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Abstract Advancement in cell culture protocols, multidisciplinary research approach, and the need of clinical implication

to reconstruct damaged or diseased tissues has led to the establishment of three-dimensional (3D) test systems for

regeneration and repair. Regenerative therapies, including dental tissue engineering, have been pursued as a new prospect

to repair and rebuild the diseased/lost oral tissues. Interactions between the different cell types, growth factors, and

extracellular matrix components involved in angiogenesis are vital in the mechanisms of new vessel formation for tissue

regeneration. In vitro pre-vascularization is one of the leading scopes in the tissue-engineering field. Vascularization

strategies that are associated with co-culture systems have proved that there is communication between different cell types

with mutual beneficial effects in vascularization and tissue regeneration in two-dimensional or 3D cultures. Endothelial

cells with different cell populations, including osteoblasts, smooth muscle cells, and fibroblasts in a co-culture have shown

their ability to advocate pre-vascularization. In this review, a co-culture perspective of human gingival fibroblasts and

vascular endothelial cells is discussed with the main focus on vascularization and future perspective of this model in

regeneration and repair.
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1 Introduction

In the nascent field of tissue engineering, it is vital to

develop and improve the original structural, functional, and

physiological condition of a tissue. To achieve this, the

basic principle lies in the isolation, augmentation, and

seeding of autologous cells into a suitable matrix/scaffold

before in vivo implantation [1]. For a neovessel growth of a

tissue (beyond 200 lm/day) [2, 3] in a body, the formation

of a long-lasting vascular network is required for ample

oxygen and nutrient supply [4] which is also true for tissue

engineering applications dealing in angiogenesis related

research. The in vitro development of vascularized and

clinically relevant tissue engineered constructs that support

and maintain the survival of viable implanted tissues is a

key challenge in this field [5, 6]. Numerous approaches

have been undertaken to engineer vascularized tissues

based on either endothelial cells (ECs) and their ability to

form new vessels (neoangiogenesis) and with the biologi-

cally-derived vessel systems using three-dimensional

scaffold or both [7]. To explore the cellular based strategy

on how cells react to certain stimuli, many types of single

cells have been cultivated in vitro and much has been

studied on how these stimuli influence the single cell

population as a whole. However, to understand the direct

paracrine interaction between ECs with different cell types

affecting cell function and gene expression in two- and

three-dimensional settings [8], the concept of heterotypic
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culture system (also known as co-culture system) has been

established to address this complex process of

vascularization.

Co-culture systems establish excellent atmosphere to

study the interaction of heterotypic cell cultures. A range of

factors are known to which heterogeneous cell population

can be characterised. These include certain cell differenti-

ation factors, various levels of activation and the presence

of an enormous variety of signalling molecules in the

surroundings. Due to this complexity, it is unfeasible to

examine the biomarkers, gene expression or both for

individual cells to be expressed in in vivo conditions, which

are important for particular phenotype [8].

ECs are the most widely distributed cell type in the

human body and forms the inner cellular lining of the entire

vascular system [9]. Fibroblasts play an essential role in the

angiogenic process through their production of extracellu-

lar matrix (ECM) molecules [10] and by the release of

essential growth factors such as vascular endothelial

growth factor (VEGF) [11], transforming growth factor-b
(TGF-b) [12], and platelet-derived growth factor (PDGF)

[13]. Following an injury to the tissue, the microcirculation

becomes the rostrum for both the inflammatory response

and the successive healing reaction to restore functional

details of the damaged tissue or organ. To initiate vessel

formation locally from the existing vasculature, ECs are

activated at the damage sites in the microvasculature. This

process of repair occurs in the milieu of ECM component,

which was deposited initially by blood vessels and platelets

in the surroundings [14]. In addition to this, rapid mobi-

lization of fibroblasts occurs at the site of injury to produce

an ECM, which helps in the repair of injured/damaged

vasculature [14]. Thus, fibroblasts play an essential role in

the angiogenic process by establishing a matrix that is very

necessary and favorable for vascular repair [15]. Moreover,

pro-angiogenic and anti-angiogenic factors also particu-

larize by the fibroblasts that communicate with ECs to

control the pattern and density of blood vessels [16, 17].

The paradigm of regenerative medicine that aims to

develop biomaterials and cell-based therapies emerged as

an alternative approach to tissue and organ reconstruction

and has opened new prospects to the acceleration of the

angiogenic response. Multiple cellular interactions are key

elements in the microenvironment of co-culture. Despite

numerous attempts in co-culturing ECs with different cell

population, it is difficult to test all the novel biomaterials

in vivo because of the certain challenges including a high

diversity of cells differentiation and activation, a wide

variety of signaling molecules, biocompatibility issues, and

porosity [6]. However, the use of in vitro co-culture sys-

tems using the cells from human origin is being investi-

gated to pre-assess and define the promising potential for

success of these after implantation [18]. This review

describes the cellular interactions between co-cultured

human gingival fibroblasts (HGFs) and ECs, and the pro-

cess of initiating vascularization that is pertinent to study

regeneration in a tissue-engineered construct.

2 Vascular endothelial cells

Endothelial cells are known to be the major cellular resi-

dent of the entire vascular system (arteries, veins, and

capillaries). They form a continuous lining at the interface

between blood and tissue and are present in all blood

vessels. Due to its unique strategic position at the interface

between the blood and the tissue, it plays a vital role in

providing the proper hemostatic balance. Several different

EC types have been used for promoting angiogenesis and

vasculogenesis in vitro [19–23] and in vivo [18, 24–27].

Among the mature EC types, human umbilical vein ECs

(HUVECs) and human dermal microvascular ECs

(HDMEC) are the most widely used cells in the tissue

culture experiments [28, 29]. Besides its crucial role in

providing the lining for the vessel walls, ECs also exhibit

certain essential functions. They are known to be involved

in the blood coagulation cascade (thrombosis and throm-

bolysis), platelet–blood vessel interaction, and act as a

potential source of growth promoters (PDGF, endothelin-1

(ET-1), thrombin, fibroblast growth factor (FGF-2), and

interleukin-1) and inhibitors (heparin sulfates, nitric oxide,

TGF-b) [30, 31]. The migratory and proliferative capacity

of ECs is regulated by these factors that play a vital role in

the regulation of vascular growth. Thus, the endothelial

layer can regulate and help in vascular tone and growth

[30, 32].

ECs are also involved in the multiphasic angiogenic

process involving a series of cellular events that lead to

neovascularization [33]. In normal physiological settings,

angiogenesis can be a benchmark of wound healing, the

menstrual cycle and organ regeneration [34]. Besides

normal conditions, certain pathologies also induce angio-

genesis, such as metastatic growth, chronic kidney failure,

atherosclerosis, diabetic retinopathy and some intraocular

neo-vascular disorders [35–37]. In order to develop a

functional vascular network, a complex organizational

coordination between various cell populations undergoing

remarkable changes and exquisitely dependent upon

exchanging signals that promote vascular stability and

maturation are necessary [38]. VEGF along with its

receptors VEGFR1 and VEGFR2 considered being the

most important growth factor and regulator, specific for the

vascular endothelium and endothelial cell development

respectively [30]. Sprouting of ECs from existing vascu-

lature is a dynamic process that involves binding of VEGF

to specific ligand moieties on the ECM and interaction with
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laminin and collagen IV. Maturation and stabilization of

the newly formed vasculature require FGF-2, angiopoietins

(Ang) 1, ephrinB2, pericytes and collagen IV [34, 39]. In

another study [40], the in vitro morphological differentia-

tion of ECs on a reconstituted gel and Matrigel [41] has

been studied using basement membrane matrix proteins

such as collagen I, IV and laminin. It has been found that

ECs deprived of growth factors undergo morphological

differentiation with tube formation after 6–12 weeks and

are significantly enhanced by culturing on a reconstituted

gel composed of basement membrane proteins. Tubule

formation does not occur on tissue culture plastic coated

with laminin or collagen IV, either alone or in combination,

or on an agarose or a collagen I gel. However, ECs cultured

on a collagen I gel supplemented with laminin form

tubules, while supplementation with collagen IV induces

less tubule formation. This was further studied by Stamati

et al. [42] who controlled the in vitro clustering of ECs in

three-dimensional collagen hydrogels, which are essential

in the formation of different sized tubular structures. It was

found that by varying the matrix composition and/or hav-

ing a source of cell signalling angiogenic proteins, ECs

supplemented with laminin showed significantly higher

expression of a6 integrin and an increase (P\ 0.05) in

VEGFR2 positive ECs and increased uptake of VEGF

which showed essential proangiogenic linkage between

these two.

ECs are involved in the production of numerous matri-

cellular proteins belonging to CCN [connective tissue

growth factor (CTGF), cysteine-rich 61 (CYR61) and

nephroblastoma overexpressed (NOV)] family that affect

many diverse biological processes [43, 44]. Among these,

CTGF and CYR61 also play prominent roles in the regu-

lation of angiogenic process [45] which are dependent on

the induction of TGFb or FGF-2 [46]. It has been shown in

in vitro studies that MDA231 cells produce higher levels of

CTGF protein and more CTGF mRNA under hypoxic

conditions [47, 48], suggesting a positive role of CTGF at

relatively initial stages of an angiogenic cascade. More-

over, CTGF secreted by tumour cells in hypoxic conditions

has been shown to up-regulate endothelial matrix metal-

loproteinases (MMPs) and to down-regulate endothelial

tissue inhibitors of MMPs (TIMPs), thereby, stimulating

ECM degradation and ECs migration [47]. Similar data

have also been found for CYR61 which can also up-reg-

ulate the levels of MMPs [49].

Endothelial gene expression has been regulated during

tumour angiogenesis by specific microRNAs (miRNAs),

such as those of the miR-17-92 cluster. The effect of

exosomal miRNAs derived from leukemic cells (K562) on

HUVECs has been studied by co-culturing transfected

(Cy3-labeled pre-miR-92a) K562 cells with HUVECs [50].

It has been shown that the exosome, derived from K562

cells with enforced miR-92a expression, did not affect the

growth of HUVECs but did enhance ECs migration and

tube formation indicating a vital role in neoplasia-to-en-

dothelial cell communication [50].

ECs have been used to study the cellular elements that

contribute to the formation of mature vasculature.

Recently, endothelial/pericyte interactions has been studied

[51] by adding vascular pericytes directly to the bead-

bound endothelial monolayer. It has been observed that

these pericytes formed close communication with the

endothelial sprouts, enhancing the sprout number and

vessel calibre. Moreover, the Jagged1 expression and

Notch signalling are vital for the growth of both ECs and

pericytes and may function in their interaction. These

results substantially improve bead-capillary sprouting

assays and offer an enhanced method of modelling for

interactions between the endothelium and the vascular

microenvironment [51].

3 Human gingival fibroblasts

Fibroblasts, the most abundant cells of the stroma are

usually characterized by their morphology and their pri-

mary role is secretion of the components of the ECM for

tissue maintenance and repair [52, 53]. Apart from their

role as synthesizers and modifiers of the ECM, fibroblasts

have a strong potential to induce an angiogenic response in

the culture. They promote tubulogenesis by depositing

ECM [54] and regulate the activation and propagation of

EC by secreting various soluble angiogenic factors such as

VEGF, PDGF, TGF-b1, FGF-2, and nitric oxide [54–56].

Among those, FGF-2 and VEGF are known to be best

characterized which together delivers a synergistic angio-

genic response. Besides their support in promoting the

migration, survival, and proliferation of ECs, they also

contribute towards the in vitro capillary formation [36–38]

however, there is no specific reliable marker for fibroblasts

[39, 40], and gene expression analysis study revealed that

fibroblasts are quite different cells, depending on their

tissue of origin [41].

Typically, there are three potential sources from where

fibroblasts can be harvested in the oral cavity for the

regeneration of gingival connective tissue. These include

the gingiva [57], the periodontal ligament [58], and the

dental pulp [59]. HGFs are the main resident of the gin-

gival lamina propria and are considered as a major cell type

in periodontal connective tissues. They are known to

contribute towards the pathogenesis of periodontal disease

in the inflammatory periodontium by an exuberant secre-

tion of inflammatory mediators, matrix metalloproteinases,

and cytokines [60, 61]. HGFs are considered as the most

common cell type used for assessing the biocompatibility
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of implant prosthesis in the orofacial region [62, 63], for

populating in vitro models of gingival connective tissues

[64], soft tissue constructs [65], to develop physiologically

relevant gingiva equivalent that resembles healthy or a

neoplastic disease model [66] and can be a source of

induced pluripotent stem cells (iPS) [67–71] for peri-

odontal tissue engineering.

HGFs culture in different matrices has been studied that

has shown promising results in soft tissue regeneration

[72–74] and exhibit greater functional and biochemical

activity in vitro such as increased cell adhesion, cell

number and total protein count [75]. Mariotti and Cochran

[76] compared the growth characteristics and macro-

molecular synthesis of HGF and human periodontal liga-

ment fibroblast (HPDLF). They reported that in in vitro cell

culture, HGF showed higher proliferative rate, total protein

content and grew more rapidly than HPDLF. Moreover, the

distribution of glycosaminoglycan, hyaluronic acid, and

heparin was more dominant in the cellular segment of PDL

tissue, which is indicative of fibroblasts heterogeneity [76].

In another study by Yoshino et al. [77], the relationship

between mechanical stress and biochemical phenomena on

angiogenic stimulator and inhibitor has been studied with

HGFs and HPDLFs. It has been shown that when cultured

on a flexible substrate, there is an increased production of

VEGF by both cells (P\ 0.01). Moreover, in vitro

angiogenesis assay further revealed the increased tube like

structures formed with HPLF (P\ 0.01) which was not

enhanced with HGFs because of the expression of pigment

epithelium-derived factor (PEDF) [77]. Enamel matrix

derivative (EMD) are known to enhance wound healing by

inducing angiogenesis [78, 79]. Recently, effect of EMD

and its mechanism of action on VEGF production has been

studied using HGFs. It has been shown that EMD signifi-

cantly enhanced the production of VEGF in a dose- and

time-dependent manner (P\ 0.05) which is mediated by

ERK, p38 MAPK, and PI3K/Akt signalling pathways. In

contrast, treatment of HGFs with antibodies to TGF-b1 or

FGF-2 showed significantly lowered EMD-induced VEGF

production, whereas exogenous addition of antibodies

enhanced VEGF production. These results are suggestive

of the proangiogenic activity of EMD in wound healing

models which can help in tissue engineered constructs for

early vascularization [80].

4 Co-culture systems in vascularization

Co-cultures are used in numerous fields of biological

research and have progressed to the vanguard within recent

history. The initial concept of co-culture systems was

proposed in the early 1980s as a system for studying cell–

cell communication [81] and subsequently, the use of co-

culture systems in the field of tissue engineering and in

regenerative medicine proceeded rapidly to their use with

heterogeneous cell populations in direct and indirect set-

tings (Fig. 1) [82, 83]. Co-culture models of heterogenic

cell types more closely represent in vivo conditions in an

ex vivo environment than do homotypic cell culture

systems.

Dynamic remodeling of vascular tissues is essential for

the development of the complex angiogenic process. Using

currently available model systems, much has already been

studied that imitate the formation of vessel-like structures

under defined in vitro conditions. These models have been

established to identify and differentiate the assay molecules

affecting angiogenesis [84]. The most widely functional

in vitro and in vivo angiogenesis assays include ECs grown

in different gels or mixed ECM gels with ECs [85, 86],

microcarrier bead assays [87, 88], aortic rings embedded in

gels systems [89–91], the matrigel implant [92], chick

chorioallantoic membrane (CAM) [93], and the retinal

angiogenesis assay [94]. In all these, ECs grow and dif-

ferentiate to form loose network-like structures of cords in

the presence of angiogenic growth factor e.g. VEGF [84].

Despite this, the possibility of the formation of vessels by

ECs in the presence of an appropriate ECM, gel-type EC

culture systems has been developed that undervalue the

close association and/or involvement of living fibroblasts

in an exceptional way [84]. Since the sprouting and mat-

uration of vessels are tortuously tailored by distinct posi-

tive and negative regulators that are also shown to express

by adjacent cell types, the pertinent nature of co-culture

systems is clearly defined. Besides the complexity of this

system, they nevertheless deliver a better approximation of

a three-dimensional capillary-like association that would

be found in vivo [95]. This assumption is advocated by the

results of several in vitro studies, primarily dealing in

cancer research. For example, Janvier et al. [96], developed

a novel three-dimensional co-culture system to study the

cellular interactions between fibroblasts and/or PC-3

human prostate adenocarcinoma cells. By co-culturing

these cells in a collagen gel, capillary-like structures were

evident which also concluded the pivotal role of fibroblasts

in cancer neovascularization. In another study, Walter-

Yohrling et al. [97] explained the invasion of ECs in a

Matrigel-based three-dimensional culture system using a

co-culture technique containing an ovarian carcinoma cell

line (SKOV-3) with myofibroblasts/10T1/2 cells, suggest-

ing an important cellular interaction between these cells. It

has been shown that ECs rapidly form a vascular network

within 5 h of culture on Matrigel. Moreover, the same ECs

when co-cultured with ovarian carcinoma cell line, formed

long, linear projections around the tumour cell cluster when

seeded on a monolayer Matrigel within 5 h, which became

more evident after 24 h. In contrast, when cultured in the
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presence of myofibroblasts, ECs adhered to the outside of

the tumour cell cluster while myofibroblasts localized

within the tumour cell mass. However, 10T1/2 cells (a

pluripotent mouse mesenchymal cell line with pericyte like

properties) did not establish the same invasive phenotype.

Perivascular cells such as pericytes (mural cells),

smooth muscles cells, and adventitial fibroblasts, are cou-

pled with the endothelium of capillaries and are known to

be involved in the vessel maturation and stabilization

during the later stages of angiogenesis [98]. The co-culture

of ECs with these cells in vitro have confirmed that the

release of soluble factors such as VEGF/FGF-2/PDGF or

the deposition of ECM proteins such as fibronectin stim-

ulate angiogenic processes in ECs such as increased plas-

minogen activity, proliferation, motility, and cord-like

structure formation [99, 100].

Co-culture techniques find diverse applications in

regenerative medicine and vascularization for studying

natural or synthetic interactions between distinct cell

populations. Many studies in the literature have proven

success in establishing vascularized structures in co-cul-

tures using biomaterial scaffold [101–104]. Fibroblasts

stabilize the level of apoptosis when co-cultured with ECs

in spheroid form [54]. In a study by Wenger et al. [54], a

three-dimensional spheroidal co-culture system has been

developed in vitro consisting of HUVECs and human pri-

mary fibroblasts (hFBs) and investigated the effects of

human fibroblasts on ECs function with collagen-embed-

ded spheroids. It has been shown that within 48 h of co-

cultivation of HUVECs with hFBs, the level of apoptosis

was strongly decreased (13%) and collagen-embedded

HUVEC spheroids developed numerous lumenized capil-

lary-like sprouts in comparison to solo culture of these cells

in spheroids (i.e. HUVEC: 100%, hFBs: 6%). Moreover, it

has been observed that due to the heterotypic cell inter-

actions between HUVECs and hFBs within the co-

Endothelial 
cells 

Small 
molecules

3D 
Scaffold

Growth 
factors

Direct co-culture Indirect co-culture

+/-+/-

2D 
approach

3D approach 
(with scaffold)

Transwell
system

Conditioned 
medium

Conditioned 
extracellular 

matrix

Fibroblasts

Mesenchymal 
stem cells

Pericytes

Osteoblasts

Fig. 1 Overview of the cellular interaction between different cell

types with endothelial cells in vascularization using a co-culture

approach. Endothelial cells have been co-cultured with numerous

supporting cells such as fibroblasts, osteoblasts, pericytes or mes-

enchymal stem cells etc. with or without scaffold through cell

signaling and release of cytokines and growth factors or both to

induce angiogenesis. These cell–cell communications occur mainly in

two forms i.e. direct co-culture approach in two-dimensional or three-

dimensional (with scaffold) in which cells interact through secreted

signaling factors, cell–cell adhesion and cell–ECM adhesion whereas

indirect co-culture approach either in transwell system using semi-

permeable membrane, with conditioned medium containing soluble

factors released by another cell or with conditioned extracellular

matrix (ECM) produced by another cell. In this type, cells are not in

direct contact, therefore, cell interaction occurs only through soluble

factor signalling
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spheroid, the quantification of cumulative sprout length

depicts an approximately 35% reduction in ECs sprouting.

This co-spheroid model of HUVEC/hFBs is highly sug-

gestive for delivering a preformed capillary network

ex vivo and may, therefore, be advantageous for enhancing

angiogenesis in in vivo tissue engineering applications.

In another study by Choong et al. [55], polycaprolactone

(gelatin-coated and hydroxyapatite-coated substrates) bio-

material surface has been studied in a co-culture setting

that supports EC attachment and proliferation for inducing

angiogenesis. It has been shown that within 12 days of co-

culture between human bone marrow-derived fibroblasts

(HBMFs) and human bone marrow endothelial cell line

(HBMEC-60), HBMF cell proliferation and differentiation

specifically enhanced (P\ 0.05) and that this effect was

not observed with co-culture with skin fibroblasts. More-

over, after 13 days of in vitro co-culture, tubular structures

were evident which proved this co-culture model of ECs

with HBMFs could be a promising model for bone vas-

cularization [55].

A scope of co-culture consisting of heterotypic cells

may also be utilized for the development of artificial

mucosa equivalent. Recently, a pre-vascularized buccal

mucosa equivalent has been generated [56] by using pri-

mary buccal epithelial cells, fibroblasts and microvascular

ECs, in the presence of a native collagen membrane as a

scaffold. Formation of dense capillary-like structures was

evident within 3 weeks of cultivation with the lumen size

of pre-formed blood vessels corresponded to the capillary

size in vivo (10–30 lm). Moreover, when compared with a

native highly cross-linked collagen membrane, enhanced

formation of capillary-like structures was observed due to

higher secretion of angiogenic factors such as PDGF, IL-8

and angiopoietin by the cells. These capillary-like struc-

tures became functional blood vessels through anastomosis

with the host vasculature after implantation in nude mice

which signifies the process and success of vascularization

in tissue engineered construct [56]. In another study by

Zhao et al. [105] using a three-dimensional co-culture

collagen gel model for notch signalling pathway in

angiogenesis, it has been demonstrated that compared to

control group, Jagged1 significantly enhanced the forma-

tion of vessel like structures (i.e. more expression of

angiogenic growth factors; P\ 0.5) within 7 days and

became denser after 14 days of co-culture while DAPT

treatment attenuated this process. Moreover, it has been

shown that VEGFA/B-Notch1/2-Hes1/Hey1-VEGFR1/3

signal axis played an important role which proves that

notch signalling is critically involved in vascular devel-

opment and disease [105]. Initial studies, particularly in

angiogenesis, involved the co-culture of ECs with dermal

fibroblasts for promoting vascularization in the skin [104].

It has been shown in a study by Guerreiro et al. [106] in

which neonatal human dermal fibroblasts embedded in

Matrigel plugs when implanted in mice produce collagen

and induce angiogenesis from the host vasculature. It has

been observed that fibroblasts could recruit ECs to vascu-

larize the implanted matrix, which was further colonized

after 1 week by murine functional blood vessels. Further-

more, levels of haemoglobin were significantly higher

(P\ 0.05 vs. control) when compared with the control

matrix (implanted without fibroblasts) in which vessel

formation was not observed. The fibroblasts implanted

within Matrigel has been shown to increase ECs population

(stained positive for CD 31 and for CD 34) along with the

enhanced production of collagen which suggests that these

cells take part in the recruitment of ECs in vivo. Hence, the

interaction between fibroblasts and ECs has an essential

role in the process of neovascularization.

5 Co-culture of human gingival fibroblasts
and vascular endothelial cells

Many studies have been conducted to elucidate the choice

of cell type(s) for inducing angiogenesis [107–109]. ECs

have been co-cultured with numerous supporting cells such

as smooth muscle cells [104], retinal cells [110], mono-

cytes [111], mesenchymal stem cells [112], osteoblasts

[113], epiCs [114], fibroblasts [104], and pericytes [115]

etc. to induce angiogenesis (Fig. 1). These cell types have

been shown to support angiogenesis via paracrine signaling

or cell–cell interaction [104]. In physiological settings, ECs

interact with different cell types in order to survive and

proliferate [104]. However, in monoculture, ECs lose its

ability to self-assemble into tube-like structures [116]. For

example, Hofmann et al. [117] observed that in a mono-

culture, HUVECs died rapidly after 1 week. However, a

long-term (6 weeks) co-culture of ECs with human osteo-

blasts in the presence of polyurethane scaffolds and pla-

telet-rich plasma stimulated HUVEC maturation,

expression of collagen type IV, and impressive formation

of multiple tube-like structures (positive for CD31 and

vWF; P\ 0.05) which strongly signifies the need of co-

cultures for vascular tissue engineering. Different experi-

mental protocols have been instituted to explore fibroblast–

EC interactions in culture systems [16, 17, 118–121]. In

these culture systems, tube-like structures develop from

single cell populations of vascular endothelial cells.

Since angiogenesis in many normal physiological pro-

cesses depends on the activation and migration of fibrob-

lasts, the in vitro cocultivation of fibroblasts and ECs is a

coherent approach to augment the quality of vessel-like

structures. Indeed, one of the most reliable in vitro angio-

genesis test systems showed significant in vitro tubule

formation in a monolayer co-culture of human diploid
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fibroblast and HUVECs [24, 122]. Particularly, no artificial

or additional supplements were added, and during the

14-day period, vessel-like structures with true luminal

development happened in multi-layered areas formed by

the heterogeneous cell types. Moreover, the fibroblast’s

crucial role was established, and the cell–cell interaction

under these conditions allowed experimental analysis with

comparative ease.

By optimizing the culture conditions, co-culture of

HUVECs and HGFs can potentially be used in the

regeneration of a vascularized gingival connective tissue

by producing a tissue engineered construct. In a recent

study [123], a co-culture of HUVECs with HGFs was used

in a perfused degradable/polar/hydrophobic/ionic poly-

urethane (D-PHI) scaffold to ascertain the possibility of

vessel formation in an in vitro bioreactor system. It has

been demonstrated that over the 28 days of co-culture in

the presence of scaffold with a cell seeding density of at

least 80,000 cells/scaffold (P\ 0.05) in a 50/50 mix of

HUVEC and HGF media (by volume) showed increased

cell growth, enhanced production of angiogenic factors

(VEGF and FGF-2), clustering of HUVEC as well as

decreased differentiation of myofibroblasts (P\ 0.05 for

days 14 and 28). It is also proved that these culture con-

ditions coupled with pro-angiogenic effects are likely to

be significant in the formation of a highly-vascularized

tissue-engineered construct not only for regeneration of

gingival lamina propria but also possibly for other soft

tissues [123].

Fibroblast supports and modulates EC migration, via-

bility, and network formation in a three-dimensional tissue-

like stromal milieu. Kunz-Schughart et al. [84] studied this

unique property by using human skin fibroblasts and ECs

from HUVECs in distinct spheroid co-culture systems. A

significant rise in EC clustering and vessel-like formation

was evident when fibroblast to-EC ratios of 40 to 1 and 4 to

1 in a three-dimensional spheroid system were used.

However, if this ratio is opposite in the spheroid (i.e. more

ECs than fibroblasts), a substantial loss of the EC popula-

tion as early as 3 days of culture was observed. Cheung

et al. [123] also observed the same trends while co-cul-

turing HGF and HUVEC in a ratio of 1:2 (HUVEC:HGF).

It has been shown that greater proportion of HGF in the

presence of D-PHI exhibit more cell growth while HUVEC

favors capillary formation and more chances of survival at

this lower concentration.

The ECM also attains a significant role in angiogenesis

as it facilitates mechanical transduction to ECs with pro-

teins from integrin family such as b1-integrins and avb3
integrin [124]. Due to the presence of TGF-b1, VEGF, and
FGF-2, it is considered as a pool for angiogenic factors

[125]. Collagen type I and III have been shown to stimulate

EC tube formation and stabilize blood vessels [126], and it

is revealed that ECs, when cultured on collagen-rich ECM,

can develop into capillaries in 48 h [124]. Since fibroblasts

mostly produce collagen (type 1 collagen specifically for

HGFs) in addition to the angiogenic factors, this may well

clarify the augmented angiogenic effects in EC–fibroblast

co-cultures.

The use of HPDLF and HGF in the presence of ECs also

proved to have a beneficial effect in regeneration. This was

observed in a recent study [127] in which the effect of

HUVEC on the migration of HPDLF and HGF has been

investigated using a transwell co-culture model imitating

the healing and regeneration of periodontal structures. It

has been shown that the integrated option density of both

the cells were significantly higher than each of the single

culture (P\ 0.01). Moreover, within 24 h of co-culture,

the HGF promote increased horizontal migration

(P\ 0.01). However, in 7 days of vertical migration and

wound healing model using scratch wound and round glass

sheet assay, this effect was more pronounced on HPDLFs

(P\ 0.01). This co-culture model signifies the importance

of ECs for vascularization and tissue engineering

applications.

6 Future scenario and its role in tissue engineering
and regenerative medicine

The advent of the multidisciplinary field of regenerative

medicine, of which tissue engineering is a major compo-

nent, has opened novel approaches to the acceleration of

the healing response. Numerous types of single-cell in vitro

culture systems have been developed to understand and

study how cells react to certain stimuli. Using these sys-

tems, much is recognized how this influences the single-

cell population as a whole. However, to study a direct

interaction between two different cell types/soluble com-

pounds (released by one cell and taken up by the neigh-

bouring/surrounding cell) affecting the cell behaviour,

genetic phenotype and the ability of ECs to perform

angiogenesis is one of the present goals of the emerging

studies encompassing two-dimensional and three-dimen-

sional cell co-cultures.

One of the most definite tools to study the cellular

interaction between heterogeneous populations is the co-

culture system. However, it seems to be troubled with

many technical issues that must be resolved before any

significant data can be collected. Many advancements have

been made in the culture and in in vitro evaluation of the

mechanisms of formation of vascularization in the presence

of both ECs and other relevant cells from the target tissue.

These studies are beginning to show the complexity of the

interaction and cell–cell communication taking place

between the two heterogeneous cell types.
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Different studies in the literature have been done using

the co-culture of ECs with osteoblasts, smooth muscle

cells, and keratinocytes in two-dimensional and three-di-

mensional settings. However, there is a dearth of literature

on the co-culture of HGF and EC in the presence of bio-

material scaffold. So, future studies will be planned to use

the scaffold/biomaterial approach for better understanding

the cell–cell interaction between these two cells, and

information from these studies should help to design and

prepare new biomaterials for increasingly better survival

and to function after implantation in vivo. It will help in the

availability of a substrate for the establishment of the three-

dimensional vascularization in tissue engineered construct.

Vascularization strategies in cell-based periodontal tissue

engineering depend on optimal culture conditions. However,

data on the optimal culture conditions for such co-cultures

are deficient, and more precisely data that take both regen-

erative and angiogenic outcome parameters into account.

Given the available literature on co-culture systems of HGF

and ECs, it is notable that no consensus exists on the optimal

conditions for such a co-culture system. Therefore, it is

important to define the suitable medium for co-culture of

these cells in the two-dimensional and three-dimensional

environment. Establishing the optimal culture conditions for

this co-culture system may be useful for improving angio-

genesis in in vivo tissue engineering applications.

Even though all cell types in the living organism

experience some form of mechano-stimulation, it is a fact

that most culture systems are still established under static

environment. However, in the human body, practically

every cell type is subjected to some form of mechanical

stimulation, whether compression, tension and/or shear

forces. These conditions can be best controlled and moni-

tored in bioreactors. So, future studies should be designed

with the incorporation of bioreactors to better understand

the co-culture mechanism between these two cells in

relation to their natural counterpart and its successful

application in clinical settings.

7 Conclusion

Tissue engineering in the context of regenerative dentistry

has been acknowledged as one of the most important topics

in dentistry in the twenty-first century. These progressing

interdisciplinary fields utilize principles of engineering and

life sciences to reproduce replicates, typically composed of

biological and synthetic components that are meant to

restore, maintain, or improve tissue function. Cellular

strategies establish a favorable environment to achieve

vascularization of tissue engineering constructs and pre-

cluding the troublesome side effects of delivery of growth

factors, cytokines, hormones or other bioactive molecules.

Methods for EC transplantation depend on the use of

support cells to ensure the stabilization and maturation of

newly formed vasculature. However, the clinical use of

heterogeneous cell types would entail different isolation

procedures, resulting in an increased morbidity of donor

sites. Vascular tissue engineering aims at innovative tech-

nological approaches to be developed, as different cell

populations necessitate the use of complex interactions to

organize vascularization processes in very distinct organs

in the human body. Co-culture techniques find multiple

applications not only in regenerative medicine but also in

vascularization strategies for studying natural or synthetic

interactions between different cell populations. It is usually

presumed that co-culture systems are more advantageous in

vascularization strategies compared with monoculture in

both in vitro and in vivo settings. Co-culture of HGFs with

ECs has been proposed as a valuable pre-vascularization

strategy in gingival tissue engineering. The flexibility of

this system for enhanced graft vascularization will be

explored under in vivo settings in future trials.
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