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Regenerative medicine, and, in particular, tissue engineering, are considered to be promising strategies for the

repair of lost/damaged tissues, and aims to improve a patient’s quality of life. The use of stem cell mobilization, or

homing for regeneration based on endogenous healing mechanisms, prompted a new concept in regenerative

medicine: endogenous regenerative medicine.

endogenous regenerative medicine  bone regeneration  dental regeneration
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1. Introduction

Approaches to tissue reconstruction are based on the use of stem cells (SCs), growth factors, signaling molecules,

scaffolds and gene therapy. Stem cells, primarily mesenchymal SCs (MSCs) or progenitor cells, obtained from

various tissues are attractive therapeutic agents. Their advantages are not only their rapid buildup in required

amounts but also differentiation into various cell types to enable the modeling of various technologies for the

reconstruction of lost or damaged tissues and organs . Compared to regenerative potential, the SC capability of

immunomodulation plays a no less important role in achieving a successful result . To date, the use of SCs is

considered to be the main strategy in regenerative medicine, including restorative dentistry. Based on therapeutic

agents with SC expansion ex vivo, the reconstruction of the lost structures of various tissues was demonstrated in

numerous preclinical and clinical studies . However, tissue regeneration by SC transplantation is hindered by

many factors, including immune repulsion, pathogen transfer, oncogenesis, the accumulation of genomic

alterations and age-related genetic instability, problems with ex vivo manipulations with cells, time-consuming

procedures, high costs and difficulties in obtaining regulatory approval .

An approach known as cell-free therapy has rapidly developed in regenerative medicine in the past decade, due to

the growing volume of knowledge of the SC mechanisms of action. Together with an understanding of the

paracrine effects of exogenously administered SCs, the molecular mechanisms and signaling pathways involved in

the intrinsic potential of tissue regeneration started to be understood. This prompted the development of novel

strategies to control and intensify these processes during regeneration. The use of SC mobilization/homing

technology for regeneration based on endogenous healing mechanisms has become a new concept in

regenerative medicine and is called endogenous regenerative technology (ERT) , endogenous regenerative

medicine (ERM)  or autotherapies . ERM/ERT is especially promising in restorative dentistry due to the large

number of patients and one of its most remarkable advantages; the regeneration of merely a small amount of
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tissue can be very efficient for a patient . Approaches using chemoattractant gradients to monitor tissue

regeneration without ex vivo cultured cells are preferable to treatment techniques based on transplanted

autologous or allogeneic SCs with limited potential for clinical use.

The development of regenerative approaches in ERM/ERT requires, aside from the knowledge of biological SC

homing–regulating signals, requires a comprehensive idea of the characteristics of the resident SCs’

microenvironment/niche, as well as of the extracellular factors involved in SC self-maintenance, to manipulate

these cells. The key function of SC niches is to maintain a constant number of slowly dividing cells to balance the

proportion of quiescent and activated cells. In a niche, as it is known, SCs are under the spatio-temporal control of

an enormous number of factors, including chemokines, cytokines, growth factors, ligands, insoluble

transmembrane receptors, proteases, adhesion molecules (selectins and integrins) and extracellular matrix (ECM)

molecules . Additionally, external tensile, compressive and shear forces have a massive effect on the phenotype

of cells, the properties of the ECM, and the general functions of the niche. In turn, cells in tissues affect their

microenvironment by internal mechanical forces—adhesion interactions of their cytoskeleton with the ECM and

adjacent cells via the niche . Thus, the interaction and optimization of every niche component involved in ERM is

especially important for understanding how the required cell response should be made safe and efficient for

therapy .

An ever-increasing amount of currently emerging data indicates that the use of cell-free therapeutics leading to

endogenous SC recruitment/homing has advantages for overcoming restrictions and risks associated with the use

of cell-free therapy, including tumorigenesis, unwanted immune responses and transfer of pathogens. Additionally,

it has significant advantages in production, storage and standardization . Thus, the use of cell-free

products in regenerative medicine can improve migration, proliferation, differentiation and metabolism of various

resident SCs, which provide for the regulation of their spatially correct arrangement and will stimulate the

endogenous regeneration of damaged tissues .

2. Extracellular Matrix

As mentioned above, the leading strategy in ERM is the use of various factors (Figure 1) that stimulate recovery

mechanisms by recruiting endogenous SCs into injured areas .
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Figure 1. Schematic illustration of cell-based and cell-free paradigms for bone tissue engineering.

It is known that, as well as growth factors and various signaling molecules, the traffic of SCs, their oriented

migration, survival, self-renewal and differentiation can be regulated and enhanced by the ECM .

ECMs are highly specialized and dynamic three-dimensional frameworks that aid the adhesion and functioning of

various cells that form the basis of tissues. ECMs consist of numerous fibrillar components such as collagens,

fibronectin and elastin, and nonfibrillar molecules such as proteoglycans, hyaluronan and glycoproteins, including

matrix cell proteins. They interact with one another via numerous receptors, including integrins, discoidin domain

receptors (DDR), proteoglycan surface receptors and hyaluronan receptors such as CD44, RHAMM, LYVE-1 and

layilin, creating a multicomponent structural network . For instance, collagen, vitronectin and laminin are

common partners for binding integrins. Some integrins can also bind to intercellular adhesion molecule 1 (ICAM1)

and vascular cell adhesion molecule 1 (VCAM1), which are part of the SC microenvironment . In addition to

classical receptors, ECM molecules also interact with and regulate signal transfer via other non-traditional

receptors, including growth factor receptors and Toll-like receptors (TLRs) . It is known that the differential

expressions of certain receptors determine the type of niche into which cells migrate. Thus, for instance, integrins

β1, α5 and αV are usually expressed into adult SCs . ECMs regulate the proliferation, survival, migration and

differentiation of cells via matrix–cell interactions. Thus, ECM molecules interact with surface receptors of various

cell types, including fibroblasts, immune cells, endothelial cells, epithelial cells and pericytes, by regulating the

phenotypes and functions of these cells for tissue homeostasis maintenance.

The ECM molecular composition and structure differ in different tissues and change noticeably at the reconstitution

of normal tissue, as well as in the progression of various diseases.
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ECMs in tissues such as cartilage and bone differ in their composition and structure from ECM in connective

tissue, as they bear significant mechanical loads. The bone contains a specialized ECM, which essentially consists

of collagen I, III and V fibrils. Collagen I is a predominant protein that serves as a site for the nucleation of

hydroxyapatite and the deposition of crystals on its fibrils. The main ECM components are synthesized by

osteoblasts, although terminally differentiated osteoblasts called osteocytes also produce matrix components, such

as small integrin-binding ligand N-linked glycoproteins (SIBLING): dentin matrix acidic phosphoprotein 1 (DMP1)

and matrix extracellular phospho-glycoprotein (MEPE), involved in phosphate metabolism and bone mineralization

. Osteocalcin, osteopontin/bone sialoprotein, as well as small lecithin-rich proteoglycans, such as keratocan and

asporin, are also involved in bone mineralization. Decorin, biglycan, asporin, osteonectin/secreted protein acidic

and rich in cysteine (SPARC), and thrombospondin are engaged in collagen fibrillogenesis and/or

bioavailability/transmission of signals from transforming growth factor (TGF)-β. The mineralized ECM imparts the

tissue with rigidity and mechanical strength, and all its components contribute to correct tissue functioning . The

ECM acts not only as a physical framework for cells and as a store of signaling molecules, but also as the main

regulator of the behavior of SCs in a niche . For this reason, various secretory SC products as well as ECM

products and ECM-based bioscaffolds are considered, at present, as a new class of biopharmaceuticals in

regenerative medicine . As compared with cell-based therapy, the use of biomaterials is simpler and sufficiently

reliable for maintaining high levels of endogenous tissue regeneration. Therefore, a well-designed biomaterial-

based niche has the potential for activating and recruiting a sufficient amount of SCs from adjacent tissues for safe,

functional regeneration .

In view of the organization of various organs as three-dimensional structures, it is essential to choose for their

regeneration an underlying scaffold mimicking the ECM in native tissue. The choice of scaffold materials and

design impacts the therapeutic potential and the number and invasiveness of associated clinical procedures . As

scaffolds may change their physical and chemical properties and transfer mechanical forces in vivo in response to

various internal and external stimuli, they may contribute both to regeneration and to the development of a reaction

to a foreign body and fibrosis . This necessitates the complete understanding of cell–scaffold interactions. To

date, these interactions are known to be mediated by various adhesion molecules, including integrins and

cadherins, which are of crucial importance for cell migration and localization . It is noteworthy that the successful

penetration of cells and their presence in the scaffold is regulated by biomaterials’ surface features and cell–matrix

interactions of cells with biomaterial . Thus, the scaffold constructions designed by tissue engineering can

ensure a suitable microenvironment for resident SCs’ homing and the controlled release of biological signals,

including matrix-associated growth factors (fibroblast growth factor (FGF), TGF-β, bone morpho-genetic protein

(BMP)) , which aid with model physiological processes, including tissue morphogenesis and regeneration .

Overall, scaffolds should meet four main criteria with respect to (1) their shape (correspondence to the geometry of

complex three-dimensional defects); (2) function (temporary maintenance of the functional and biomechanical

conditions in the course of healing); (3) formation (contribution to regeneration); and (4) fixation (light interaction

and integration with adjacent tissues) .
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Biomimetic frameworks actively developed at present in tissue engineering are formed based on purified ECM

components and synthetic or natural polymers . Biomimetic designs attract the ever-increasing attention of

many researchers in biomaterials, regenerative biology and regenerative medicine communities. Unfortunately, as

of now, bioengineers have failed to construct the basic elements of native tissue . However, scaffolds

consisting of the main ECM components and/or structures can mimic an in vivo microenvironment occurring in the

course of tissue regeneration and, therefore, can contribute to endogenous tissue reconstitution. For instance, a

hierarchically structured nanohybrid framework containing a bone-like nano-hydroxyapatite (n-HA) contributes to a

homogeneous distribution of n-HA after in vivo transplantation and to interfacial interactions by recruiting

endogenous cells for successful bone regeneration in situ . The possibility of constructing a biological activity

and changing the parameters of biomaterials’ properties significantly increases the number of potential applications

and improves biomaterials’ characteristics in vivo. Recent advances in the biotechnologies of the development of

multiphase scaffolds, such as electrospinning and 3D bioprinting, enable the high-accuracy formation of a complex

architecture comparable with native bone architecture both in the shape and structure . For instance, Kankala et

al. demonstrated a 3D porous scaffold using the innovative combinatorial 3D printing and freeze-drying

technologies on gelatin (Gel), n-HA and poly(lactide-co-glycolide) (PLGA) for bone regeneration .

Along with biomimetic frameworks, a strategy, which aims to use decellularized matrices that possess the

advantage of a great similarity with the tissue to be replaced, is also being actively developed in tissue engineering.

It is crucial to choose proper decellularization methods for obtaining decellularized matrix biomaterials , which

will greatly affect the ultrastructure, composition and biological actions. It is commonly acknowledged that it is

essential to remove cellular elements such as the cell membrane, nucleic acids and mitochondria as much as

possible, but keep the functional compositions. Currently, there are many conventional methods to prepare

decellularized matrix-based scaffolds. This can be accomplished using physicochemical and chemical methods,

including freeze–thaw methods, ultrasonication and freeze drying, treatment with chemical detergents such as

Triton X-100 and SDS, or enzymatic treatment with DNase and RNase. Triton X-100 is better for preserving the

ECM architecture compared to freeze–thaw cycles . The key part of the decellularization assessment is the

analysis of changes produced in the dECM. Providing the presence of most ECM components after the

decellularization is of key significance for maintaining its functionality. As ECM-based scaffolds produced by

mammalian tissue decellularization exhibit no immune responses, and by their nature contain tissue-specific and

matrix-associated factors involved in cell growth and differentiation, they are actively used in bone and dentistry

regeneration . In vitro, decellularized bone ECM enhances the osteogenic differentiation of rat MSCs , human

embryonic SCs  and human adipose-derived SCs . In vivo, dECM displayed efficient engraftment and

vascularization and was able to undergo remodeling onto an immature osteoid tissue . The dECMs can

efficiently integrate into the defect zone and promote bone repair ; decellularized periodontal ligaments can

reconstruct periodontal tissues by recruiting host cells and evoking their correct orientation in the ligament, which

can serve as a novel approach to periodontal treatment . The dECM implanted in the mouse calvarial defect

model improved not only new bone formation without any further inflammatory reaction, but also the density of

these formations .
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3. Growth Factors and Signaling Molecules

The approach using only scaffolds is often insufficient for reconstructing a biologically suitable extracellular SC

microenvironment/niche. In this case, combinations of ECM molecules and growth factors are used . Growth

factors and signaling molecules can stimulate chemotaxis, proliferation, differentiation, ECM synthesis and

angiogenesis. The biological functions of these molecular mediators widely vary, but their choice as candidates for

regenerative therapy of bone and dental tissues is based on their important role in the development of these

tissues and their healing  (Figure 2). Thus, for instance, during the early phase of bone healing, platelet

activation and subsequent degranulation provide a burst of cytokines directly at the injury site. These factors cause

the migration of innate immune cells to the site of damage. Recruited immune cells secrete paracrine factors (e.g.,

TGF, BMP, FGF, vascular endothelial growth factor (VEGF), focal adhesion kinases) that form a favorable

microenvironment at the site of damage. This microenvironment promotes the migration of both circulating and

local resident populations of reparative cells, such as SCs and progenitor cells, by means of complex signal

cascades . As a result, the recruited MSCs begin to differentiate into fibroblasts, chondroblasts, and osteoblasts.

BMP-2 and BMP-7 play an important role in the induction of MSC differentiation into osteoblasts . Additionally,

TGF-β/BMP, by interacting with various pathways—Wnt, MAPK, Notch, Hh, Akt/mTOR and miRNAs—activates

BMP-stimulated signal transmission and induces endogenous bone regeneration .

Figure 2. Key growth factors and events involved in the different phases of bone regeneration. The regeneration

process can be divided into several phases that overlap each other. Each phase is regulated by many cytokines

and growth factors secreted by different cell types. Revascularization and angiogenesis are ongoing through the

inflammatory phase until the bone formation phase. BMP, bone morphogenetic protein; FGF, fibroblast growth

factor; bFGF, basic FGF; IGF-1, insulin-like growth factor 1; MCP-1, monocyte chemoattractant protein 1; M-CSF,

macrophage colony-stimulating factor; OPG, osteoprotegerin; PDGF, platelet-derived growth factor; PTH,

parathyroid hormone; RANKL, receptor activator of nuclear factor κB ligand; SDF-1, stromal cell-derived factor 1;

TGF-β, transforming growth factor β; TNF-α, tumor necrosis factor α; VEGF, vascular endothelial growth factor.

Promising results of preclinical and clinical research led to the subsequent introduction of various growth factors to

the commercial market for regeneration of soft and hard tissues . However, there are several known problems

associated with growth-factor-based therapy, which should be strictly taken into account: short periods of half-

decay in vivo, side effects due to the introduction of several or high doses to achieve efficient therapy, unidentified
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key growth factors for particular tissues and the possible denaturation of protein during manipulation . The use of

scaffolds with required biomolecules adsorbed on them can avoid these problems in the induction of the

endogenous regeneration of bone and dental tissues. For instance, the bone ECM can be used as a scaffold for

recruiting endogenous progenitors using various signaling molecules or angiogenic factors such as VEGF,

proinflammatory cytokines such as tumor necrosis factor TNF-α and interleukin-1, as well as BMP for the

stimulation of bone regeneration . Several in vitro and in vivo studies have shown that the addition of various

signaling molecules and growth factors, such as granulocyte colony-stimulating factor, stromal cell-derived factor

(SDF), basic FGF (bFGF) and VEGF, to different (natural and syn-thetic) scaffolds enhances the regeneration of

intracanal pulp-like tissues due to the stimulation of dentin formation, mineralization, neovascularization and

innervation . Decellularized dentin can be modified by platelet-rich fibrin (PRF) to provide signals for MSC

recruitment from the circulation and the periodontal ligament for the regeneration of cementum and tissue similar to

the periodontal ligament with oriented fibers, which ultimately restores the interface between soft and hard tissues

.

The combination of recombinant human BMP-2 (rhBMP-2) on an absorbable collagen sponge carrier was shown to

induce bone formation in a number of preclinical and clinical investigations . The main issue associated with the

absorbable collagen sponge is an initial burst release of rhBMP-2 into the local environment, leading to

heterotrophic ossification . One reason that BMP carriers are loaded with supraphysiological concentrations is

likely related to the need to overcome the regulating factors of BMP inhibitors in order to achieve a therapeutic

response. These inhibitors are present within the BMP signaling cascade at intracellular locations, as pseudo-

receptors, and in extracellular locations . In order to successfully decrease the therapeutic concentration of

BMPs, novel carrier systems that maintain or enhance rhBMP-2 bioactivity must be designed and the negative

feedback signaling caused by BMP antagonists must be addressed.

A particularly intriguing approach is the modification of known growth factors with so-called superaffinity domains,

which allows these growth factors to achieve effects at a lower effective dose through better binding affinity to their

carrier material or ECM proteins .

Thus, the main tendencies in acellular bone tissue engineering today are directed to the creation of an ECM-based

bioscaffold, usually by including several key growth factors for mimicking the natural bone structure and developing

an environment for maintaining osteogenesis, osteoconduction and/or osteoinduction . Although the use of

growth factors appears to be an extremely attractive strategy for establishing a microenvironment around an

implanted scaffold, problems associated with its efficiency and safety remain. The targeted delivery of growth

factors can be a complicated problem, because they rapidly degrade and diffuse into surrounding tissues. The

potency of each cytokine in a cocktail differs from its individual action; thus, the synergistic or antagonistic effects

of multiple cytokines on a given cell population must be tested under different in vivo situations . Further

research into the molecular pathways underlying the process of SC recruitment is required to assess the real

potential of the growth factors. Studies that aim to trace in vivo SC migration in response to the local gradients of

the growth factors may help find new biological signals and improve the selectivity of the existing signals .
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