteogenic and adipogenic differentiation capabilities as those from healthy individuals, 

indicating their potential for use in bone tissue engineering. 

We also demonstrated the ability of hDPSCs to differentiate into acinar-like cells when 

co-cultured with salivary gland cells. This acinar differentiation, characterized by increased 

amylase activity and epithelial marker expression, suggests potential therapeutic applications 

for glandular disorders such as dry-eye syndrome. 

Finally, our research into hDPSCs' role in keloid treatment revealed that co-culturing 

hDPSCs with keloid fibroblasts (HKFs) inhibits the expression of pro-fibrotic genes and 

extracellular matrix synthesis while promoting anti-fibrotic gene expression. These findings 

indicate that hDPSCs may offer a novel approach to preventing and treating fibrosis and 

keloid formation. 

Overall, these studies from our group underscore the versatility of hDPSCs in 

regenerative medicine, demonstrating their potential across a range of therapeutic applications, 

including neurological, bone, and glandular regeneration, as well as fibrosis treatment. The 

ability to successfully cryopreserve hDPSCs further enhances their utility in long-term clinical 

use.  
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