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CHAPTER(1(

(

GENERAL'INTRODUCTION'

Reconstruction'of' large'oral' defects' is' challenged'by' the' limited'availability'of'

mucosal'grafts.'This'has'initiated'the'search'for'alternative'tools'for'grafting.'In'

recent' years' the' field' of' tissue' engineering' has' significantly' evolved' and'now'

tissueDengineered'mucosal' substitutes' can'be'used' for' studying'biological' and'

pathobiological' processes' including' radiotherapy,' wound' healing,' oral'

mucositis,' and' fibrosis.' The' goal' of' this' thesis' was' to' develop' a' tissueD

engineered'mucosal'construct'(TEM)'that'strongly'resembles'native'oral'mucosa'

based'on'keratin'expression'pattern'of'the'epithelium,'presence'of'a'basement'

membrane' and' composition'of' the'underlying' connective' tissue.'We'assessed'

the' suitability' of' this' TEM' construct' for' studying' the'potential' of' hypoxia' and'

hyperoxia'preconditioning,'the'acute'effects'of'ionizing'radiation'and'examined'

the'potential'of'TEM'as'alternative'tool'for'grafting.'''!

!

COMPOSITION'OF'ORAL'MUCOSA'

Oral' mucosa' is' the' membrane' that' lines' the' inside' of' the' oral' cavity.' The'

structure'of'the'mucosa'is'determined'by'the'functional'demands'and'therefore'

depends'on' the' regions' of' the'oral' cavity.'Nevertheless,' in' all' types' the' same'

three'distinctive' layers'can'be'observed;'epithelium,'basement'membrane'and'

dermis'or'connective'tissue'(see'Fig.'1)'[1].'''
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Epithelium!

In' the' oral' cavity' two' types' of' epithelium' can' be' found;' stratified' squamous'

keratinizing' and' stratified' squamous' nonDkeratinizing' epithelium' [2,' 3].'

Stratified' squamous' nonDkeratinizing' epithelium,' i.e.' of' lining' epithelium'

covering' cheeks' and' floor' of' the' mouth,' consists' of' 3' layers;' a' basal,'

intermediate'and'superficial' layer.'The'basal' layer'of'nonDkeratinizing'stratified'

epithelium' consists' of' 2' to' 3' layers' of' cells,' or' keratinocytes,' that' are' neatly'

arranged,'small'cuboidal'in'shape'and'rapidly'proliferate.''

The' predominant' structural' proteins' found' in' the' epithelial' layer' are' keratins'

[3].'Depending'on'the'location'of'the'mucosa'in'the'oral'cavity,'specific'types'of'

Figure 1. Schematic overview of non-keratinizing oral mucosa (source Presland 
and Dale [3]). 

A Epidermis, Oral Keratinized B Oral Non-Keratinized structural proteins
(Buccal) expressed in differ-

e n t a t in g
Stratum Corneum (suprabasall cells,

including those
Granular Layer Superficial that comprise the

Laye r keratin cytoskele
K2 ton and proteins

Kl, K10 Spinous Layer K4, Intermediate such as filaggrin
(K6, Kl6) K1-Layer and trichohyalin

that interact with
keratins; desmoso-
mal proteins that
link keratins and

K14 BasaleLayerKl4, BasalLayer other intermediate
ri9 filament proteins

to the cell mem-
asement Membrane Basement Membrane e an is

}/r\K,1,16b/ranes and proteise

] ermis Ders that comprise the
cornified cell enve-

C Gingiva lope of keratinizing
GM epithelia. Over the

last few years, stud-
OGE SE i/tesof human dis

K4,13,16eases and mouse
mutants that have

K5 14T\OTH defects in the ker
/ atin cytoskeleton

------and/or cell adhe-

.K51 sue structure and
AE function. In each

cate, we will sum-
K51 tmarize recent

developments in
our understandingFigure 1. The program of differentition in keratinizing and non-keratinizing epithelia of skin and oral mucosa.h

Panels A and B show a schematic of the cell layers of keratinizing epithelia (epidermis, gingiva, hard palate) and o iseases a
non-keratinizing buccal epithelium, respectively. The keratins expressed by each layer are indicated. Keratins K6 affect the skin and
and Kl 6 are expressed by keratinizing oral mucosal epithelia but not in normal interfollicular epidermis (see text). oral epithelia, with
The gingiva (panel C) is a complex oral tissue with both non-keratininized and keratinized regions. Keratin pro- particular empha-
tein expression in each region is indicated. Cells of the basal layer express K5 and K14 in al regions and also sis on disorders
express KI 9 in the JE, SE, and AE. These cells are continuous with a layer of cells, having a similar expression that involve ker
pattern, directly attached to the tooth. Each region has a unique suprabasal expression pattern (Salonen et a/.,
1989; Dale et a/., 1 990b; Mackenzie et a/., 1991). OGE, oral gingival epithelium; SE, sulcular epithelium; GM, atins or desmoso
gingival margin; JE, junctional epithelium; AE, alveolar epithelium. mal proteins, This

review will not dis-
cuss proteins of the

ferentiating cells of stratified epithelia, with the epidermis hemidesmosomal complex that function to link basal epithe-
and oral cavity as paradigms of epithelia that undergo kera- lial cells to the basement membrane. This topic has been the
tinization or show regional variation in the degree and type of subject of several recent reviews (Green and lones, 1996;
differentiation, respectively. Emphasis will be placed on Borradori and Sonnenberg, 1999).

384 Grit Rev Oral Bid Med 11(41.383 408 (2000)

384 Crit Rev Oral Biol Med 1 1(4):383-408 (2000) by guest on January 26, 2014 For personal use only. No other uses without permission.cro.sagepub.comDownloaded from 
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keratins' are' expressed.' In' nonDkeratinizing' epithelium' the' cells' in' the'

proliferating'basal'layer'typically'express'keratin'pair'5/14.'Upon'differentiation'

into' the' intermediate' layer,' the' cells' of' the' basal' layer' of' nonDkeratinizing'

epithelium'undergo'several'changes'that'include'increased'cell'size,'elongation'

and' flattening' of' the' cell,' and' expression' of' keratin' pair' 4/13.' Cells' of' the'

superficial'layer'show'membrane'thickening,'with'a'gradual'decrease'of'volume'

which' is' followed' by' desquamation' [1].' In' buccal' mucosa' keratin' 19' is'

additionally' expressed' in' the' basal' layer,' and' keratins' 6' and' 16' are' only'

expressed'during'hyper'proliferation'or'hyperplasia'[3].''''

The'cellDcell'attachment'of'epithelial'cells'is'provided'by'two'types'of'structures,'

desmosomes'and'adherents'junctions.'Desmosomes'are'highly'organized,'discD

shaped,'intercellular'junctions'that'provide'strong'adhesion'between'cells'[4,'5]'

and' give' strength' to' tissues' by' linking' intracellularly' to' the' intermediate'

filament'cytoskeleton' to' form'adhesive'bonds' [5].'Desmosomes'are' important'

for'maintaining'tissue'integrity'of'tissues'that'are'exposed'to'mechanical'stress'

such'as'the'oral'epithelium'[6].'''''''

'

Basement!membrane!

The'basement'membrane' (BM)' is'a' thin' layer' that'connects' the'epithelium'to'

the' underlying' connective' tissue.' It' provides' support' and' functions' as' an'

anchoring' membrane' for' the' epithelium' [7].' Electron' microscopic' images'

showed'that'the'BM'consists'of'three'distinct' layers,'the'lamina'lucida,' lamina'

densa' and' the' fibroreticular' lamina' [8].' The' BM' is' composed' of' several'

extracellular' proteins' including' collagen' type' IV,' lamininD332,' fibronectin,'

proteoglycans'and'glycoproteins.'Collagen'type'IV'is'the'most'abundant'protein'

in'the'BM'and'can'selfDassemble'into'meshwork.'LamininD332,'the'predominant'
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nonDcollagenous'protein,'also'selfDassembles'into'a'meshwork'like'collagen'type'

IV'[9,'10].'Collagen'type'IV' is'believed'to'be'the'initial'scaffold'upon'which'the'

lamininD332' mesh' is' deposited,' however' few' studies' suggest' that' laminin'

functions'as'the'initial'scaffold'[9].''

The' attachment' of' the' basal' layer' to' the' underlying' BM' occurs' through'

specialized' junctional' complexes,' called' hemidesmosomes.' Hemidesmosomes'

are' small' electron'dense'domains' of' the'plasma'membrane'on' the' surface'of'

cells'like'basal'keratinocytes'[11].'Hemidesmosomes'provide'stable'adhesion'to'

the' BM' and' they' contribute' to' the' resistance' of' mechanical' stress' [12].' In'

complex' epithelia' and' skin' the' hemidesmosome' consists' of' integrin' subunits'

alpha6' and'beta4' (α6β4),' BP180' and'BP230.' The' integrin'α6β4' functions' as' a'

trans' membrane' receptor' for' the' extracellular' matrix' protein' lamininD332.'

BP180' is'believed'to'contribute' to'the'structure'of'the'anchoring'filament'and'

BP230' is' involved' in' linking' the' hemidesmosome' to' the' keratin' cytoskeleton'

[13,'14].'''

''

Connective!tissue!and!extracellular!matrix!

The'basal'layer'is'attached'to'the'underlying'connective'tissue'or'lamina'propria'

by'collagen' type'VII'anchoring'fibrils'that'connect'to'the'collagen' fibers'of'the'

lamina'propria'[1].'The'lamina'propria'has'papillae'[15]'and'consists'of'a'dense'

fiber'network.' In'the' lamina'propria'of' lining'mucosa'also'elastic' fibers'can'be'

found'[1].'The'papillae'of'the'lamina'propria'interdigitate'with'the'rete'ridges'of'

the' epithelial' layer.' The' dominant' cell' type' in' the' lamina' propria' is' the'

fibroblast,' which' is' involved' in' producing' and'maintaining' collagen' fibers' and'

the' extracellular'matrix.' The' extracellular'matrix' is' a' complex' supramolecular'



GENERAL'INTRODUCTION'

' 15' '

5

structure'composed'of'collagens,'glycoproteins,'elastin'and'proteoglycans' [16]'

which' are' secreted' locally' and' assembled' into' a' network' to' which' cells' can'

adhere'[17].''

'

TISSUEDENGINEERED'MUCOSA'

Tissue' engineering' (TE)' is' a' multidisciplinary' field' that' combines' engineering'

and' life' sciences' to' restore,' maintain' or' improve' function' of' tissue' [18,' 19].'

Initially,' the' focus' of' many' studies' was' on' establishing' TE' substitutes' for' a'

variety'of'tissues'such'as'bone,'cartilage,'adipose'tissue,'skin'and'oral'mucosa.'

TissueDengineered'oral'mucosal'equivalents'has'been'proven'to'be'a'useful'for'

studying' the' dynamics' of' wound' healing' [20],' fibrosis' [21]' and' to' test'

cytotoxicity'and'working'mechanisms'of'new'treatments'[22].'Aside'from'these'

in! vitro! applications' tissueDengineered' mucosal' constructs' can' be' used' in' a'

clinical'setting'[23,'24].'To'serve' the'aboveDmentioned'purposes'the'structural'

features' such' as' the' presence' of' a' multilayered' epidermis,' basal' layer,'

basement'membrane'and'underlying'connective'tissue'as'well'as'the'expression'

pattern' of' cytokeratins' of' tissueDengineered' mucosa' should' closely' resemble'

that' of' native' oral' mucosa.' We' developed' a' tissueDengineered' mucosal'

substitute' that'consists' of'an' aDcellular' deDepidermized'dermal' scaffold' that' is'

repopulated'with'primary'keratinocytes'and'fibroblasts,'as'illustrated'in'fig.'2.'
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'

Cells'

Oral'mucosa' consists' primarily' of' keratinocytes' and' fibroblasts.' Keratinocytes'

form' the' epithelial' layer' whereas' fibroblasts' are' the' predominant' cell' type'

found' in' the'connective' tissue.'TissueDengineered'mucosal' equivalents'usually'

consist' of' keratinocytes' alone' or' coDcultures' of' keratinocytes' and' fibroblasts'

seeded'onto'scaffolds'[25].'Cells'from'different'areas'of'the'human'body'types'

such' as' gingivae,' palatum,' or' skin' can'be' used' for' tissueDengineered'mucosal'

substitutes.'!

Figure 2. Composition of TEM. (A) Keratinocytes are seeded onto the papillary 
side of (B) de-epidermized dermis (DED) and (C) fibroblasts are seeded onto the 
lamina propria. (D) After 14 days of culture TEM is formed.   

A 

D 

B C 
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Scaffolds!

A' crucial' component' in' tissue' engineering' is' the'material' of' the' scaffold' into'

which'the'cells'are'seeded.'The'choice'for'a'certain'type'of'scaffold' is'dictated'

by' the' type' of' tissue' that' is' engineered' and' by' mechanical' properties,'

degradability,' and' contraction' of' the' scaffold' [26].' The' number' of' scaffolds'

mentioned' in' literature' is' enormous' as' scaffolds' can' be' made' from' natural'

materials'such'as'collagen'[27],'fibrin'[28]'aDcellular'dermis'[25]','and'synthetic'

materials' such' as' polyglycolic' acid' [29],' ' or' PLGADPCL' (polyDlacticDcoDglycolic'

polyDcaprolactone)'[30].'Many'of'these'scaffolds'are'now'commercially'available'

such' as' aDcellular' Matriderm' [31]' and' Alloderm' [32]' or' fibroblastDpopulated'

scaffolds'such'as'Apligraf'[33]'or'Dermagraft'[34].''

'

ORAL'DEFECTS'AND'EXISTING'TREATMENTS'

Oral'cancer'is'the'sixth'most'common'cancer'worldwide'and'malignant'tumors'

in' the' oral' cavity' make' up' approximately' 30%' of' all' cancers' in' the' head' and'

neck' region.' In' the' Netherlands' approximately' 2200' people' every' year' are'

diagnosed'with' cancer' in' the'head' and'neck' region,' and' almost' 30%'of' these'

people' have' cancer' in' the'oral' cavity' [35].' The' average' 5Dyear' survival' rate' is'

approximately'50%,'which'is'correlated'to'the'size'of'the'primary'tumor'and'the'

occurrence'of'metastases.'Most'often'the'treatment'of'these'patients'consists'

of' oncological' resection' combined' with' radiotherapy' or' chemotherapy,' often'

followed'by' reconstruction' (fig.'3).'Current' techniques'used'for'reconstruction'

use' pedicle' flaps' or' free' micro' vascular' flaps' [36].' Drawbacks' of' using' these'

flaps'are'large'scar'formation'of'the'donor'site,'perspiration,'keratinization'and'

hair'growth'in'the'flap'[37].'Additionally,'the'limited'amount'of'tissue'available'
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to'reconstruct'the'oral'cavity'has'initiated'the'search'for'alternative'tool'to'treat'

patients.'One'of'these'tools'is'tissue'engineering.'

9

CLINICAL'APPLICATION'TISSUEDENGINEERED'MUCOSA'

The'earliest'attempts'to'use'tissueDengineered'mucosa'as'an'alternative'source'

for' grafting' consisted' of' cultured' epithelial' sheets' [38,' 39].' The' lack' of'

supporting'scaffolding'made'the'epithelial'sheets'fragile'and'therefore'difficult'

to' handle.' Consequently,' more' advanced' tissueDengineered' mucosal'

equivalents' were' developed.' These' equivalents' consisted' of' keratinocytes'

seeded'onto'carrier'biomaterials'whether' or'not' repopulated'with' fibroblasts.'

These'more'advanced'full'thickness'mucosal'equivalents'have'been'used'in'for'

intraDoral' grafting' [23,' 24].' However,' a' major' problem' in' successfully' using'

tissueDengineered'equivalents' in'a'clinical' setting'still' is' the' lack'of'continuous'

oxygen'supply'due'to'the'lack'of'vasculature.''

Figure 3. (A) Defect of the lateral mandible and soft tissue of the oral cavity 
(indicated with arrow; adapted from Source ePlasty © 2013 Open Science Co. 
LLC.) (B) Schematic representation of an oral defect reconstructed with a skin 
paddle (adapted from R.L.Ferris; source www.gbmc.org).  

Radial forearm free flap to restore sensation
B A 
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PRECONDITIONING'WITH'HYPOXIA'

As' TEM' was' originally' designed' as' an' alternative' source' of' tissue' grafting,'

survival' of' the' graft' after' implantation' is' crucial.' The' first' days' after'

implantation,' the' graft'has' to' be' able' to' survive'without' direct'oxygen' supply'

from'blood'vessels,'or'hypoxia.'Prolonged'exposure'to'an'environment'without'

oxygen'will' lead' to'cell'death'and'eventually' loss' of' the' graft.' Interestingly,' it'

has' been'observed' that' low'oxygen' levels' stimulate' angiogenesis'and'stromal'

cells' show' increased' angiogenic' capacity.' These' observations' resulted' in' the'

hypothesis' that' hypoxic'priming'of'TEM'before'engraftment'should'accelerate'

the' induction' of' blood' vessel' formation' postDimplantation' thereby' positively'

affecting'the'chances'of'TEM'survival'postDimplantation.'''

'

HYPERBARIC'OXYGEN'TREATMENT'

Hyperbaric'oxygen'(HBO)'is'the'counterpart'of'hypoxia,'and'is'currently'used'to'

improve'wound'healing'of'different' types'of'wounds' [40,'41].'Treatment'with'

HBO' is' twofold:' the'oxygen' levels'are' increased' to' 100%'and' the'atmospheric'

pressure' in' increased'to'2.4ATA' [41].'By' increasing'these' two'components'the'

oxygen' levels' in' the' capillaries' rises' resulting' in' the' enhanced' diffusion' of'

oxygen' in' the'surrounding' tissues' [42,' 43].'Similar' to' hypoxia,'HBO' treatment'

has' been' shown' to' increase' angiogenic' factors.' Additionally,' HBO' should'

stimulate'proliferation'of'fibroblasts'[44]'and'keratinocytes'[45].'Therefore,'the'

priming'of' TEM'constructs' before'engraftment'with'HBO' could'accelerate' the'

formation'of'blood'vessel'postDimplantation.'

'
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RADIOTHERAPY'

Most'patients'diagnosed'with'cancer' in'the'head/neck' region'are'treated'with'

oncological'resection'combined'with'radiotherapy'and/or'chemotherapy.'Aside'

from' killing' cancer' cells' radiotherapy' is' known' to' damage' the' healthy'

surrounding'tissue'resulting'in'many'undesirable'side'effects.'These'side'effects'

can' be' extremely' severe' resulting' in' interruption' or' termination' of' the'

radiotherapy'treatment.'The'side'effects'can'be'divided'into'two'groups;'acute'

and' late' side' effects.' The' acute' effects' include' erythema,' mucositis' and'

xerostomia'[41,'46].'The'late'effects'include'ulceration,'telangiectasia,'atrophy,'

soft' tissue' necrosis' and' fibrosis' [47,' 48].' Many' studies' on' effects' of'

radiotherapy' have' been' done' on' monocultures' of' primary' keratinocytes' and'

fibroblasts' or' cell' lines' [49],' but' these' monolayers' are' no' realistic' source' of'

information,'as'they'do'not'resemble'the'composition'of'native'mucosa.'As'it'is'

known' that' keratinocytes' and' fibroblasts' affect' each' other' in' a' paracrine'

fashion,'it'is'essential'that'both'cell'types'are'included'into'a'construct'in'order'

to' study' effects' of' radiation' in' a' more' realistically' setting.' ' More' extensive'

knowledge' of' the' acute' response' of' both' keratinocytes' and' fibroblasts' on'

radiation' might' assist' in' accurate' prediction' of' tissue' developing' severe' of'

chronic'side'effects.''

'
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AIM'OF'THIS'THESIS'AND'OUTLINE'

The'aim'of'this'thesis'was'twofold:'

1. To'develop' TEM' that'mimics' native' oral'mucosa' that' can' serve' as' an'

alternative'source'of'tissue'grafts'for'oral'reconstruction.''

2. To'use'this'TEM'for'a'variety'of'applications'such'as'studying'the'effects'

of'harmful'or'beneficial'environments' and' the' intrinsic' repair' capacity'

following'ionizing'radiation.''

'

In' chapter' 2' we' characterized' our' tissueDengineered' mucosal' substitute' with'

extensive' immunohistochemical' staining.' Although' several' studies' have'

reported'on'mucosal'substitutes'[24,'27,'50],'a'detailed'histological'evaluation'

of' a'mucosal' construct' remained' absent.' Therefore'we' validated'our'mucosal'

construct' by' determining' the' expression' of' various' components' of' the' newly'

formed'epithelial' layer,'basement'membrane'and'underlying'connective'tissue'

and'compared'these'results'with'those'observed'in'native'nonDkeratinizing'oral'

mucosa.''

To' promote' survival' of' TEM'postDimplantation'we' exposed' TEM' constructs' in'

chapter'3'to'hypoxia'and'to'hyperbaric'oxygen'in'chapter'4.'Oxygen'supply'is'an'

essential' parameter' for' the' survival' of' all' tissueDengineered'models.' A' lack' of'

oxygen'results'in'hypoxia,'and'when'not'restored'can'lead'to'graft'failure'or'loss'

of' the' graft.' A' positive' aspect' of' hypoxia' however' is' that' low' oxygen' levels'

stimulate'angiogenesis'and'increase'the'angiogenic'capacity'of'stromal'cells.'In'

chapter'3'we'assessed'the'effect'of'hypoxia'preconditioning'on'the'angiogenic'

factors'secreted'in'TEM.'''

Hyperbaric'oxygen'also'promotes'the'secretion'of'angiogenic'factors.'In'chapter'

6'we'examined'whether'HBO'preconditioning'of'TEM'increases'the'secretion'of'
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angiogenic'factors.'Additionally,'we'evaluated'whether'HBO'is'beneficial'for'cell'

proliferation' after' TEM' has' been' exposed' to' a' single' high' dose' of' ionizing'

radiation,'as'HBO'is'believed'to'enhance'wound'healing.'

As' TEM' was' originally' designed' to' serve' as' an' alternative' source' for' tissue'

grafting' during' oral' reconstruction' we' evaluated' the' survival' of' TEM' after'

implantation.' In' chapter' 5' TEM'was' implanted' into' subcutaneous' pockets' on'

the' back' of' nude'mice.' ' Three,' 7,' 14' and' 28'days' postDimplantation' the' TEM'

constructs'were'harvested'and'evaluated.'''

Next' we' studied' the' effects' of' ionizing' radiation' on' TEM' in' chapter' 6.'

Radiotherapy'is'an'essential'element'in'the'treatment'of'patients'with'cancer'in'

the' head' and' neck' region.' Aside' from' the' beneficial' effects' such' as' killing' of'

cancer' cells,' ionizing' radiation' is' known' to' cause' significant' damage' to' the'

surrounding' healthy' tissue' which' can' express' themselves' in' acute' of' late'

effects.' The' late' or' chronic' side' effects' are' fibrosis,' ulceration' and' loss' or'

alteration'of' taste'by'damaged'taste'buds' [45].'The'early'or'acute'side'effects'

include' oral'mucositis' and'ulceration,' both' severe' side' effects' that' negatively'

affect'the'quality'of'life'of'treated'patients.'We'hypothesized'that'more'insight'

in'the'pathobiology'of'acute'side'effects'might'contribute' to' the'prediction'of'

the' patients’' reaction' to' ionizing' radiation.' In' this' chapter' we' examined' the'

acute' effects' of' ionizing' radiation' in' TEM' and' compared' these' to' the' effects'

observed' in' native' nonDkeratinizing' oral'mucosa.'Hereby' also' determining' the'

potential' of' TEM' to' function' as' an' in! vitro'model' to' study' effects' of' ionizing'

radiation.''

In'chapter'7'and'8'the'findings'of'this'thesis'are'summarized'and'discussed.' In'

addition'some'suggestions'for'future'research'are'given.''
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ABSTRACT(,

The, aim, of, this, study, was, to, create, and, characterize, a, tissue, engineered,

mucosal,equivalent, (TEM), that, closely, resembles, native,mucosa., TEM,consists,

of, human, primary, keratinocytes, and, fibroblasts, isolated, from, biopsies, taken,

from,healthy,donors,and,seeded,onto,a,de.epidermized,dermis,and,cultured,for,

14, days, at, the, air/liquid, interface., The, structure, of, TEM, was, examined, and,

compared, with, native, nonkeratinizing, oral, mucosa, (NNOM)., , The, various,

components, of, the, newly, formed, epidermal, layer,, basement, membrane, and,

underlying, connective, tissue,were, analyzed, using, immunohistochemistry., The,

mucosal, substitute, presented, in, this, study, showed, a, mature, stratified,

squamous, epithelium, that, was, similar, to, that, of, native, oral, mucosa,, as,

demonstrated, by, K19,, desmoglein.3, and, involucrin, staining., In, addition,, the,

expression,of,basement,membrane,components,collagen,type,IV,,laminin.5,and,

integrin,α6,and,β4,in,TEM,proved,to,be,consistent,with,native,oral,mucosa.,The,

expression,of,PAS,,Ki67,,K10,and,K13,however,appeared,to,be,different,in,TEM,

compared, to, NNOM., Nevertheless,, the, similarities, with, native, oral, mucosa,

makes,TEM,a,promising,tool,for,studying,the,biology,of,mucosal,pathology,such,

as,oral,mucositis,or,fibrosis,as,well,as,the,development,of,new,therapies.,,,
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INTRODUCTION$

Tissue$ engineering$ of$ oral$ mucosa$ is$ a$ promising$ technique$ for$ studying$ the$

biology$ and$ pathology$ of$ oral$mucosa,$ and$ can$ be$ used$ as$ a$model$ to$ study$

dynamics$of$wound$healing$[1],$fibrosis$[2]$and$to$test$cytotoxicity$and$working$

mechanisms$ of$ new$ treatments$ [3].$Next$ to$ these$ in# vitro$ applications,$ tissue$

engineered$mucosal$constructs$might$be$used$in$a$clinical$setting$to$provide$an$

alternative$source$for$mucosal$grafts$for$the$reconstruction$of$large$oral$defects$

which$form$a$major$challenge$in$reconstructive$surgery$[4,$5].$$

To$serve$ the$above$described$purposes,$tissue$engineered$mucosal$ substitutes$

should$mimic$native$oral$mucosa.$Structural$ features$of$ the$ tissue$such$as$ the$

presence$ of$ a$multilayered$ epidermis,$ basal$ layer,$ basement$membrane$ (BM)$

and$ underlying$ connective$ tissue$ as$ well$ as$ the$ expression$ pattern$ of$

cytokeratins$ should$ resemble$ that$ of$native$oral$mucosa.$Several$ studies$ have$

reported$ the$development$ of$mucosal$ substitutes,$ however$ only$ few$of$ them$

included$ histological$ characterization$ of$ the$ construct$ [6+8].$ Izumi$ et# al$ [6]$

described$ the$ proliferative$ capacity$ and$ keratin$ 10/13$ expression$ of$ their$

mucosal$substitutes$and$Garzon$et#al$[9]$reported$on$the$cytokeratin$pattern$in$

tissue$engineered$periodontal$mucosa.$Other$ studies$described$ the$pattern$of$

cytokine$release$of$mucosal$substitutes$[10]$or$the$use$of$a$variety$of$scaffolds$

to$create$tissue$engineered$mucosal$substitutes$[11].$$All$these$studies$focussed$

on$ some$ components$ of$ the$ construct,$ but$ to$ our$ knowledge$ none$ of$ these$

studies$describe$a$detailed$characterization$of$the$mucosal$construct.$$

The$ aim$ of$ the$ work$ described$ here$ was$ to$ engineer$ and$ thoroughly$

characterize$ a$ mucosal$ substitute$ that$ resembles$ non+keratinizing$ native$ oral$

mucosa$ (NNOM).$ This$ tissue$ engineered$mucosal$ substitute$ (TEM)$ consists$ of$

primary$ human$ keratinocytes$ and$ fibroblasts$ isolated$ from$ oral$ mucosa$ and$
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seeded$ onto$ de+epidermized$ dermis$ (DED).$ DED$ was$ chosen$ over$ collagen+

based$ scaffolds$ for$ its$ resemblance$ to$ native$ connective$ tissue,$ easy$ handling$

and$ non+contractile$ nature.$ The$ incorporation$ of$ fibroblasts$ into$ the$ scaffold$

has$ been$ proven$ to$ be$ essential$ for$ epidermal$ development$ [12],$ as$ they$

stimulate$ keratinocyte$ proliferation$ and$ migration$ by$ paracrine$ mechanisms$

[13].$The$TEM$construct$was$characterized$by$studying$the$expression$of$several$

components$ of$ the$ BM,$ the$ expression$ pattern$ of$ keratins,$ keratinocyte$

proliferation$ and$ differentiation.$ As$ cell+cell$ adhesion$ and$ epidermal$

attachment$to$the$underlying$connective$tissue$has$been$shown$to$be$essential$

for$functionality$[14],$the$expression$of$desmosomes$and$hemidesmosomes$was$

also$evaluated.$$

$

MATERIALS.&.METHODS.

Chemicals#and#culture#media#

Dulbecco’s$Modified$Eagle$Medium$4.5$g/l$glucose$(DMEM),$Ham’s$F12$culture$

medium,$ penicillin,$ streptomycin,$ gentamicin,$ amphoceterin$ B,$ dispase,$

collagenase$ type$ I$ and$ trypsin/$ ethylenediaminetetraacetic$ acid$ (EDTA)$ were$

purchased$from$Invitrogen$(Breda,$the$Netherlands).$Fetal$calf$serum$(FCS)$was$

purchased$ from$ PAA$ Laboratories$ (Cölbe,$ Germany).$ Bovine$ serum$ albumin$

(BSA),$ epidermal$ growth$ factor$ (EGF),$ keratinocyte$ growth$ factor$ (KGF)$ and$

other$ chemicals$ were$ purchased$ from$ Sigma+Aldrich$ (Zwijndrecht,$ the$

Netherlands).$Insulin$was$purchased$from$Eli$Lilly$(Houten,$the$Netherlands).$$

#
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Cell#culture##

For$this$study$punch$biopsies$were$taken$from$healthy$individuals,$3$males$and$

1$female,$all$Caucasian,$aged$62.75$±$6.39,$upon$approval$of$the$Medical$Ethics$

Committee$ (#$ MEC$ +$ 2007+282).$ Half$ of$ the$ biopsies$ were$ snap$ frozen$ with$

liquid$nitrogen.$The$remaining$biopsies$were$rinsed$thoroughly$with$phosphate$

buffered$saline$(PBS)$and$DMEM.$The$epidermis$was$separated$from$the$dermis$

by$ an$ overnight$ incubation$ in$ 2.5$ mg/mL$ dispase$ solution.$ After$ rinsing$ the$

epidermal$sheet$with$PBS,$keratinocytes$were$isolated$from$the$epidermis$using$

0.25$ %$ trypsin+EDTA$ and$ the$ single$ cell$ suspension$ was$ seeded$ onto$ lethally$

irradiated$ 3T3$ fibroblast$ feeder$ layers,$ according$ to$ the$ Rheinwald$ &$ Green$

protocol$ [15,$16].$Culture$Medium$A$ consisted$of$a$ 3:1$mixture$of$DMEM$and$

Ham’s$F12$medium$with$5$%$FCS,$1$µM$hydrocortisone,$1$µM$isoproterenol,$$

0.1$µM$insulin,$100$IU/mL$penicillin,$100$ug/mL$streptomycin,$and$1$ng/mL$EGF.$

Fibroblasts$ were$ isolated$ by$ mincing$ the$ dermis$ followed$ by$ incubation$ in$

collagenase/dispase$(1.5$mg/mL$/$2.5$mg/mL,$respectively)$solution$for$2$hours$

at$ 37$ oC.$ Next,$ the$ collagenase/dispase$ solution$ containing$ the$ dermis$ was$

filtered$ twice$ with$ a$ 100$ μm$ cell$ strainer$ (Sigma+Aldrich,$ Zwijndrecht,$ the$

Netherlands),$in$order$to$obtain$a$single$cell$suspension.$The$isolated$fibroblasts$

were$cultured$in$fibroblast$medium$consisting$of$DMEM$supplemented$with$$

10$%$FCS,$100$ IU/mL$penicillin$and$100$μg/mL$ streptomycin.$The$cells$used$ in$

this$study$were$within$passage$3$to$6.$

$

De3epidermized#dermis#(DED)#

Human$ cadaver$ skin,$ cryopreserved$ in$ 10%$ glycerol,$ and$ tested$ negative$ for$

cytomegalovirus,$human$immunodeficiency$virus$and$hepatitis$B,$was$obtained$

from$the$European$Skin$Bank$ (Beverwijk,$ the$Netherlands).$The$epidermis$was$
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removed$from$the$dermis$by$gently$shaking$the$skin$in$PBS$supplemented$with$

200$IU/mL$penicillin,$200$μg/mL$streptomycin$and$5$μg/mL$amphoceterin$B.$The$

skin$was$kept$in$the$PBS$solution$for$3$weeks$and$PBS$was$changed$three$times$

a$week.$$

$

Tissue#engineered#mucosa#(TEM)#

TEM$was$created$by$spinning$1$x$105$ fibroblasts$gently$ into$the$lamina$propria$

of$ the$ DED.$ For$ this$ procedure$ we$ used$ 15mL$ tubes$ filled$ with$ 13$ mL$ 1$ %$

agarose$gel$(Sigma$Aldrich)$on$which$the$DED$scaffold$is$placed,$lamina$propria$

side$ upwards.$ Next$ the$ fibroblasts$ are$ placed$ onto$ the$ DED.$ The$ tubes$

containing$the$DED$and$fibroblasts$are$placed$in$a$centrifuge$and$the$fibroblasts$

were$ gently$ spun$ into$ the$ DED,$ at$ 500$ rpm$ for$ 60$ minutes.$ Next,$ the$ DED$

containing$the$fibroblasts$was$placed$onto$a$stainless$steel$grid$and$kept$at$an$

air/liquid$interface$with$fibroblast$medium$for$approximately$5$hours$to$ensure$

cell$ attachment$ to$ the$ DED.$ Finally$ the$ DED$ was$ flipped$ over$ and$ the$

keratinocytes$were$seeded$onto$the$BM,$and$kept$under$submerged$condition$

for$24$hours$with$Medium$A,$supplemented$with$4$ng/mL$KGF$in$stead$of$EGF.$

After$24$hours,$the$construct$was$raised$to$the$air/liquid$interface$and$Medium$

A$was$replaced$by$Medium$B$consisting$of$3:1$mixture$of$DMEM$and$Ham’s$F12$

supplemented$ with$ 1$ %$ FCS,$ 24$ µM$ BSA,$ 1$ µM$ hydrocortisone,$ 1$ µM$

isoproterenol,$0.1$µM$ insulin,$10$µM$L+carnitine,$10$mM$L+serine,$1$µM$D+L+α+

tocopherolacetate,$ fatty$ acid$ cocktail$ (15$ μM$ linoleic$ acid,$ 7$ μM$ arachidonic$

acid$ and$25$ μM$ palmitic$ acid),$ 100$ IU/mL$penicillin,$ 100$ug/mL$ streptomycin,$

and$ 4$ ng/mL$ KGF.$ Medium$ B$ was$ removed$ after$ 48$ hours$ and$ replaced$ by$

Medium$ C$ consisting$ of$ Medium$ B$ in$ which$ FCS$ was$ omitted,$ linoleic$ acid$

concentration$was$ increased$to$30$µM$and$50$µg/mL$ascorbic$acid$was$added.$
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Medium$ was$ changed$ three$ times$ a$week$ and$ TEM$ construct$was$ harvested$

after$14$days.$In$this$study$keratinocytes$and$fibroblasts$isolated$from$biopsies$

from$different$donors$were$never$pooled.$

$

Morphology#and#Immunohistochemistry#

Harvested$ TEM$ and$ NNOM$ biopsies$ were$ snap$ frozen$ using$ liquid$ nitrogen.$

Sections$ (6$ µm)$ were$ cut,$ and$ overall$ morphology$ was$ assessed$ by$

Haematoxylin$ Eosin$ (H&E)$ and$ Periodic$ Acid$ &$ Schiff$ (PAS)$ stain.$ For$

immunohistochemical$ analysis$ of$ epidermal$ components$ K10,$ K13$ and$ K19,$

cryo$ sections$ were$ air$ dried$ and$ fixed$ for$ 10$ minutes$ in$ acetone.$ After$

incubation$ with$ the$ primary$ antibodies,$ frozen$ sections$ were$ incubated$ with$

Link/Label$ complex$ (BioGenex,$ San$ Ramon,$ USA)$ according$ manufacturers$

instructions.$ Finally,$ sections$ were$ stained$ with$ New$ Fuchsine$ substrate$ and$

Haematoxylin.$ For$ immunohistochemical$ analysis$ of$ the$ BM$ and$ underlying$

connective$ tissue,$ frozen$ sections$ were$ stained$ for$ collagen$ type$ IV,$ laminin,$

involucrin,$ vimentin,$ desmoglein+3,$ integrin$ α6$ and$ β4.$ For$ antibodies$ and$

concentrations$used$in$this$study$see$Table$1.$After$incubation$with$the$primary$

antibodies,$ sections$ were$ incubated$ with$ secondary$ antibody$ biotin$ labelled$

Goat$ anti+mouse$ of$ Goat$ anti+Rabbit$ (both$ 1/200,$ DAKO),$ followed$ by$

incubation$with$Streptavidin+HRP$(DAKO)$and$Diaminobenzidin$(DAB)$substrate.$

The$presence$of$proliferative$cells$was$assessed$using$Ki67$antibody,$using$the$

protocol$ as$ described$ above.$ All$ sections$ were$ counterstained$ with$

Haematoxylin.$ Controls$ were$ included$ with$ each$ staining$ performed.$ As$ a$

negative$ control,$ the$primary$ antibody$was$ replaced$by$ PBS.$ For$ the$ positive$

control$cryosections$of$normal$oral$mucosa$were$used.$An$isotope$control$was$

also$ included,$ for$ which$ the$ primary$ antibody$ was$ replaced$ by$ Mouse$ anti+
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human$ IgG$ or$ Rabbit$ anti+human$ IgG$ (DAKO),$ depending$ on$ the$origin$ of$ the$

primary$ antibody$ it$ replaced.$ The$ concentration$ was$ similar$ to$ that$ of$ the$

primary$antibody.$$

7

Epidermal#thickness#

Average$epidermal$thickness$was$determined$by$measuring$the$epidermis$at$12$

randomly$ selected$ regions$ for$ both$ NNOM$ and$ TEM,$ using$ the$ NDPI$ Viewer$

(Hamamatsu$ Photonics,$ Germany).$ This$ was$ repeated$ for$ 4$ independent$

experiments,$ which$ were$ done$ in$ triplicate.$ Statistical$ significance$ was$

determined$using$the$Mann+Whitney$U$test.$$

$

Quantification#of#cell#proliferation#

To$determine$the$proliferation$index$(PI),$the$basal$layer$of$the$epithelium$was$

analyzed.$Images$were$taken$from$12$randomly$chosen$microscopic$views$using$

100x$magnification.$The$PI$was$established$as$the$ratio$of$the$positive$cells$to$all$
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  Tissue-Engineered Mucosa  
 TEM was created by spinning 1  !  10 5  fibroblasts gently into 

the lamina propria of the DED. For this procedure we used 15-ml 
tubes filled with 13 ml 1% agarose gel (Sigma-Aldrich) on which 
the DED scaffold is placed, lamina propria side upwards. Next the 
fibroblasts are placed onto the DED. The tubes containing the 
DED and fibroblasts are placed in a centrifuge and the fibroblasts 
are gently spinned into the DED, at 500 rpm for 60 min. Next, the 
DED containing the fibroblasts was placed onto a stainless steel 
grid and kept at an air/liquid interface with fibroblast medium for 
approximately 5 h to ensure cell attachment to the DED. Finally, 
the DED was flipped over and the keratinocytes were seeded onto 
the BM, and kept in a submerged condition for 24 h with medium 
A supplemented with 4 ng/ml KGF instead of EGF. After 24 h, the 
construct was raised to the air/liquid interface and medium A was 
replaced by medium B consisting of a 3:   1 mixture of DMEM and 
Ham’s F12 supplemented with 1% FCS, 24  !  M  bovine serum al-
bumin, 1  !  M  hydrocortisone, 1  !  M  isoproterenol, 0.1  !  M  insulin, 
10  !  M   L -carnitine, 10 m M   L -serine, 1  !  M   DL - " -tocopherolacetate, 
fatty acid cocktail (15  !  M  linoleic acid, 7  !  M  arachidonic acid and 
25  !  M  palmitic acid), 100 IU/ml penicillin, 100  ! g/ml streptomy-
cin, and 4 ng/ml KGF. Medium B was removed after 48 h and re-
placed by medium C consisting of medium B in which FCS was 
omitted, linoleic acid concentration was increased to 30  !  M  and 
50  ! g/ml ascorbic acid was added. Medium was changed 3 times 
a week and TEM construct was harvested after 14 days. In this 
study, keratinocytes and fibroblasts isolated from biopsies from 
different donors were never pooled.

  Morphology and Immunohistochemistry 
 Harvested TEM and NNOM biopsies were snap frozen using 

liquid nitrogen. Sections (6  ! m) were cut, and overall morphol-
ogy was assessed by hematoxylin-eosin and periodic acid-Schiff 
(PAS) stain. For immunohistochemical analysis of epidermal 
components K10, K13 and keratin 19 (K19), cryosections were air 
dried and fixed for 10 min in acetone. After incubation with the 
primary antibodies, frozen sections were incubated with Link/
Label complex (BioGenex, San Ramon, Calif., USA) according the 
manufacturer’s instructions. Finally, sections were stained with 
new fuchsine substrate and hematoxylin. For immunohistochem-
ical analysis of the BM and underlying connective tissue, frozen 
sections were stained for collagen type IV, laminin, involucrin, 
vimentin, desmoglein-3, integrin  " 6 and  # 4 (for antibodies and 

concentrations used in this study see  table 1 ). After incubation 
with the primary antibodies, sections were incubated with sec-
ondary antibody biotin-labelled goat anti-mouse of goat anti-rab-
bit (both 1/200, DAKO), followed by incubation with streptavi-
din-HRP (DAKO) and diaminobenzidine (DAB) substrate. The 
presence of proliferative cells was assessed using Ki67 antibody, 
using the protocol as described above. All sections were counter-
stained with hematoxylin. Controls were included with each 
staining performed. As a negative control, the primary antibody 
was replaced by PBS. For the positive control cryosections of nor-
mal oral mucosa were used. An isotope control was also included, 
for which the primary antibody was replaced by mouse anti-hu-
man IgG or rabbit anti-human IgG (DAKO), depending on the 
origin of the primary antibody it replaced. The concentration was 
similar to that of the primary antibody.

  Epidermal Thickness 
 Average epidermal thickness was determined by measuring 

the epidermis at 12 randomly selected regions for both NNOM 
and TEM, using the NDPI Viewer (Hamamatsu Photonics, 
Herrsching, Germany). This was repeated for 4 independent ex-
periments, which were done in triplicate. Statistical significance 
was determined using the Mann-Whitney U test.

  Quantification of Cell Proliferation 
 To determine the proliferation index (PI), the basal layer of the 

epithelium was analyzed. Images were taken from 12 randomly 
chosen microscopic views using 100 !  magnification. The PI was 
established as the ratio of the positive cells to all cells of the basal 
layer ( ! 100%), and results were displayed as mean  8  SD. Exper-
iments were done in triplicate. Statistical significance was deter-
mined using the Mann-Whitney U test.

  Results 

 Morphology 
 The overall morphology of TEM was assessed by

hematoxylin-eosin staining. The newly developed TEM 
construct had a well-developed, multilayered and strati-
fied squamous epithelium, consisting of a basal, inter-

Antibody Concentration Source

Collagen type IV 1/500 Euro-Diagnostica, Nijmegen, The Netherlands
Desmoglein-3 1/500 Novus Biologicals, LLC., Littleton, Colo., USA
Integrin "6 1/1,000 Novus Biologicals, LLC., Littleton, Colo., USA
Integrin #4 1/2,000 Novus Biologicals, LLC., Littleton, Colo., USA
Involucrin 1/500 Novus Biologicals, LLC., Littleton, Colo., USA
K10 1/200 Euro-Diagnostica, Nijmegen, The Netherlands
K13 1/200 Euro-Diagnostica, Nijmegen, The Netherlands
K19 1/500 Novus Biologicals, LLC., Littleton, Colo., USA
Ki67 1/200 DAKO, Glostrup, Denmark
Laminin-5 1/1,000 Abcam, Cambridge, Mass., USA
Vimentin 1/200 Euro-Diagnostica, Nijmegen, The Netherlands

Table 1.  Primary antibodies used for 
immunohistochemistry

Table 1. Primary antibodies used for immunohistochemistry 
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cells$ of$ the$ basal$ layer$ (x$ 100%),$ and$ results$ were$ displayed$ as$ mean$ ±$ SD.$

Experiments$ were$ done$ in$ triplicate.$ Statistical$ significance$ was$ determined$

using$the$Mann+Whitney$U$test.$

$

RESULTS$

Morphology#

The$overall$morphology$of$ TEM$was$ assessed$by$Haematoxylin$ Eosin$ staining.$

The$ newly$ developed$ TEM$ construct$ had$ a$ well$ developed,$ multilayered$ and$

stratified$ squamous$ epithelium,$ consisting$ of$ a$ basal,$ intermediate$ and$

superficial$layer$(Fig.$1A)$and$resembles$NNOM$(Fig.$1B).$The$epidermis$of$TEM$

was$para+keratinized,$as$pyknotic$cells$were$present$in$the$epithelial$layer.$.The$

basal$ layer$was$ neatly$ arranged$ in$ two$ to$ three$ layers,$ with$ cubodial$ shaped$

cells.$The$epidermal$layer$of$NNOM$has$an$average$thickness$of$194.3$±$59.3µm$

which$ is$ significantly$ thicker$compared$ to$the$epidermis$of$TEM,$which$has$an$

average$thickness$of$72.6±26.9µm$(Fig.$1C)$P$<$0.001.$Vacuoles$were$observed$

in$ the$ epithelial$ cells$ in$ the$ intermediate$ layer$ of$ NNOM$ and$ TEM.$ Glycogen$

content$ in$ NNOM$ was$ indicated$ by$ PAS$ staining,$ showing$ glycogen$ in$ the$

intermediate$ layer$ (Fig.$1E).$PAS$ staining$was$also$present$ in$ the$ intermediate$

layer$in$TEM$albeit$less$intense$than$in$NNOM$(Fig.$1D).$$

$
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Figure 1. Hematoxylin-eosin staining of a cross section of (A) TEM and (B) 
NNOM. TEM resembles overall morphology of NNOM, and shows a well-formed, 
multilayered, parakeratinized epidermis. (C) The epidermis was significantly 
thinner in TEM (72.6 ± 26.6 µm) when compared to NNOM (194.3 ± 59.3 µm). 
Data are presented as mean ± SD (***p < 0.001). The keratinocytes in the 
intermediate layer seemed to have vacuoles. PAS staining showed lower 
glycogen content in (D) TEM compared with (E) NNOM. All pictures are 
representative for the staining performed. Scale bars = 100 µm. 
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mediate and superficial layer ( fig.  1 a) and resembles 
NNOM ( fig. 1 b). The epidermis of TEM was parakera-
tinized, as pyknotic cells were present in the epithelial 
layer. The basal layer was neatly arranged in two to three 
layers with cuboidal-shaped cells. The epidermal layer of 
NNOM has an average thickness of 194.3  8  59.3  ! m and 
is significantly thicker compared to the epidermis of 
TEM, which has an average thickness of 72.6  8  26.9  ! m 

( fig. 1 c) (p  !  0.001). Vacuoles were observed in the epi-
thelial cells in the intermediate layer of NNOM and 
TEM. The glycogen content in NNOM was indicated by 
PAS staining, showing glycogen in the intermediate lay-
er ( fig. 1 e). PAS staining was also present in the interme-
diate layer in TEM albeit less intense than in NNOM 
( fig. 1 d).
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  Fig. 1.  Hematoxylin-eosin staining of a cross section of TEM ( a ) 
and NNOM ( b ). TEM resembles overall morphology of NNOM, 
and shows a well-formed, multilayered, parakeratinized epider-
mis. The epidermis was significantly thinner in TEM (72.6  8  
26.9  ! m) when compared to NNOM (194.3  8  59.3  ! m). Data are 

presented as mean  8  SD ( *  *  *  p  !  0.001) ( c ). The keratinocytes in 
the intermediate layer seemed to have vacuoles. PAS staining 
showed lower glycogen content in TEM ( d ) compared with 
NNOM ( e ). All pictures are representative for the staining per-
formed. Scale bars = 100  ! m. 
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Epidermal#differentiation#

Keratin$expression$in$ the$epidermis$was$assessed$by$staining$for$K10,$K13$and$

K19.$ TEM$ showed$expression$of$ K10$ in$ the$ superficial$ layer$ only,$ whereas$ no$

expression$ of$ K10$ was$ seen$ in$ NNOM$ (Fig.$ 2A+B).$ K13$ stained$ weakly$ in$ the$

intermediate$layer$of$TEM$(Fig.$2D),$and$in$both$the$intermediate$and$superficial$

layers$of$the$epithelium$of$NNOM$(Fig.$2E).$Expression$of$K19$was$observed$in$

the$ basal$ layer$ only$ of$ the$ epithelium$ of$ TEM$ and$ NNOM$ (Fig.$ 2G+H).$ Close$

observation$showed$that$not$every$basal$cell$is$positive$for$K19.$Analysis$of$the$

basal$ layer$ of$ TEM$ and$ NNOM$ showed$ that$ TEM$ has$ an$ average$ of$ 74.85$ ±$

12.84$ positive$ cells,$ which$ is$ significantly$ lower$ compared$ to$ NNOM$ (88.03$ ±$

6.41)$P#<$0.001.$ Involucrin$was$observed$ in$all$ layers$except$ the$basal$ layer$ in$

both$TEM$and$NNOM$(Fig.$2J+K).$$

$

Proliferation#

Cells$ in$ the$ basal$ layer$ are$ typically$ the$ only$ cells$ that$ proliferate$ in$ the$

epithelium.$ Proliferation$ was$ assessed$ by$ Ki67,$ a$ protein$ present$ in$ all$

proliferating$cells..In$both$TEM$only$(Fig.$3A)$and$NNOM$proliferating$cells$were$

observed$in$the$basal$layer$only$(Fig.$3B).$The$PI$was$significantly$ lower$in$TEM$

(36.6$±$11.1)$compared$to$NNOM$(55.8$±$8.3)$(Fig.$3D)$p$<$0.001.$$

$

Connective#tissue#

Fibroblasts$are$the$predominant$cell$type$in$the$dermal$layer.$The$presence$and$

distribution$of$fibroblasts$was$assessed$by$vimentin$staining.$In$TEM,$fibroblasts$

were$ found$ in$ the$ lamina$ propria,$ where$ they$ were$ mainly$ located$ on$ the$

bottom$surface$of$ the$ lamina$propria$ (Fig.$3E).$ In$NNOM,$ the$ fibroblasts$were$

found$distributed$homogeneously$in$the$connective$tissue$(Fig.$3F).$$
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  Fig. 2.  Keratin expression was assessed in TEM and NNOM. K10, 
present in keratinized mucosa, was present in the superficial layer 
of the epidermis of TEM ( a ) but was not observed in NNOM ( b ). 
K13, present in nonkeratinizing epithelium, was weakly expressed 
in  TEM ( d ) but was strongly expressed in NNOM ( e ). K19, present 
in the basal layer of nonkeratinizing epithelium of the oral cavity, 

was observed in the basal layer of TEM ( g ) and NNOM ( h ). The 
expression pattern of involucrin in TEM ( j ) proved to be similar to 
NNOM ( k ).  c ,  f ,  i ,  l  Negative controls of all stainings are included. 
All pictures are representative for the stainings. Scale bars = 100 
 ! m. 

Figure 2. Keratin expression was assessed in TEM and NNOM. K10, present in 
keratinized mucosa, was present in the superficial layer of the epidermis of (A) 
TEM but was not observed in (B) NNOM. K13, present in nonkeratinizing 
epithelium, was weakly expressed in (D) TEM but was strongly expressed in (E) 
NNOM. K19, present in the basal layer of nonkeratinizing of the oral cavity, was 
observed in the basal layer of (G) TEM and (H) NNOM. The expression pattern 
of involucrin in (J) TEM proved to be similar to (K) NNOM. (C, F, I and L) 
Negative controls of all staining are included. All pictures are representative for 
the stainings. Scale bars = 100 µm. 
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Figure 3. Cell proliferation in (A) TEM was compared to (B) NNOM. Proliferating 
cells were only observed in the basal layer of both NNOM and TEM. (D) The 
number of proliferating cells in TEM (36.6 ± 11.1) was significantly lower 
compared to NNOM (55.8 ± 8.3). Data are presented as mean ± SD  
(***p < 0.001). Fibroblast distribution was assessed by vimentin staining. (E) In 
TEM, fibroblasts (indicated by arrows) were seen only on the lower surface of the 
lamina propria, whereas in (F) NNOM, fibroblasts were seen throughout the 
connective tissue. (C and G) Negative controls of both stainings are included. All 
pictures shown are representative for the stainings. Scale bars = 100 µm. 
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Basement#membrane#

The$presence$of$basement$membrane$components$collagen$type$IV$and$laminin$

5$were$first$determined$in$the$DED$scaffold.$Collagen$type$IV$is$a$component$of$

basal$ lamina$ and$ laminin$ 5$ is$ a$ component$ of$ the$ anchoring$ filaments.$ Both$

components$were$expressed$in$the$scaffold$along$the$whole$dermal+epidermal$

junction$ before$ seeding$ of$ fibroblasts$ and$ keratinocytes$ (Fig.$ 4A+E).$ The$

expression$ of$ collagen$ type$ IV$ and$ laminin$ 5$was$ restricted$ to$ the$ basement$

membrane.$ The$ addition$ of$ fibroblasts$ and$ keratinocytes$ did$ not$ alter$ the$

expression$of$collagen$ type$ IV$ (Fig.$ 4B)$or$ laminin$5$ (Fig.$4F)$ in$TEM.$Collagen$

type$IV$expression$was$higher$in$TEM$(Fig.$4B)$than$in$NNOM$(Fig.$4C).$Laminin$5$

was$more$abundantly$expressed$in$NNOM$(Fig.$4G)$than$in$TEM$(Fig.$4F).$$$$$
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Figure 4. BM components (A) collagen type IV and (B) laminin-5 (E) were 
present in the DED scaffold before seeding of keratinocytes and fibroblasts. 
Collagen type IV and laminin-5 were equally expressed in (B and F) TEM and (C 
and G) NNOM). (D and H) Negative controls are included. All pictures shown are 
representative for the stainings. Scale bars = 100 µm. 
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Dermal3Epidermal#junction#

Desmosomes$ and$ hemidesmosomes$ are$ responsible$ for$ cell+cell$ attachment$

and$ the$attachment$of$ the$epithelial$ layer$ to$ the$underlying$connective$tissue.$

Cell+cell$ attachment$ by$ desmosomes$ was$ assessed$ by$ desmoglein+3,$ a$

glycoprotein$ component$ of$ desmosomes.$ Cells$ in$ the$ basal$ and$ intermediate$

layer$ of$ TEM$ and$ NNOM$ were$ equally$ positive$ for$ desmoglein+3$ (Fig.$ 5A+B).$

Before$ the$ seeding$ of$ fibroblasts$ and$ keratinocytes,$ the$ hemidesmosomal$

subunits$ integrin$ alpha6$and$beta4$were$ not$ present$ in$ the$DED$ scaffold$ (Fig.$

5D+E).$ Integrin$ alpha6$ was$ expressed$ along$ the$ whole$ dermal+epidermal$

junction,$predominantly$ in$ the$BM,$ in$both$TEM$(Fig.$ 5F)$and$NNOM$(Fig.$5E).$

Integrin$ beta4$ was$ also$ present$ along$ the$ whole$ dermal+epidermal$ junction,$

predominantly$ in$the$BM$of$both$TEM$(Fig.$5G)$and$NNOM$(Fig.$5H),$albeit$the$

intensity$of$integrin$beta4$was$lower$in$TEM$compared$to$NNOM.$In$all$sections$

used,$ the$newly$ formed$epithelium$was$attached$to$the$underlying$connective$

tissue$and$detachment$was$never$seen.$$
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After 3 weeks of culture, our TEM model showed prolif-
erating cells in the basal layer of the construct, indicating 
a self-renewal capacity of TEM. The PI of TEM was found 
to be significantly lower than that of NNOM. The lower 
PI of TEM was in accordance with the lower staining in-
tensity of PAS indicating less glycogen storage in TEM 
than in NNOM. Many differences have been reported 
about the number of proliferating cells in mucosal equiv-
alents. Some studies report hyperproliferation [Chung et 
al., 1997; Izumi et al., 2004], slightly reduced proliferation 
[Kinikoglu et al., 2009] or strongly reduced to no prolif-
eration [Pena et al., 2010]. It has been shown that the 
number of keratinocytes expressing Ki67 progressively 
decreases over time, showing maximum proliferative ca-
pacity in the first week of culture which decreases to a few 
cells at the end of the third week of culture [Tomakidi et 
al., 1998; Kinikoglu et al., 2009]; the latter is in accor-
dance with our observations. The discrepancies between 
the studies might be a result of the differences in scaffold, 
which varies from DED to fibrin, and the composition of 
the culture media used to construct the mucosal substi-
tutes, which are very variable between different studies.

  Keratins are the predominant cytoskeletal proteins in 
epithelia, and depending on the stage of differentiation 
and cell type different cytokeratins are expressed [Pres-
land and Jurevic, 2002]. The differentiation pattern of our 
TEM construct was assessed by K10, K13 and K19. K19 
was observed in the majority of the cells of the basal layer 
of the epithelium of TEM, indicating a nonkeratinizing 

nature of the epithelium of our construct. K13, a keratin 
present in the intermediate and superficial layer of the 
nonkeratinizing epithelium, was weakly expressed in 
TEM. Interestingly, K10, an early differentiation marker 
of keratinizing epithelium, was found to be expressed in 
the superficial layer of the epidermis in TEM, which is 
unusual as K10 is normally expressed in the spinous lay-
er of keratinizing epithelia. We hypothesize that this K10 
expression in the superficial layer of TEM is the result of 
the fact that we handle TEM gently and apply minimal 
mechanical trauma, meaning that this layer was never 
rubbed off, as would happen in native oral epithelium.

  Previous studies have shown that connective tissues 
are responsible for the final pattern of oral epithelium 
differentiation [Karring et al., 1975; Mackenzie and Hill, 
1984; Chung et al., 1997]. The DED scaffold used to create 
the TEM construct originates from donor skin, which 
might explain the keratin expression pattern in TEM. 
The use of fibroblasts taken from buccal mucosa incor-
porated in TEM did not lead to direct expression of K13. 
This suggests that the connective tissue has a higher in-
fluence on the differentiation pattern of the epidermis 
than the incorporated fibroblasts or the seeded keratino-
cytes. This finding is in line with a study by Rakhorst et 
al. [2006] which showed that incorporation of fibroblasts 
in TEM did not affect the differentiation pattern of the 
keratinocytes. In addition, other studies suggested that 
intrinsic and extrinsic factors influence the differentia-
tion process of the epithelium and that the expression of 
K10 and K13 might be determined by the connective tis-
sue, whereas K19 expression might be determined by the 
epithelium [Kautsky et al., 1995]. Another explanation for 
the differences in keratin expression could be the location 
of the fibroblasts; keratin expression may vary with the 
distribution of fibroblasts which are, in the TEM model, 
not present close to the epithelium.

  In this study, the presence and distribution of fibro-
blasts in TEM and NNOM was assessed by vimentin 
staining. In TEM, fibroblasts were found to be on the low-
er half of the connective layer, whereas in NNOM they are 
dispersed homogenously in the connective layer. Several 
studies have shown the necessity of incorporating fibro-
blasts into the scaffold for epidermal development, as 
they stimulate keratinocyte proliferation and migration 
[El Ghalbzouri et al., 2002a; Rakhorst et al., 2006]. In
addition, the presence of fibroblasts is known to lead
to a well-developed epidermal layer as these cells secrete 
growth factors, and the paracrine cross talk between ke-
ratinocytes and fibroblasts is essential for the formation 
of a new epidermis [El Ghalbzouri and Ponec, 2004]. Even 

Table 2.  Summary of epidermal characteristics of TEM and 
NNOM

E pidermis

TE M NNOM

Tissue architecture BL, IL, SL BL, IL, SL
Number of living cell layers 5–10 15–20
K10 SL absent
K13 SL IL, SL
K19 BL BL
Ki67 BL, ++ BL, ++++
Desmoglein-3 BL, IL BL, IL
Integrin !6 BL BL
Integrin "4 BL BL
Collagen type IV BL BL
Laminin-5 BL BL
Involucrin BL, IL, SL BL, IL, SL

BL = Basal layer; IL = intermediate layer; SL = superficial layer.
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Figure 5. Cell-cell adhesion was assessed by desmoglein-3, a glycoprotein of 
desmosomes. In both (A) TEM and (B) NNOM desmoglein-3 was observed in the 
basal layers of the epidermis. Hemi-desmosomal subunits (D) α6 and (E) β4 
were not expressed in the DED scaffold. A similar expression pattern for integrin 
α6 was observed in (F) TEM and (G) NNOM. Integrin β4 expression was seen in 
the basal layer of (I) TEM and (J) NNOM, although the intensity in TEM was 
lower than in NNOM. (C, K and H) Negative controls are included. All pictures 
shown are representative for the stainings. Scale bars = 100 µm.  
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  Fig. 5.  Cell-cell adhesion was assessed by desmoglein-3, a gly-
coprotein of desmosomes. In both TEM ( a ) and NNOM ( b ) des-
moglein-3 was observed in the basal layers of the epidermis.
Hemi-desmosomal subunits                                                ! 6 and  " 4 were not expressed in the 
DED scaffold ( d ,  e ). A similar expression pattern for integrin  ! 6

was observed in TEM ( f ) and NNOM ( g ). Integrin  " 4 expression 
was seen in the basal layer of TEM ( i ) and NNOM ( j ), although
the intensity in TEM was lower than in NNOM.  c ,  h ,  k  Negative 
controls are included. All pictures shown are representative for 
the stainings. Scale bars = 100  # m. 
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DISCUSSION.

The$aim$of$this$study$was$ to$create$a$mucosal$construct$that$resembles$native$

oral$mucosa.$Therefore,$we$engineered$TEM$by$seeding$oral$keratinocytes$and$

fibroblasts$ onto$ DED.$ Next,$ TEM$ and$ NNOM$ were$ compared$ on$ epidermal$

structure,$basement$membrane$and$underlying$connective$tissue$organization.$

Here$ we$ show$ an$ oral$ mucosal$ construct$ composed$ of$ a$ multi+layered$

epithelium$ with$ many$ morphological$ and$ immunological$ characteristics$

observed$in$NNOM.$No$morphological$differences$were$observed$between$the$

TEM$constructs$from$different$donors.$Keratin$19,$Ki+67,$ involucrin,$ integrin$α6$

and$ β4,$ vimentin,$ collagen$ type$ IV$ and$ laminin+5$ were$ present$ in$ our$ TEM$

construct$(See$table$2).$Overall$morphology$of$TEM$was$observed$to$be$similar$

to$NNOM,$ although$ the$ epidermal$ layer$ of$ TEM$was$ found$ to$ be$ significantly$

thinner$ compared$ to$ NNOM.$ Despite$ the$ epidermis$ being$ thinner$ in$ TEM,$

essential$components$such$as$a$basement$membrane,$a$proliferating$basal$layer$

and$ a$ differentiated$ epidermis$ were$ present$ in$ the$ epidermal$ layer,$ and$

resembled$ NNOM.$ The$ presence$ of$ involucrin,$ a$ marker$ for$ terminal$

differentiation$ [17],$ demonstrated$ that$ a$ mature$ epithelium$ was$ formed$ in$

TEM.$The$DED$scaffold$used$in$this$study$was$chosen$for$its$easy$handling,$non+

contractile$ nature$ and$ firmness.$ The$ scaffold$ has$ to$ be$ able$ to$ withstand$

mechanical$stress,$as$the$oral$mucosa$is$continuously$exposed$to$some$degree$

of$mechanical$stress$[18].$We$also$found$the$presence$of$basement$membrane$

components$an$advantage$as$the$BM$connects$the$epithelium$to$the$underlying$

connective$ tissue.$ The$ seeded$ cells$ do$ not$ have$ to$ deposit$ these$ BM$

components$themselves$before$developing$the$new$epithelial$layer.$$

Oral$ epithelium$ has$ a$ generally$ high$ number$ of$ proliferating$ cells.$ In$ buccal$

mucosa$the$turnover$rate$is$approximately$two$to$three$times$that$of$epidermis$
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of$ skin$ [19],$ and$ a$proliferation$ index$ (PI)$of$58.8$ has$been$ reported$ in$ native$

buccal$ mucosa$ [20].$ After$ three$ weeks$ of$ culture$ our$ TEM$ model$ showed$

proliferating$ cells$ in$ the$basal$ layer$ of$ the$ construct,$ indicating$ a$ self+renewal$

capacity$of$TEM.$The$PI$of$TEM$was$found$to$be$significantly$lower$than$that$of$

NNOM.$The$lower$PI$of$TEM$was$in$accordance$with$the$lower$staining$intensity$

of$ PAS$ indicating$ less$ glycogen$ storage$ in$ TEM$ than$ in$ NNOM.$ About$ the$

number$ of$ proliferating$ cells$ in$ mucosal$ equivalents$ many$ differences$ have$

been$reported.$Some$studies$report$hyperproliferation$ [6,$21],$slightly$reduced$

proliferation$[8]$or$strongly$reduced$to$no$proliferation$[22].$It$has$been$shown$

that$the$number$of$keratinocytes$expressing$Ki+67$progressively$decrease$over$

time,$showing$maximum$proliferative$capacity$ in$the$first$week$of$culture$to$a$

few$ cells$ at$ the$ end$ of$ the$ third$ week$ of$ culture$ [22,$ 23],$ the$ latter$ is$ in$

accordance$with$our$observations.$The$discrepancies$between$the$studies$might$

be$a$ result$of$ the$differences$ in$ scaffold,$which$varies$ from$DED$to$ fibrin,$and$

the$composition$of$the$culture$media$used$to$construct$the$mucosal$substitutes,$

which$are$very$variable$between$different$studies.$$

Keratins$ are$ the$predominant$cytoskeletal$proteins$ in$epithelia$and$depending$

on$the$stage$of$differentiation$and$cell$type$different$cytokeratins$are$expressed$

[18].$The$differentiation$pattern$of$our$TEM$construct$was$assessed$by$keratins$

10,$13$and$19.$K19$was$observed$in$the$majority$of$the$cells$of$the$basal$layer$of$

the$epithelium$of$TEM,$indicating$a$non+keratinizing$nature$of$the$epithelium$of$

our$construct.$$K13,$a$keratin$present$in$the$intermediate$and$superficial$layer$of$

the$ non+keratinizing$ epithelium,$ was$ weakly$ expressed$ in$ TEM.$ Interestingly,$

K10,$an$early$differentiation$marker$of$keratinizing$epithelium,$was$found$to$be$

expressed$ in$ the$superficial$ layer$of$ the$epidermis$ in$TEM,$which$is$unusual$as$

K10$ is$ normally$ expressed$ in$ the$ spinous$ layer$ of$ keratinizing$ epithelia.$ We$
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hypothesize$that$this$K10$expression$in$the$superficial$layer$of$TEM$is$the$result$

of$ the$ fact$ that$we$handle$ TEM$gently$ and$ apply$minimal$mechanical$ trauma,$

meaning$ that$ this$ layer$was$ never$ rubbed$off,$ as$would$happen$ in$ native$ oral$

epithelium.$$

Previous$ studies$ have$ shown$ that$ connective$ tissues$ are$ responsible$ for$ the$

final$ pattern$ of$ oral$ epithelium$ differentiation$ [21,$ 24+25].$ The$ DED$ scaffold$

used$ to$ create$ the$ TEM$ construct$ originates$ from$ donor$ skin,$ which$ might$

explain$the$keratin$expression$pattern$in$TEM.$The$use$of$fibroblasts$taken$from$

buccal$mucosa$ incorporated$ in$ TEM$ did$ not$ lead$ to$ direct$ expression$ of$ K13.$

This$ suggests$ that$ the$ connective$ tissue$ has$ a$ higher$ influence$ on$ the$

differentiation$pattern$of$the$epidermis$than$the$incorporated$fibroblasts$or$the$

seeded$ keratinocytes.$ This$ finding$ is$ in$ line$with$ a$ study$by$Rakhorst$et# al$ [7]$

which$ showed$ that$ incorporation$ of$ fibroblasts$ in$ TEM$ did$ not$ affect$ the$

differentiation$pattern$of$the$keratinocytes.$In$addition,$other$studies$suggested$

that$ intrinsic$ and$ extrinsic$ factors$ influence$ the$ differentiation$ process$ of$ the$

epithelium$and$that$the$expression$of$K10$and$K13$might$be$determined$by$the$

connective$ tissue$ whereas$ K19$ expression$ might$ be$ determined$ by$ the$

epithelium$ [26].$ Another$ explanation$ for$ the$differences$ in$ keratin$ expression$

could$ be$ the$ location$of$ the$ fibroblasts;$ keratin$ expression$may$ vary$with$ the$

distribution$of$fibroblasts,$which$are,$in$the$TEM$model,$not$present$close$to$the$

epithelium.$$

In$this$study,$the$presence$and$distribution$of$fibroblasts$in$TEM$and$NNOM$was$

assessed$ by$ vimentin$ staining.$ In$ TEM,$ fibroblasts$ were$ found$ to$ be$ on$ the$

lower$ half$ of$ the$ connective$ layer,$ whereas$ in$ NNOM$ they$ are$ dispersed$

homogenously$in$the$connective$layer.$Several$studies$have$shown$the$necessity$

of$ incorporation$of$ fibroblasts$ into$the$scaffold$ for$epidermal$development,$as$
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they$stimulate$ keratinocyte$proliferation$ and$migration$ [7,$12+13].$ In$addition,$

the$presence$of$fibroblasts$is$known$to$lead$to$a$well$developed$epidermal$layer$

as$ these$ cells$ secrete$ growth$ factors$ and$ the$ paracrine$ cross$ talk$ between$

keratinocytes$and$ fibroblasts$ is$essential$ for$ the$formation$of$a$new$epidermis$

[27].$ Even$ though$ the$ fibroblasts$were$not$ homogenously$ distributed$ in$ TEM,$

the$construct$displays$a$well+developed,$multi+layered$epidermis.$$

Cell+cell$ adhesion$ and$ attachment$ of$ the$ epidermal$ layer$ to$ the$ connective$

tissue$ is$ essential$ for$ correct$ functionality$ of$ NNOM$ and$ therefore$ also$ for$

mucosal$ substitutes$ [14,$ 18].$ Desmosomes$ are$ complexes$ that$ link$ the$

keratinocytes$ to$ each$other.$ $ An$ important$ component$ of$ desmosomes$ is$ the$

protein$ desmoglein+3.$ Immunohistochemistry$ proved$ that$ desmoglein+3$ was$

present$ in$ TEM$ and$ a$ similar$ expression$ pattern$ was$ found$ in$ NNOM.$ This$

suggests$that$the$cells$were$actively$synthesizing$components$to$ultimately$form$

desmosomes$ for$ cell+cell$ adhesion$ to$ maintain$ structural$ stability$ and$

functionality.$ Hemidesmosomes$ are$ responsible$ for$ the$ adhesion$ of$ the$

epithelial$layer$to$the$basement$membrane$of$the$connective$layer.$Integrin$α6$

and$β4,$subunits$of$hemidesmosomes,$were$found$to$be$similarly$expressed$in$

NNOM$and$TEM$construct.$This$corresponding$expression$of$these$integrins$and$

desmosomal$protein$desmoglein+3$ implies$that$TEM$constructs$form$a$number$

of$proteins$necessary$for$the$formation$of$desmosomes$and$hemidesmosomes$

in$order$to$form$a$ tight$barrier$ that$mimics$native$oral$mucosa$and$also$might$

mimic$its$functionality.$However,$this$specific$aspect$remains$to$be$proven.$

The$ applications$ for$ TEM$ range$ from$ transplantation$ into$ the$ oral$ cavity$ to$

studying$ oral$ mucositis$ or$ fibrosis.$ These$ applications$ require$ further$

investigation.$Before$TEM$can$be$used$for$transplantation,$we$have$to$test$it$in#

vivo$ to$ determine$ the$ quality$ of$ TEM$ post+transplantation$ by,$ for$ example$
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assessing$viability$and$angiogenesis.$To$study$oral$mucositis$the$TEM$construct$

has$ to$ be$ extended$ as$ no$ immune$ cells$ are$ present$ in$ the$ current$ model.$

Addition$ of$ immune$ cells$ such$ as$ dendritic$ cells$ or$ Langerhans$ cells$ would$ be$

required$ [28].$ Or$ TEM$ could$ be$ treated$ with$ pro+inflammatory$ cytokines$

modifying$TEM$to$create$an$equivalent$mimicking$oral$mucositis$[29].$$$$$$

In$summary,$the$TEM$construct$developed$in$this$study$resembles$NNOM.$TEM$

is$an$oral$mucosal$construct$composed$of$a$multi+layered$epithelium$with$many$

morphological$and$immunological$characteristics$observed$in$NNOM.$Based$on$

the$ results$ of$ this$ study,$we$are$ convinced$ that$ TEM$holds$ promise$ for$ future$

research,$ for$ example$ the$ early$ mechanisms$ leading$ to$ oral$ mucositis$ and$

fibrosis.$$$
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ABSTRACT(

Improving! vascularization! of! tissue! engineered! oral! mucosa! (TEM)! is! a! major!

challenge!in!the!field!of!plastic!surgery.!Hypoxia!is!a!stimulator!of!angiogenesis!

through! a! number! of! mechanisms.! Therefore,! hypoxia! is! a! critical! parameter!

that!can!be!controlled!in!an!effort!to!improve!angiogenesis.!In!the!present!study!

we! studied! the! secretion! of! a! number! of! angiogenic! factors! during! hypoxia!

exposure!and!evaluated!the!effect!of!TEM!conditioned!medium!on!endothelial!

cells.! TEM!was! constructed! by! seeding!human! oral!mucosa! keratinocytes! and!

fibroblasts!on!a3cellular!human!donor!skin.!TEM!was!exposed!to!hypoxia!during!

6,!12!and!24!hours.!Cellular!hypoxia!was!assessed!by!immunolocalization!of!the!

hypoxia! inducible!factor31!α!(HIF31!α).!Secretion!of!vascular!endothelial!growth!

factor! (VEGF),! placental! growth! factor! (PGF),! tissue! inhibitors! of! matrix!

metalloproteinases31! and! 32! (TIMP31! and! TIMP32),! and! the! activity! of! matrix!

metalloproteinase! 9! (MMP39)! significantly! increased! during! hypoxia! exposure.!

Moreover,! conditioned! medium! from! hypoxic! TEM! strongly! enhanced!

endothelial!cell!proliferation!and!migration.!In#vitro!exposure!of!TEM!to!hypoxia!

improves! its! capacity! to! support! endothelial! cell! proliferation! and! migration,!

which! suggests! that! hypoxia! preconditioning! of! TEM! potentially! improves!

angiogenic!responses!for!in#vivo!implantation.!!
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INTRODUCTION)

The$limited$availability$of$mucosal$grafts$turns$the$reconstruction$of$oral$defects$

into$ a$ major$ challenge$ in$ plastic$ surgery.$ Oral$ defects$ resulting,$ for$ example,$

after$oncological$resection$or$cleft$palate$reconstruction$are$usually$covered$by$

skin$grafts$or$vascularized$skin$flaps$[1].$However,$skin$grafts$result$in$donor$site$

morbidity$ and$ the$ grafted$ skin$ maintains$ perspiration$ and$ hair$ growth,$ all$

undesirable$and$uncomfortable$for$patients$[2R4].$$

Tissue$engineered$mucosa$(TEM),$using$keratinocytes$from$different$sites$of$the$

oral$ cavity$ [5R6]$ and$ a$ variety$ of$ scaffolds$ [7R8],$ is$ a$ promising$ technique$ for$

reconstruction$ of$ oral$ defects.$ Recently,$ we$ and$ others$ have$ shown$ that$

substitutes,$composed$of$oral$mucosa$keratinocytes$and$Rfibroblasts$cultured$on$

an$ aRcellular$ dermis,$ possess$ histological$ and$ immunohistochemical$

characteristics$close$to$normal$oral$mucosa$[7,$9R10].$$

However,$ so$ far,$ intraRoral$ implantation$ of$ mucosal$ substitutes$ in$ animal$

models,$ showed$ a$ relatively$ poor$ longRterm$viability$ resulting$ in$ loss$ of$ grafts$

[11].$The$primary$reason$for$graft$failure$appears$to$be$the$lack$of$adequate$and$

timely$ graft$ vascularisation$ [12R13].$ Usually,$ the$ survival$ of$ cells$ within$ the$

engrafted$ substitute$ is$ limited$ by$ diffusion$ of$ nutrients$ and$ oxygen$ from$ the$

underlying$ wound$ site,$ an$ in$ view$ of$ the$ typical$ graft$ size,$ this$ diffusion$

mechanism$is$inadequate$for$sustained$survival.$One$approach$to$increase$graft$

acceptance$ is$ to$ precondition$ the$ mucosal$ substitute$ to$ encourage$ rapid$

vascularisation$from$the$patient’s$wound$bed.$$

The$ observation$ that$ low$ oxygen$ levels$ stimulate$ angiogenesis$ [14R15]$ and$

increase$the$angiogenic$capacity$of$stromal$cells$[16R17]$has$resulted$in$a$novel$

and$ relatively$ simple$ approach$ for$ inducing$ postRimplantation$ blood$ vessel$

formation$ in$ tissueRengineered$ grafts$ by$ hypoxic$ priming$ before$ engraftment.$
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The$ aim$ of$ this$ study$ was$ to$ investigate$ whether$ hypoxia$ preconditioning$ of$

tissue$ engineered$ mucosa$ increases$ the$ secretion$ of$ important$ angiogenic$

factors,$ and$ to$ evaluate$ whether$ these$ changes$ affect$ the$ proliferation$ and$

migration$of$endothelial$cells$in#vitro.$$

$

MATERIALS)AND)METHODS$

Chemicals#and#culture#media#

Dulbecco’s$Modified$Eagle$Medium$4.5$g/l$glucose$(DMEM),$Ham’s$F12$culture$

medium,$ human$ endothelial$ serumRfree$ medium,$ penicillin,$ streptomycin,$

amphoceterin$ B,$ dispase,$ collagenase$ type$ I$ and$ trypsin/ethylenediamineR

tetraacetic$ acid$ (EDTA)$ were$ purchased$ from$ Invitrogen$ (Breda,$ The$

Netherlands).$ Fetal$ calf$ serum$ (FCS)$ was$ purchased$ from$ PAA$ Laboratories$

(Cölbe,$Germany).$Bovine$serum$albumin$(BSA),$Epidermal$growth$factor$(EGF),$

Keratinocyte$ Growth$ Factor$ (KGF)$ and$ other$ chemicals$ were$ purchased$ from$

SigmaRAldrich$ (Zwijndrecht,$ the$ Netherlands).$ Vascular$ endothelial$ growth$

factor$ (VEGF)$ and$ fibroblast$ growth$ factor$ (FGFR2)$ were$ purchased$ from$

Peprotech$ EC$ (London,$ UK).$ Insulin$ was$ purchased$ from$ Eli$ Lilly$ (Houten,$ the$

Netherlands).$$

Cell#culture##

Keratinocytes$ and$ fibroblasts$ were$ isolated$ from$ buccal$ biopsies$ that$ were$

obtained$from$three$patients$upon$approval$of$the$Medical$Ethics$Committee$(#$

MEC$+$2007R282).$Biopsies$were$rinsed$in$DMEM$with$100$IU/mL$penicillin,$$

100$μg/mL$streptomycin,$50$μg/mL$gentamicin$and$2.5$μg/mL$amphoceterin$B.$

The$ epidermis$was$ separated$ from$ the$ dermis$ by$ overnight$ incubation$ in$ 2.5$

mg/ml$ dispase$ solution.$ After$ rinsing$ the$ epidermal$ sheet$ with$ phosphate$

buffered$saline$(PBS),$keratinocytes$were$isolated$from$the$epidermis$using$$
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0.25$ %$ trypsinREDTA$ and$ the$ single$ cell$ suspension$ was$ seeded$ onto$ lethally$

irradiated$3T3$fibroblast$feeder$ layers,$according$to$Rheinwald$and$Green$[18].$

The$ keratinocyte$ culture$ medium$ consisted$ of$ a$ 3:1$ mixture$ of$ DMEM$ and$

Ham’s$F12$medium$with$5$%$FCS,$1$μM$hydrocortisone,$1$μM$isoproterenol,$$

0.1$ μM$ insulin,$ 1$ %$ penicillin/streptomycin,$ and$ 1$ ng/mL$ epidermal$ growth$

factor$ (EGF).$ Fibroblasts$ were$ isolated$ by$ mincing$ the$ dermis$ followed$ by$

incubation$ in$ collagenase/dispase$ (1.5$ mg/mL$ /$ 2.5$ mg/mL,$ respectively)$

solution$for$2$hours$at$37$oC.$Afterwards,$a$single$cell$suspension$was$obtained$

by$filtering$the$collagenase/dispase$solution$containing$the$dermis,$with$a$$

100$μm$ cell$ strainer$ (SigmaRAldrich).$ The$ isolated$ fibroblasts$were$ cultured$ in$

DMEM$containing$ 10$%$ FCS$ and$ 1$%$penicillin/streptomycin.$ Passages$ two$ to$

five$were$used$for$the$experiments.#

#

Preparation#of#a5cellular#dermis.#

$Human$ cadaver$ skin,$ cryopreserved$ in$ 85$ %$ glycerol,$ and$ cytomegalovirus,$

human$immunodeficiency$virus$and$hepatitis$B$negative,$was$obtained$from$the$

European$Skin$Bank$ (Beverwijk,$the$Netherlands).$The$epidermis$was$removed$

from$the$dermis$after$incubating$in$PBS$with$1$%$penicillin/streptomycin,$$

100$μg/mL$ gentamicin$ and$5$μg/mL$ amphoceterin$B$ for$ three$weeks$ at$ 37$ °C$

[19].$ The$ dermis$ was$ divided$ into$ 1.0$ cm2$ sections$ and$ stored$ in$ DMEM$

supplemented$with$1%$penicillin/streptomycin,$0.5$%$gentamycin$and$5$μg/mL$

amphoceterin$B$until$use.$$

$

Tissue5Engineered#Mucosa##

TEM$was$ prepared$ as$ described$ previously$ [9,$ 20].$ Briefly,$ 5$ x$ 104$ fibroblasts$

were$ seeded$ onto$ the$ aRcellular$ dermis$ using$ a$ centrifugal$ seeding$ technique$
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[21].$Subsequently,$1$x$106$keratinocytes$were$seeded$into$a$stainless$steel$ring$

placed$ on$ top$ of$ the$ dermis$ and$ incubated$ overnight$ in$ keratinocyte$ culture$

medium.$ Subsequently,$ the$ cultures$ were$ fed$ with$ the$ same$ keratinocyte$

medium$containing$2.4$x$10R5$M$bovine$serum$albumin,$1$μM)hydrocortisone,$

1$μM$isoprotenerol,$0.1$μM) insulin,$1$x$10R5$LRcarnitine,$1$x$10R2$LRserine,$$1$μΜ$

DRLRtocopherolRacetate,$and$a$lipid$supplement$containing$25$μΜ$palmitic$acid,$$

15$μΜ$linoleic$acid,$7$μΜ$arachidonic$acid,$1$%$penicillin/streptomycin,$1$ng/mL$

EGF,$4$ ng/mL$KGF$ and$cultured$under$submerged$conditions$ for$ an$additional$

two$ days.$ Thereafter,$ the$ cultures$were$ lifted$ to$ the$ air/liquid$ (A/L)$ interface$

and$cultured$for$14$days$ in$the$same$medium$except$ that$ serum$was$omitted,$

the$ concentration$ of$ linoleic$ acid$ was$ increased$ to$ 30$ μΜ$ and$ 100$ mg/ml$

ascorbic$ acid$ phosphate,$ 1$ ng/mL) EGF$ and$ 4$ ng/mL$ KGF$ were$ added.$ The$

medium$was$changed$twice$a$week.$$$

$

Oxygen#systems#

The$ standard$oxygen$ level$was$ defined$as$ the$pO2$which$exists$ in$a$ standard,$

conventional,$humidified$tissue$culture$incubator$at$37$°C$(20$%).$The$low$$

(1.5$%)$oxygen$system$was$established$in$a$humidified$environmental$chamber$

set$at$37$°C.$This$incubator$uses$an$oxygen$analyzer$to$monitor$and$maintain$the$

selected$ chamber$ oxygen$ concentration.$ This$ oxygen$ concentration$ was$

maintained$with$ a$calibrated$gas$mixture$ consisting$ of$95$%$nitrogen$and$5$%$

carbon$dioxide.$

After$ 2$ weeks$ of$ culture$ at$ the$ air/liquid$ media,$ in$ normoxic$ conditions,$ the$

media$were$changed$to$air/liquid$media$without$EGF$and$KGF$and$incubated$for$

24h$ in$ normoxic$ conditions,$ prior$ to$ continuing$ incubation$ under$ hypoxic$
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conditions$for$6,$12$and$24$h.$Parallel$tissues$were$maintained$for$identical$time$

periods$under$normoxia$as$controls.$ In$another$experiments,$hypoxia$exposure$

of$TEM$was$extended$up$to$48$h.$$

$

Collection#of#TEM5conditioned#media#and#histological#preparation###

Conditioned$media$from$TEM$exposed$to$hypoxia/normoxia$for$6,$12,$and$24$h$

were$collected,$centrifuged$at$400$g$for$5$min$at$4$°C$and$stored$at$R80$°C$until$

further$ analysis.$ Hereafter,$ TEM$ was$ harvested$ and$ prepared$ for$ histological$

analysis.$For$histological$determinations,$samples$were$snap$frozen$with$ liquid$

nitrogen$ for$ cryoRsectioning.$ Sections$ (6$ µm)$ were$ cut$ and$ stained$ with$

Haematoxylin$ and$ Eosin$ (H&E)$ (Klinipath,$ Duiven,$ the$ Netherlands).$ Stained$

sections$ were$ viewed$ using$ a$ light$ microscope$ with$ an$ Olympus$ eyepiece$

micrometer$(A$×$0071,$20.4$mm$square;$Olympus,$Tokyo,$Japan).$

$

Immunohistochemistry##

For$KiR67$and$HIFR1$α$staining,$cryo$sections$were$fixed$for$10$min$with$acetone,$

washed$with$3$changes$of$PBS$and$blocked$with$10%$normal$goat$serum$(NGS)$

and$10%$normal$human$plasma$ (Sanquin,$Rotterdam,$ the$Netherlands).$Tissue$

sections$ were$ incubated$ with$ antiRKi67$ (1:200)$ (DAKO,$ Heverlee,$ Belgium)) or$

anti$ HIFR1α$ (1:100)) (Novus$ Biologicals,$ Littleton,$ CO)$ in$ PBS$with$ 10%$ normal$

human$ plasma$ (Sanquin,$ Rotterdam,$ the$ Netherlands)$ for$ 1$ hour$ at$ room$

temperature$ (RT).$Slides$were$washed$ and$ incubated$with$ goat$antiRmouse$or$

goat$antiRrabbit$biotinRlabelled$antibodies$(DAKO)$in$2%$NGS,$2%$normal$human$

plasma$and$5%$BSA$(Sigma)$in$PBS$for$30$minutes$at$RT,$followed$by$incubation$

with$StreptavidinRABCRHRP$(DAKO)$in$PBS$for$30$minutes$at$RT.$For$visualization$

of$the$KiR67$and$HIFR1α$positive$cells,$the$slides$were$incubated$for$5$minutes$at$
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RT$ with$ a$ substrate$ which$ consisted$ of$ 5$ %$ 3,3tRDiaminobenzidine$ tetra$

hydrochloride$hydrate$(DAB,$SigmaRAldrich),$PBS$and$30$%$H2O2.$After$washing$

the$ slides$ thoroughly$ with$ tap$ water,$ sections$ were$ counterstained$ with$

Haematoxylin$ for$ background$ visualization$ and$ coverslipped$with$ Vectamount$

mounting$ media$ and$ examined$ with$ a$ light$ microscope.$ Control$ slides$ were$

incubated$with$an$irrelevant$mouse$IgG.$$

#

Apoptosis#assay#

To$determine$ the$number$of$apoptotic$cells,$ The$DeadEnd$Colorimetric$TUNEL$

assay$ kit$ (Promega,$ Madison,$ WI)$ was$ used.$ CryoRsections$ were$ fixed$ and$

stained$ according$ to$ the$ manufacturer’s$ instructions.$ Sections$ were$

counterstained$ with$ Haematoxylin$ for$ background$ visualization$ and$

coverslipped$ with$ Vectamount$ mounting$ media$ and$ examined$ with$ a$ light$

microscope.$Control$sections$were$incubated$with$PBS.$$

$

Quantification#of#hypoxic#cells,#cellular#proliferation#and#apoptosis#

Immunostaining$ for$ HIFR1α,$ Ki67,$ and$ apoptotic$ assay$ were$ performed$ on$

tissues$from$three$individual$experiments$from$each$hypoxic$and$normoxic$time$

point.$Quantification$of$hypoxic$cells$was$done$by$counting$the$number$of$HIFR

1αRpositive$cells$within$twelve$random$microscopic$fields$(magnification$200$x).$

The$amount$of$HIFR1αRpositive$cells$was$expressed$as$a$percentage$of$the$total$

number$ of$ cells.$ $ For$ quantification$ of$ proliferative$ cells,$ the$number$of$ Ki67R

positive$basal$cells$within$twelve$random$microscope$fields$(final$magnification$

200$x)$was$manually$counted.$The$number$of$Ki67$positive$nuclei$from$the$total$

number$of$basal$cells$(x$100$%)$was$used$to$determine$the$proliferation$index.$

For$ quantification$ of$ apoptotic$ cells,$ the$ number$ of$ apoptotic$ nuclei$ found$
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within$ the$ length$ of$ the$ entire$ epidermal$ (basal$ layer)$ tissue$ section$ was$

manually$counted.$Two$observers,$who$were$blinded$to$the$conditions,$carried$

out$the$quantification$independently.$$

$

ELISA#assay#of#conditioned#medium##

Concentration$ of$ TEMRsecreted$ angiogenic$ factors$ in$ the$ conditioned$medium$

was$measured$using$commercially$available$sandwich$ELISA$kits$according$to$the$

manufacturer's$ instructions$ (VEGF,$PlGF,$bFGF,$HGF,$TIMPR1,$and$TIMPR2;$R&D$

Systems,$Abingdom,$UK).$Results$are$expressed$as$ng$or$pg/cm2$tissue$with$each$

sample$consisting$of$4$ml$supernatant$derived$from$1$cm2$tissue.$$

Zymography#for#MMP59#and#MMP52#

Gelatinolytic$proteinases$ in$TEM$conditioned$medium$were$assayed$by$gelatinR

substrate$zymography.$Aliquots$of$15μl$of$conditioned$medium$were$diluted$1:1$

with$ sample$ buffer$ (0.1$ M$ TrisRHCl,$ 4$ %$ SDS,$ 20$ %$ glycerol,$ 0.005$ %$

bromophenol$ blue,$ and$ 10$ mM$ EDTA)$ and$ electrophoresed$ through$ a$ 10$ %$

polyacrylamide$gel$containing$2$%$gelatin$as$substrate.$Following$SDSRPAGE,$SDS$

was$removed$from$the$gels$by$2.5$%$(v/v)$TritonRXR100$washes$(2$×$20$min),$and$

the$gels$incubated$in$assay$buffer$(50$mM$TrisRHCl,$1$%$Triton$XR100,$and$5$mM$

CaCl2).$ After$ an$overnight$ incubation$at$ 37$ °C,$ the$ gel$was$ stained$with$ 0.1$%$

Coomassie$ Brilliant$ Blue$ and$ cleared$with$ 7$ %$ acetic$ acid$ and$ 5$ %$methanol.$

MMPR2$ and$MMPR9$ were$ visualized$ as$ unstained$ bands.$ Gelatinolytic$ activity$

was$detected$as$clear$bands$against$the$aquaRblue$stained$gelatin$background.$

As$a$marker$ for$electrophoretic$mobility$of$gelatinases$ in$zymograms,$ the$proR$

and$active$ forms$of$MMPR2$ and$MMPR9$ (Calbiochem,$ La$ Jolla,$CA)$were$used.$
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Gels$were$ scanned$by$Kodak$ Image$Station$440CF$ (Kodak,$ Rochester,$NY)$and$

the$relative$intensity$of$each$band$was$quantified$using$the$NIH$ImageJ$software$

(http://rsb.info.nih.gov/ij/).$$

$

Human#umbilical#vein#endothelial#cells#(HUVEC)#proliferation#assay#

Isolated$HUVEC$at$passage$4$were$seeded$at$a$density$of$3$x$10
4$$
cells/well$in$48R

well$ plates$ in$ endothelial$ growth$ medium$ (EGM)$ consisting$ of$ human$

endothelialRSFM$supplemented$with$20$%$FCS,$10$%$human$serum,$20$ng/ml$$

FGFR2,$and$100$ng/ml$EGF$for$24h.$The$next$day$the$cells$were$starved$with$HGR

DMEM$supplemented$with$0.5$%$FCS$for$24$h.$Cells$were$washed$with$PBS$and$

treated$with$conditioned$medium$from$TEM$exposed$to$hypoxia/normoxia$(1:1$

diluted$with$HGRDMEM$supplemented$with$0.5$%$FCS).$Control$HUVEC$cultures$

received$EGM$and$HGRDMEM$supplemented$with$0.5$%$FCS.$$$

Cells$ were$ harvested$ after$ 48h$ with$ 0.05$ %$ trypsin/EDTA,$ resuspended$ in$

medium$and$stained$with$0.4$%$trypan$blue.$Cell$counts$were$done$in$triplicate$

in$ a$ Neubauer$ chamber.$ Each$ assay$ was$ performed$ in$ duplicate.$ Data$ from$

three$independent$experiments$was$pooled$for$statistical$analysis.$$

$

HUVEC#migration#assay#

Migration$assays$were$performed$in$transwell$plates$(Costar,$Cambridge,$MA)$of$

6.5$ mm$ filters$ with$ a$ pore$ size$ of$ 8µm.$ The$ filters$ were$ coated$ with$ growth$

factorRreduced$Matrigel$(Becton$Dickinson$Labware,$Bedford,$MA)$for$30$min$at$

37$°C.$HUVEC$at$passage$4$were$seeded$at$a$density$of$5$x$10
4
$cells$in$the$upper$

compartment$ in$ 100$μl$of$EGM.$ The$same$medium$(600$μl)$was$added$ to$ the$

lower$compartment.$Cells$were$allowed$to$adhere$for$2$h,$and$then$the$medium$

in$ the$ upper$ and$ lower$ compartment$ was$ replaced$ with$ HGRDMEM$
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supplemented$ with$ 0.5$ %$ FCS.$ The$ inserts$ were$ transferred$ to$ new$ 24Rwell$

plates$ containing$ 600$ μl$ of$ conditioned$ medium$ from$ TEM$ who$ has$ been$

exposed$ to$ hypoxia/normoxia;$ EGM$and$ HGRDMEM$ supplemented$with$ 0.5$%$

FCS$in$the$lower$compartment.$The$cells$were$allowed$to$migrate$for$6$h$at$37$

°C.$ The$ nonRmigrated$ cells$ were$ removed$ from$ the$upper$ surface$by$ scraping$

with$a$cotton$swab.$Migrated$cells$were$fixed$in$absolute$methanol$for$2$min$at$

room$ temperature$ and$ stained$ with$ Giemsa$ (1:20)$ (SigmaRAldrich)$ for$ 15$

minutes.$Quantification$of$migrating$cells$on$the$lower$surface$of$each$filter$was$

done$by$counting$five$random$microscopic$fields$under$a$light$microscope$(final$

magnification$200$x).$ Each$assay$was$performed$ in$duplicate.$Data$ from$ three$

independent$ experiments$ was$ pooled$ for$ statistical$ analysis.$ HUVEC$

proliferation$and$migration$assays$are$schematically$depicted$in$Fig.$1.$$

Apoptosis assay

To determine the number of apoptotic cells, The DeadEnd
Colorimetric TUNEL assay kit (Promega) was used.
Cryosections were fixed and stained according to the
manufacturer’s instructions. Sections were counterstained
with hematoxylin for background observation and cover-
slipped with Vectamount mounting media and examined
with a light microscope. Control sections were incubated
with PBS.

Quantification of hypoxic cells, cellular proliferation,
and apoptosis

Immunostaining for HIF-1a, Ki67, and apoptotic assay
were performed on tissues from three individual experi-
ments from each hypoxic and normoxic time point. Hypoxic
cells were quantified by counting the number of HIF-1a-
positive cells within 12 random microscopic fields (magnifi-
cation 200 · ). The amount of HIF-1a-positive cells was
expressed as a percentage of the total number of cells. For
quantification of proliferative cells, the number of Ki67-
positive basal cells within 12 random microscope fields (final
magnification 200 · ) was manually counted. The number of
Ki67-positive nuclei from the total number of basal cells
( · 100%) was used to determine the proliferation index. For
quantification of apoptotic cells, the number of apoptotic
nuclei found within the length of the entire epidermal (basal
layer) tissue section was manually counted.

Two observers, who were blinded to the conditions, car-
ried out the quantification independently.

ELISA assay of conditioned medium

Concentration of TEM-secreted angiogenic factors in the
conditioned medium was measured using commercially
available sandwich ELISA kits according to the manufac-
turer’s instructions (VEGF, PlGF, basic FGF [bFGF], hema-
topoietic growth factor [HGF], tissue inhibitors of matrix
metalloproteinase [TIMP]-1, and TIMP-2; R&D Systems).
Results are expressed as ng or pg/cm2 tissue with each
sample consisting of 4 mL supernatant derived from 1 cm2

tissue.

Zymography for matrix metalloproteinase-9
and matrix metalloproteinase-2

Gelatinolytic proteinases in TEM-conditioned medium
were assayed by gelatin-substrate zymography. Aliquots of
15mL of conditioned medium were diluted 1:1 with sample
buffer (0.1 M Tris-HCl, 4% SDS, 20% glycerol, 0.005% bro-
mophenol blue, and 10 mM EDTA) and electrophoresed
through a 10% polyacrylamide gel containing 2% gelatin as
substrate. Following SDS-PAGE, SDS was removed from the
gels by 2.5% (v/v) Triton-X-100 washes (2 · 20 min), and the
gels incubated in assay buffer (50 mM Tris-HCl, 1% Triton X-
100, and 5 mM CaCl2). After an overnight incubation at 37!C,
the gel was stained with 0.1% Coomassie Brilliant Blue and
cleared with 7% acetic acid and 5% methanol. Matrix metallo-
proteinase (MMP)-2 and MMP-9 were observed as unstained
bands. Gelatinolytic activity was detected as clear bands
against the aqua-blue stained gelatin background. As a mar-
ker for electrophoretic mobility of gelatinases in zymograms,
the pro- and active forms of MMP-2 and MMP-9 (Calbiochem)
were used. Gels were scanned by Kodak Image Station 440CF
(Kodak) and the relative intensity of each band was quantified
using NIH ImageJ software (http://rsb.info.nih.gov/ij/).

Human umbilical vein endothelial cells
proliferation assay

Isolated human umbilical vein endothelial cells (HUVEC)
at passage 4 were seeded at a density of 3 · 104 cells/well in
48-well plates in endothelial growth medium (EGM) con-
sisting of human endothelial-SFM supplemented with 20%
FCS, 10% human serum, 20 ng/mL FGF-2, and 100 ng/mL
EGF for 24 h. The next day the cells were starved with high-
glucose (HG)-DMEM supplemented with 0.5% FCS for 24 h.
Cells were washed with PBS and treated with conditioned
medium from TEM exposed to hypoxia/normoxia (1:1 di-
luted with HG-DMEM supplemented with 0.5% FCS). Con-
trol HUVEC cultures received EGM and HG-DMEM
supplemented with 0.5% FCS.

Cells were harvested after 48 h with 0.05% trypsin/EDTA,
resuspended in medium, and stained with 0.4% trypan blue.
Cell counts were done in triplicate in a Neubauer chamber.

FIG. 1. Schematic represen-
tation of HUVEC prolifera-
tion and migration assays in
the presence of conditioned
medium (CM) obtained from
TEM exposed to normoxia or
hypoxia. HUVEC, human
umbilical vein endothelial
cell; TEM, tissue-engineered
oral mucosa.
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Figure 1. Schematic representation of HUVEC proliferation and migration assay 
in the presence of conditioned medium (CM) obtained from TEM exposed to 
normoxia or hypoxia. HUVEC, human umbilical vein endothelial cell; TEM, 
tissue-engineered oral mucosa. 
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Effect#of#VEGF#on#HUVEC#proliferation#and#migration#

The$ role$ of$ VEGF$ on$ the$ enhanced$ proliferation$ and$ migration$ of$ HUVEC$

observed$with$conditioned$medium$from$hypoxic$TEM$was$analyzed.$Therefore,$

proliferation$and$migration$assays$were$performed$using$conditioned$medium$

from$TEM$exposed$to$normoxia$supplemented$with$0.6$ng/ml,$an$amount$equal$

to$the$maximum$amount$of$VEGF$measured$in$conditioned$medium$from$TEM$

exposed$ to$ hypoxia$ for$ 24$ h,$ conditioned$ medium$ from$ TEM$ exposed$ to$

hypoxia$for$24$h$or$EGM$supplemented$with$20$pM$FGF$and$10$pM$VEGF.$

$

Statistical#analysis#

The$data$ are$ presented$as$ the$mean$±$ standard$error$ of$ the$mean.$ Statistical$

analyses$ were$ conducted$ using$ oneRway$ analysis$ of$ variance$ (ANOVA)$ using$

GraphPad$Prism$software$(San$Diego,$CA).$Statistical$difference$was$defined$as$

p# ≤$ 0.05.$ Comparisons$ between$ group$ means$ were$ made$ with$ the$ TukeyR

Kramer$test$for$multiple$comparisons.$$

#

RESULTS)$

Confirmation#of#cellular#hypoxia#

To$confirm$that$TEM$metabolically$responded$to$lowered$oxygen$conditions,$we$

assessed$whether$cells$ in$TEM$exposed$to$1.5$%$O2$activated$HIFR1α,$a$central$

regulator$ of$ the$ cellular$ response$ to$ hypoxia$ and$ ubiquitously$ expressed$ in$

mammalian$cells$and$degraded$when$exposed$to$normoxia.$As$illustrated$in$Fig.$

2ARD,$HIFR1αRpositive$cells$were$detected$ in$ the$hypoxic$ samples.$Exposure$ to$

hypoxia$ for$12$and$24$ resulted$ to$a$2R$and$2.6Rfold$ increase$ in$ the$number$of$
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HIFR1$ alphaRpositive$ cells,$ respectively,$ as$ compared$ to$ the$ normoxic$ samples$

(Fig.$2E).$$$$

No$obvious$changes$ in$the$morphology$of$ the$epidermis$were$observed$at$the$

light$microscope$level$(Fig.$3A,$B).$At$24$h$of$oxygen$deprivation,$a$displacement$

of$ nuclei$ was$ observed$ in$ a$ number$ of$ cells$ within$ all$ living$ cells$ of$ the$

epidermis.$ Nuclear$ material$ was$ shifted$ to$ the$ perimeter$ of$ the$ nucleus,$

resulting$in$vacuoles.$$

In$ all$ samples,$ Ki67Rpositive$ cells$ (proliferative$ cells)$ were$ found$ in$ the$ basal$

layer$(Fig.$3C,$D).$Compared$with$normoxic$controls,$no$changes$in$keratinocyte$

proliferation$were$observed$after$tissues$were$exposed$to$hypoxia$for$up$till$24$

hours$ (data$ not$ shown).$ $ As$ shown$ in$ figures$ 3$ E,$ F$ few$ apoptotic$ cells$were$

detected$in$TEM$exposed$to$hypoxia.$No$differences$in$the$number$of$apoptotic$

cells$were$found$in$TEM$exposed$to$hypoxia$compared$to$the$normoxic$controls$

(data$not$shown).$$

In$order$to$analyse$whether$prolonged$hypoxia$exposure$periods$may$affect$the$

viability$of$TEM,$in$another$experiments$hypoxia$exposure$was$extended$for$up$

to$48$h.$Longer$periods$of$hypoxia$resulted$in$a$3.5Rfold$increase$in$the$number$

of$HIFR1αRpositive$cells$when$comparing$ to$ the$normoxic$controls.$ In$addition,$

TEM$ showed$ cells$ with$ pyknotic$ nuclei$ as$ well$ as$ alterations$ in$ epidermal$

attachment$ to$ the$underlying$ connective$ tissue$ that$was$not$ found$at$ 24$ h$of$

hypoxia.$Exposure$of$TEM$to$hypoxia$for$48h$resulted$in$a$significant$decrease$in$

the$number$of$proliferating$cells$ compared$ to$24$h$ of$ hypoxia$exposure$ (TEM$

exposed$to$hypoxia$for$24h,$36.8$±$2.3;$TEM$exposed$to$hypoxia$for$48h,$12.5$±$

1.4;$mean$±$SEM,$p$<$0.001).$
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Figure 2. Confirmation of cellular hypoxia. TEM was exposed to (A) normoxia 
and hypoxia (B) for 6 h, (C) 12 h, and (D) 24 h, and cross sections were 
immunostained with anti-human HIF-1α antibody (brown). Scale bar = 50 µm. 
HIF-1α-expression was found in the epidermis of TEM exposed to hypoxia 
(arrows). (E) The number of HIF-1α-positive cells was significantly higher in TEM 
exposed to hypoxia (closed bars) for 12 and 24 h compared to TEM exposed to 
normoxia (open bars). Data are expressed as mean ± SEM in TEM from different 
donors. *p < 0.05. HIF, hypoxia-inducible factor.  

Each assay was performed in duplicate. Data from three
independent experiments were pooled for statistical analysis.

HUVEC migration assay

Migration assays were performed in transwell plates
(Costar) of 6.5 mm filters with a pore size of 8mm. The filters
were coated with growth factor-reduced Matrigel (Becton
Dickinson Labware) for 30 min at 37!C. HUVEC at passage 4
were seeded at a density of 5 · 104 cells in the upper com-
partment in 100mL of EGM. The same medium (600mL) was
added to the lower compartment. Cells were allowed to ad-
here for 2 h, and then the medium in the upper and lower
compartment was replaced with HG-DMEM supplemented
with 0.5% FCS. The inserts were transferred to new 24-well
plates containing 600mL of conditioned medium from TEM
who has been exposed to hypoxia/normoxia; EGM and HG-
DMEM supplemented with 0.5% FCS in the lower compart-
ment. The cells were allowed to migrate for 6 h at 37!C. The
nonmigrated cells were removed from the upper surface by
scraping with a cotton swab. Migrated cells were fixed in
absolute methanol for 2 min at room temperature and stained
with Giemsa (1:20) (Sigma-Aldrich) for 15 min. Migrating cells
on the lower surface of each filter were quantified by counting

five random microscopic fields under a light microscope (final
magnification 200). Each assay was performed in duplicate.
Data from three independent experiments were pooled for
statistical analysis. HUVEC proliferation and migration assays
are schematically depicted in Figure 1.

Effect of VEGF on HUVEC proliferation and migration

The role of VEFG on the enhanced proliferation and mi-
gration of HUVEC observed with conditioned medium from
hypoxic TEM was analyzed. Therefore, proliferation and
migration assays were performed using conditioned medium
from TEM exposed to normoxia supplemented with 0.6 ng/
mL, an amount equal to the maximum amount of VEGF
measured in conditioned medium from TEM exposed to
hypoxia for 24 h, conditioned medium from TEM exposed to
hypoxia for 24 h, or EGM supplemented with 20 pM FGF
and 10 pM VEGF

Statistical analysis

The data are presented as the mean – standard error of the
mean. Statistical analyses were conducted using one-way
analysis of variance using GraphPad Prism software. Statis-
tical difference was defined as p £ 0.05. Comparisons

FIG. 2. Confirmation of cellular hypoxia. TEM was exposed to (A) normoxia and hypoxia for (B) 6 h, (C) 12 h, and (D) 24 h,
and cross sections were immunostained with anti human HIF-1a antibody (brown). Scale bar = 50mm. HIF-1a expression was
found in the epidermis of TEM exposed to hypoxia (arrows). (E) The number of HIF-1a-positive cells was significantly higher
in TEM exposed to hypoxia (closed bars) for 12 and 24 h compared to TEM exposed to normoxia (open bars). Data are
expressed as mean expression – SEM in TEM from different donors. *p < 0.05. HIF, hypoxia-inducible factor. Color images
available online at www.liebertonline.com/tea
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between group means were made with the Tukey-Kramer
test for multiple comparisons.

Results

Confirmation of cellular hypoxia

To confirm that TEM metabolically responded to lowered
oxygen conditions, we assessed whether cells in TEM ex-
posed to 1.5% O2 activated HIF-1a, a central regulator of the
cellular response to hypoxia and ubiquitously expressed in
mammalian cells and degraded when exposed to normoxia.
As illustrated in Figure 2A–D, HIF-1a-positive cells were

detected in the hypoxic samples. Exposure to hypoxia for 12
and 24 resulted to a 2- and 2.6-fold increase in the number of
HIF-1a-positive cells, respectively, as compared to the nor-
moxic samples (Fig. 2E).

No obvious changes in the morphology of the epidermis
were observed at the light microscope level (Fig. 3A, B). At
24 h of oxygen deprivation, a displacement of nuclei was
observed in a number of cells within all living cells of the
epidermis. Nuclear material was shifted to the perimeter of
the nucleus, resulting in vacuoles.

In all samples, Ki67-positive cells (proliferative cells) were
found in the basal layer (Fig. 3C, D). Compared with

FIG. 3. Histological appearance of TEM
exposed to (A) normoxia and (B) hypoxia
for 24 h (hematoxylin and eosin staining).
Note a displacement of nuclei in some cells
in TEM exposed to hypoxia (arrows).
(C, D) Cell proliferation was observed
using an antibody against Ki67 (brown).
TUNEL staining (E, F) showed that posi-
tive cells were most prevalent in the basal
cells of the epidermis of TEM exposed to
hypoxia (arrows) (F). Scale bar = 50 mm.
Color images available online at www
.liebertonline.com/tea
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Figure 3. Histological appearance of TEM exposed to (A) normoxia and (B) 
hypoxia for 24 h (hematoxylin and eosin staining). Note a displacement of nuclei 
in some cells in TEM exposed to hypoxia (arrows). (C, D) Cell proliferation was 
observed using a antibody against Ki67 (brown). TUNEL staining (E, F) showed 
that positive cells were most prevalent in the basal cells of the epidermis of TEM 
exposed to hypoxia (arrows) (F). Scale bar = 50 µm. 
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$Assessment#of#angiogenic#factors#in#TEM#exposed#to#hypoxia##

To$study$the$effect$of$hypoxia$on$the$angiogenic$capacity$of$TEM,$the$secretion$

of$ a$ number$ of$ angiogenic$ factors$was$measured$ in$ the$ conditioned$media$ of$

TEM.$Hypoxia$exposure$of$TEM$for$12$and$24$h$resulted$in$a$35%$increase$in$the$

amount$ of$ secreted$ VEGF$ compared$ to$ the$ normoxic$ controls.$ $ Hypoxia$ also$

increased$ the$ secretion$ of$ PlGF$ (2.1Rfold),$ TIMPR1$ (1.6Rfold)$ and$ TIMPR2$ (2.0R

fold)$in$TEM$after$24$h$of$incubation$(Fig.$4).$If$present,$the$amount$of$HGF$and$

bFGF$ in$ the$conditioned$medium$were$below$the$detection$ limits$of$ the$ELISA$

used.$ None$of$ the$ angiogenic$ factors$were$ detected$ in$ unconditioned$ culture$

media$(data$not$shown).$

Since$ longer$ hypoxia$ periods$ may$ influence$ VEGF$ production$ by$ TEM,$ the$

secretion$of$ this$growth$ factor$was$ analyzed$ in$ conditioned$medium$obtained$

after$ 48$ h$ of$ hypoxia.$ Exposing$ TEM$ to$ hypoxia$ for$ up$ to$ 48$ h$ resulted$ in$ a$

slightly$ increase$ in$ the$ levels$ of$ secreted$ VEGF$ compared$ to$ the$ amounts$ of$

VEGF$secreted$at$24$h$hypoxia$exposure$however,$these$differences$proved$not$

to$be$statistically$significant$(secreted$VEGF$after$48$h$of$hypoxia,$262.6$±$38.6$

pg/cm
2
$tissue;$secreted$VEGF$after$24$h$of$hypoxia,$168.1$±$2.0$pg/cm

2
$tissue).$

In$ addition,$ HGF$ and$ bFGF$ were$ not$ detected$ after$ exposing$ TEM$ to$ 48$ h$ of$

hypoxia$(data$not$shown).$

Given$the$elevated$levels$of$TIMPs$ in$the$medium$of$TEM$exposed$to$hypoxia,$

we$also$ analyzed$ the$ activity$ of$MMPs$ in$ our$ cultures$by$ gelatin$ zymography.$

Fig.$5$A$shows$a$representative$zymography$of$conditioned$medium$from$TEM$

exposed$to$normoxia/hypoxia$that$are$quantified$in$Fig.$5$BRE.$$

Zymography$gels$show$that$TEM$produces$gelatinase$activity$in$bands$at$92,$82,$

72$and$68$kDa$(Fig.$5).$The$bands$at$92$and$82$kDa$correspond$to$the$proR$and$

the$active$forms$of$MMPR9,$respectively,$and$the$bands$at$72$and$66$kDa$to$the$
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proRand$the$active$forms$of$MMPR2$(Fig.$5A).$The$stimulating$effect$of$hypoxia$

on$ the$ level$ of$ MMPR9$ activity$ was$ particularly$ evident$ in$ media$ from$ TEM$

exposed$ to$ hypoxia$ for$ 12$ and$24h$ (Fig.$ 5A,$ B).$Higher$ levels$ of$MMPR2$were$

also$ found$ in$ TEM$ exposed$ to$ hypoxia$ for$ 24$ h$ compared$ to$ the$ normoxic$

controls$(Fig.$5$D,$E).$$

normoxic controls, no changes in keratinocyte proliferation
were observed after tissues were exposed to hypoxia for up
till 24 h (data not shown). As shown in Figure 3E and F few
apoptotic cells were detected in TEM exposed to hypoxia. No
differences in the number of apoptotic cells were found in
TEM exposed to hypoxia compared to the normoxic controls
(data not shown).

To analyze whether prolonged hypoxia exposure periods
may affect the viability of TEM, in another experiment
hypoxia exposure was extended for up to 48 h. Longer pe-
riods of hypoxia resulted in a 3.5-fold increase in the number
of HIF-1a-positive cells compared with the normoxic con-
trols (Supplementary Fig. S1A; Supplementary Data are
available online at www.liebertonline.com/tea). In addition,
TEM showed cells with pycnotic nuclei as well as alterations
in epidermal attachment to the underlying connective tissue
that was not found at 24 h of hypoxia. (Supplementary
Fig. S1B). Exposure of TEM to hypoxia for 48 h resulted in
a significant decrease in the number of proliferating cells
compared to 24 h of hypoxia exposure (TEM exposed to
hypoxia for 24 h, 36.8 – 2.3; TEM exposed to hypoxia for 48 h,
12.5 – 1.4; mean – SEM, p < 0.001). (Supplementary Fig. S1C).

Assessment of angiogenic factors
in TEM exposed to hypoxia

To study the effect of hypoxia on the angiogenic capacity
of TEM, the secretion of a number of angiogenic factors was
measured in the conditioned media of TEM. Hypoxia expo-
sure of TEM for 12 and 24 h resulted in a 35% increase in the
amount of secreted VEGF compared to the normoxic con-
trols. Hypoxia also increased the secretion of PlGF (2.1-fold),
TIMP-1 (1.6-fold), and TIMP-2 (2.0-fold) in TEM after 24 h of
incubation (Fig. 4). If present, the amount of HGF and bFGF
in the conditioned medium were below the detection limits
of the ELISA used. None of the angiogenic factors were de-
tected in unconditioned culture media (data not shown).

Since longer hypoxia periods may influence VEGF pro-
duction by TEM, the secretion of this growth factor was
analyzed in conditioned medium obtained after 48 h of
hypoxia. Exposing TEM to hypoxia for up to 48 h resulted in
a slightly increase in the levels of secreted VEGF compared to
the amounts of VEGF secreted at 24-h hypoxia exposure;
however, these differences proved not to be statistically
significant (secreted VEGF after 48 h of hypoxia,
262.6 – 38.6 pg/cm2 tissue; secreted VEGF after 24 h of hyp-
oxia, 168.1 – 2.0 pg/cm2 tissue) (Supplementary Fig. S1D). In
addition, HGF and bFGF were not detected after exposing
TEM to 48 h of hypoxia (data not shown).

Given the elevated levels of TIMPs in the medium of TEM
exposed to hypoxia, we also analyzed the activity of MMPs
in our cultures by gelatin zymography. Figure 5A shows a
representative zymography of conditioned medium from
TEM exposed to normoxia/hypoxia, which are quantified in
Figure 5B–E.

Zymography gels show that TEM produces gelatinase
activity in bands at 92, 82, 72, and 68 kDa (Fig. 5). The bands
at 92 and 82 kDa correspond to the pro- and the active forms
of MMP-9, respectively, and the bands at 72 and 66 kDa to
the pro-and the active forms of MMP-2 (Fig. 5A). The stim-
ulating effect of hypoxia on the level of MMP-9 activity was
particularly evident in media from TEM exposed to hypoxia
for 12 and 24 h (Fig. 5A, B). Higher levels of MMP-2 were
also found in TEM exposed to hypoxia for 24 h compared to
the normoxic controls. (Fig. 5D, E).

Effects of hypoxic TEM-conditioned medium
on endothelial cell numbers and migration

To verify the biological activity of the factors secreted in
the conditioned medium, the effects of conditioned medium
derived from hypoxic TEM on human endothelial cells
growth were analyzed. Conditioned medium from hypoxic
TEM, collected at 6 and 12 h, equally stimulated endothelial

FIG. 4. Release of angio-
genic factors by TEM. The se-
cretion of (A) vascular
endothelial growth factor
(VEGF), (B) placental growth
factor (PlGF), tissue inhibitors
of matrix metalloproteinase-1
(C) (TIMP-1), and -2 (D)
(TIMP-2) by TEM exposed to
normoxia (open bars) and
hypoxia (closed bars) for 6, 12,
and 24 h. Conditioned me-
dium of TEM derived from
three different donors were
assayed in duplicate. Data
are expressed as mean
expression – SEM. *p < 0.05,
**p < 0.01, ***p < 0.001.
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Figure 4. Release of angiogenic factors by TEM. The secretion of (A) vascular 
endothelial growth factor (VEGF), (B) placental growth factor (PlGF), tissue 
inhibitors of matrix metalloproteinase-1 (C) (TIMP-1), and -2 (D) (TIMP-2) by 
TEM exposed to normoxia (open bars) and hypoxia (closed bars) for 6, 12, and 
24 h. Conditioned medium of TEM derived from three different donors were 
assayed in duplicate. Data are expressed as mean expression ± SEM. *p < 0.05, 
**p < 0.01, ***p < 0.001. 
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Figure 5. Increased MMP-2 and MMP-9 activity under hypoxic conditions TEM 
was exposed to normoxia (N) or hypoxia (H) for 6, 12, and 24 h. The medium 
was collected and MMP-9 and MMP-2 activities were measured by gelatin 
zymography. (A) Gelatin zymograms showing increased MMP-2 (72 and 68 kDa; 
inactive proenzyme form and active form, respectively) and an increased level of 
MMP-9 (92 and 82 kDa inactive proenzyme form and active form, respectively). 
(B-C) Quantification of MMP-9 activity. (D-E) Quantification of MMP-2 activity. 
The fold-change in MMP-9 and MMP-2 activities under hypoxia (closed bars), as 
assessed by densitometry compared to normoxia (open bars). Conditioned 
medium of TEM derived from three different donors were assayed in triplicate. 
MMP, matrix metalloproteinase. 

cell growth. This in contrast to conditioned medium derived
from 24 h hypoxic TEM that resulted in higher numbers of
endothelial cells compared to medium conditioned from
TEM exposed to normoxia (Fig. 6A). Besides proliferation,
also migration of endothelial cells is an important aspect in
angiogenesis. Therefore, we analyzed whether conditioned
medium from hypoxic TEM was capable of attracting en-
dothelial cells in vitro. Conditioned medium from TEM ex-
posed to hypoxia for 6 and 12 h had no significant effect on
the attraction of endothelial cells. However, conditioned
medium from 24 h hypoxic TEM increased the migration of
endothelial cells twofold compared to conditioned medium
exposed to normoxia (Fig. 6B). Conditioned medium col-
lected from TEM exposed to normoxia at the different time
points did not affect endothelial cell migration.

Since VEGF is thought to be the primary cytokine re-
sponsible for initiating angiogenesis, we examined whether
the secreted VEGF levels of TEM exposed to hypoxia influ-
enced HUVEC proliferation and migration by performing
these assays with normoxic TEM-conditioned medium
supplemented with VEGF and hypoxic TEM-/normoxic
TEM-conditioned medium. When cultured with normoxic
TEM-conditioned medium supplemented with VEGF, no
additional effects on HUVEC proliferation or migration over
the controls were observed (Fig. 6C, D). Figure 6C and D also
shows that culturing with EGM supplemented with VEGF
and FGF significantly increased the number of proliferating
and migration HUVEC.

Discussion

In the present study, we demonstrated that hypoxia pre-
conditioning of TEM enhances the secretion of angiogenic
factors, increasing the proliferation and migration of endo-
thelial cells in vitro. The normal morphology preserved by
the construct and the absence of basal cell degeneration in-
dicate that no profound structural changes occurred by ex-
posing TEM to short periods of low oxygen concentrations.

This capacity to adapt to external hypoxic stress would be
specifically important at sites of implantation, where the
ingrowth of vessels into the engineered construct requires
days to weeks; hence, an inadequate supply of oxygen to
cells after transplantation must be assumed.22

The secretion of the angiogenic factor VEGF by oral mu-
cosal substitutes has been reported before.23,24 To our
knowledge, however, this is the first study in which the se-
cretion of angiogenic factors by tissue-engineered oral mu-
cosa, other than VEGF, is analyzed. Several studies have
shown that hypoxia strongly stimulates the secretion of an-
giogenic factors in a variety of cells such as adipose-derived
stromal cells, smooth muscle cells, HUVECs, and endothelial
progenitor cells.14,17,25 We therefore analyzed the secretion of
several factors known to influence angiogenesis. We found
significantly higher levels of VEGF, PlGF, TIMP-1, and
TIMP-2 in the conditioned medium of TEM exposed to
hypoxia compared to conditioned medium of TEM cultured
under normoxia.

FIG. 5. Increased MMP-2
and MMP-9 activity under
hypoxic conditions TEM was
exposed to normoxia (N) or
hypoxia (H) for 6, 12, and
24 h. The medium was col-
lected and MMP-9 and MMP-
2 activities were measured by
gelatin zymography. (A) Ge-
latin zymograms showing in-
creased MMP-2 (72 and
66 kDa; inactive proenzyme
form and active form, respec-
tively) and an increased level
of MMP-9 (92 and 82 kDa in-
active proenzyme form and
active form, respectively)
(B–C) Quantification of
MMP-9 activity. (D–E)
Quantification of MMP-2
activity. The fold-change in
MMP-9 and MMP-2 activities
under hypoxia (closed bars),
as assessed by densitometry
compared to normoxia (open
bars). Conditioned medium
of TEM derived from three
different donors were assayed
in triplicate. MMP, matrix
metalloproteinase.
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Effects# of# hypoxic# TEM5conditioned# medium# on# endothelial# cell# numbers# and#

migration#

To$ verify$ the$ biological$ activity$ of$ the$ factors$ secreted$ in$ the$ conditioned$

medium,$ the$ effects$ of$ conditioned$ medium$ derived$ from$ hypoxic$ TEM$ on$

human$ endothelial$ cells$ growth$ were$ analyzed.$ Conditioned$ medium$ from$

hypoxic$ TEM,$ collected$ at$ 6$ and$ 12$ h,$ equally$ stimulated$ endothelial$ cell$

growth.$This$in$contrast$to$conditioned$medium$derived$from$24h$hypoxic$TEM$

that$ resulted$ in$ higher$ numbers$ of$ endothelial$ cells$ compared$ to$ medium$

conditioned$ from$ TEM$ exposed$ to$ normoxia$ (Fig.$ 6$ A).$ Besides$ proliferation,$

also$ migration$ of$ endothelial$ cells$ is$ an$ important$ aspect$ in$ angiogenesis.$

Therefore,$ we$ analyzed$whether$ conditioned$medium$ from$ hypoxic$ TEM$was$

capable$of$attracting$endothelial$ cells$ in#vitro.$Conditioned$medium$from$TEM$

exposed$to$hypoxia$for$6$and$12$h$had$no$significant$effect$on$the$attraction$of$

endothelial$ cells.$ However,$ conditioned$ medium$ from$ 24h$ hypoxic$ TEM$

increased$ the$ migration$ of$ endothelial$ cells$ 2Rfold$ compared$ to$ conditioned$

medium$ exposed$ to$ normoxia$ (Fig.$ 6$ B).$ Conditioned$medium$ collected$ from$

TEM$exposed$to$normoxia$at$the$different$time$points$did$not$affect$endothelial$

cell$migration.$

Since$ VEGF$ is$ thought$ to$ be$ the$ primary$ cytokine$ responsible$ for$ initiating$

angiogenesis,$we$examined$whether$the$secreted$VEGF$ levels$of$TEM$exposed$

to$hypoxia$ influenced$HUVEC$proliferation$ and$migration$by$ performing$ these$

assays$with$ normoxic$ TEMRconditioned$medium$supplemented$with$VEGF$and$

hypoxic$ TEMR/normoxic$ TEMRconditioned$ medium.$ When$ cultured$ with$

normoxic$ TEMRconditioned$ medium$ supplemented$ with$ VEGF,$ no$ additional$

effects$ on$ HUVEC$ proliferation$ or$migration$ over$ the$ controls$ were$ observed$
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(Fig.$6$C,D).$$$Fig.$6$C,$D$also$shows$that$culturing$with$EGM$supplemented$with$

VEGF$and$FGF$significantly$increased$the$number$of$proliferating$and$migration$

HUVEC.$$

1

 Figure 6. (A) Endothelial cell proliferation after 48 h of incubation with 
conditioned medium from TEM exposed to normoxia (open bars) and hypoxia 
(closed bars) collected after 6 (6h-CM), 12 (12h-CM), and 24 h (24h-CM) of 
incubation. The number of endothelial cells was significantly higher after 
incubation with conditioned medium obtained from TEM exposed to normoxia for 
24 h compared to the corresponding normoxic conditioned medium. (B) 
Migration of endothelial cells toward conditioned medium obtained from 
normoxia (open bars) and hypoxia (closed bars) collected after 6 (6h-CM), 12 
(12h-CM), and 24 h (24h-CM). The number of migrating cells was significantly 
higher toward conditioned medium from TEM exposed to hypoxia for 24 h. (C) 
Endothelial cell proliferation after 48 h of incubation with EGM supplemented 
with FGF and VEGF, conditioned medium from TEM exposed to hypoxia for 24 

Both VEGF and PlGF are known to stimulate endothelial
cell proliferation and induce angiogenesis,26,27 whereas
TIMP-1 and TIMP-2 are known to regulate the activities of
MMPs,28,29 and to modulate growth, differentiation, and
migration of cells.30 The fact that high levels of TIMP-1 and
TIMP-2 were found in the conditioned medium of TEM ex-
posed to hypoxia prompted us to investigate whether active
MMPs were present in this media. Zymography analysis
indicated increased MMP-2 and MMP-9 levels in conditioned
media of TEM exposed to hypoxia compared to the normoxic
controls. TIMPs and MMPs play an important role in an-
giogenesis since they activate and modify angiogenic growth
factors and cytokines, remove matrix proteins needed for
endothelial cell migration, and create space in the matrix to
allow generation of endothelial cell tubules.31–33

The above-described results suggested that hypoxia- pre-
conditioned TEM may have a higher angiogenic capacity
than normoxic TEM. To investigate this further, we obtained
conditioned medium from TEM exposed to hypoxia for 6, 12,
and 24 h and found that 24 h hypoxic medium significantly
increased the number of endothelial cells in vitro, compared
to normoxic medium. Since not only proliferation of endo-
thelial cells but also its migration is important for angio-
genesis, we assessed HUVEC migration toward the medium

conditioned by hypoxic and normoxic TEM. Our results in-
dicate that conditioned medium obtained from TEM exposed
to hypoxia for 24 h stimulated endothelial cells migration
in vitro.

Experiments using the same concentrations of VEGF as
the concentrations present in the hypoxic conditioned me-
dium to induce HUVEC proliferation and migration showed
lower numbers of proliferating and migrating HUVEC than
the ones found by using hypoxic conditioned medium. This
finding indicates that the increased secretion of VEGF upon
hypoxia exposure did not only account for the increased
HUVEC proliferation and migration and suggests that other
factors, including PlGF, TIMP-1, and TIMP-2, may play an
important role. These results are in line with previous work
that showed that soluble factors derived from hypoxic fi-
broblasts, other than VEGF and bFGF, are necessary to in-
duce angiogenesis in vitro.34 Also, in agreement with Griffith
and George,34 bFGF seemed not to play a role in the en-
hanced HUVEC proliferation and migration observed in the
presence of conditioned medium from hypoxic TEM since its
production was not upregulated upon hypoxia.

We confirmed that TEM was exposed to hypoxia by the
detection of HIF-1a protein, an ubiquitous expressed medi-
ator of the cellular response to hypoxia in mammalian cells,

FIG. 6. (A) Endothelial cell
proliferation after 48 h of in-
cubation with conditioned
medium from TEM exposed to
normoxia (open bars) and
hypoxia (closed bars) collected
after 6 (6h-CM), 12 (12h-CM),
and 24 h (24h-CM) of incuba-
tion. The number of endothe-
lial cells was significantly
higher after incubating with
conditioned medium obtained
from TEM exposed to hypoxia
for 24 h compared to the cor-
responding normoxic condi-
tioned medium. (B) Migration
of endothelial cells toward
conditioned medium obtained
from normoxia (open bars)
and hypoxia (closed bars) col-
lected after for 6 (6h-CM), 12
(12h-CM), and 24 h (24h-CM).
The number of migrating cells
was significantly higher to-
ward conditioned medium from TEM exposed to hypoxia for 24h. (C) Endothelial cell proliferation after 48 h of incubation with
EGM supplemented with FGF and VEGF, conditioned medium from TEM exposed to hypoxia for 24 h, conditioned medium
from TEM exposed to normoxia supplemented with 0.6 ng/mL VEGF, and conditioned medium from TEM exposed to
normoxia. Addition of VEGF to conditioned medium from TEM exposed to normoxia resulted in lower numbers of endothelial
compared to conditioned medium from hypoxic TEM. The number of endothelial cells was higher in the presence of EGM
supplemented with FGF and VEGF compared to conditioned medium from hypoxic TEM. (D) Migration of endothelial cells
toward EGM supplemented with FGF and VEGF, conditioned medium from TEM exposed to hypoxia for 24 h, conditioned
medium from TEM exposed to normoxia supplemented with 0.6 ng/mL VEGF, and conditioned medium from TEM exposed to
normoxia. Migration of endothelial cells toward conditioned medium from normoxic TEM supplemented with 0.6 ng/mL was
lower compared to conditioned medium from hypoxic TEM. The number of migrating cells was higher in the presence of EGM
supplemented with FGF and VEGF compared to conditioned medium from hypoxic TEM. Conditioned medium of TEM
derived from three different donors were assayed in duplicate. Data are expressed as mean expression – SEM *p < 0.05,
**p < 0.01, ns: not significant. FGF, fibroblast growth factor; EGM, endothelial growth medium.

1590 PEREZ-AMODIO ET AL.



TEM$AND$EFFECTS$OF$HYPOXIA$

$ 75$

16

DISCUSSION)

In$ the$ present$ study,$ we$ demonstrated$ that$ hypoxia$ preconditioning$ of$ TEM$

enhances$ the$ secretion$ of$ angiogenic$ factors$ increasing$ the$ proliferation$ and$

migration$of$endothelial$cells$in#vitro.#$The$normal$morphology$preserved$by$the$

construct$and$the$absence$of$basal$cell$degeneration$indicate$that$no$profound$

structural$ changes$ occurred$ by$ exposing$ TEM$ to$ short$ periods$ of$ low$ oxygen$

concentrations.$$

This$capacity$to$adapt$to$external$hypoxic$stress$would$be$specifically$important$

at$ sites$ of$ implantation,$ where$ the$ ingrowth$ of$ vessels$ into$ the$ engineered$

construct$requires$days$to$weeks,$and$hence,$an$inadequate$supply$of$oxygen$to$

cells$after$transplantation$must$be$assumed$[22].$

The$ secretion$ of$ the$ angiogenic$ factor$ VEGF$ by$ oral$ mucosal$ substitutes$ has$

been$reported$before$[23R24].$To$our$knowledge$however,$this$is$the$first$study$

2

h, conditioned medium from TEM exposed to normoxia supplemented with 0.6 
ng/mL VEGF, and conditioned medium from TEM exposed to normoxia. Addition 
of VEGF to conditioned medium from TEM exposed to normoxia resulted in 
lower numbers of endothelial cells compared to conditioned medium from 
hypoxic TEM. The number of endothelial cells was higher in the presence of 
EGM supplemented with FGF and VEGF compared to conditioned medium from 
hypoxic TEM. (D) Migration of endothelial cells toward EGM supplemented with 
FGF and VEGF, conditioned medium from TEM exposed to hypoxia for 24h, 
conditioned medium from TEM exposed to normoxia supplemented with 0.6 
n/mL VEGF, and conditioned medium from TEM exposed to normoxia. Migration 
of endothelial cells toward conditioned medium from normoxic TEM 
supplemented with 0.6 ng/mL was lower compared to conditioned medium from 
hypoxic TEM. The number of migrating cells was higher in the presence of EGM 
supplemented with FGF and VEGF compared to conditioned medium from 
hypoxic TEM, Conditioned medium of TEM derived from three different donors 
were assayed in duplicate. Data are expressed as mean expression ± SEM. *p < 
0.05, **p < 0/001, ns: not significant. FGF, fibroblast growth factor; EGM, 
endothelial growth medium.  
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in$which$the$secretion$of$angiogenic$factors$by$tissue$engineered$oral$mucosa,$

other$than$VEGF,$is$analyzed.$$Several$studies$have$shown$that$hypoxia$strongly$

stimulates$ the$ secretion$ of$ angiogenic$ factors$ in$ a$ variety$ of$ cells$ such$ as$

adipose$ derived$ stromal$ cells,$ smooth$ muscle$ cells,$ human$ umbilical$ vein$

endothelial$ cells$ and$ endothelial$ progenitor$ cells$ [14,$ 17,$ 25].$ We$ therefore$

analyzed$ the$secretion$of$several$ factors$known$to$ influence$angiogenesis.$We$

found$ significantly$ higher$ levels$ of$ VEGF,$ PlGF,$ TIMPR1$ and$ TIMPR2$ in$ the$

conditioned$ medium$ of$ TEM$ exposed$ to$ hypoxia$ compared$ to$ conditioned$

medium$of$TEM$cultured$under$normoxia.$$

Both$VEGF$ and$PlGF$ are$ known$ to$ stimulate$ endothelial$ cell$ proliferation$ and$

induce$angiogenesis$[26R27]$whereas$TIMPR1$and$TIMPR2$are$known$to$regulate$

the$activities$of$matrix$metalloproteinases$(MMPs)$[28R29],$and$to$modulate$the$

growth,$ differentiation$ and$migration$of$cells$ [30].$The$ fact$ that$high$ levels$ of$

TIMPR1$and$TIMPR2$were$found$in$the$conditioned$medium$of$TEM$exposed$to$

hypoxia,$prompted$us$to$investigate$whether$active$MMPs$were$present$in$this$

media.$ Zymography$ analysis$ indicated$ increased$MMPR2$ and$MMPR9$ levels$ in$

conditioned$ media$ of$ TEM$ exposed$ to$ hypoxia$ compared$ to$ the$ normoxic$

controls.$ TIMPs$ and$MMPs$ play$ an$ important$ role$ in$ angiogenesis$ since$ they$

activate$ and$modify$ angiogenic$ growth$ factors$ and$ cytokines,$ remove$matrix$

proteins$needed$for$endothelial$cell$migration$and$create$space$in$the$matrix$to$

allow$generation$of$endothelial$cell$tubules$[31R33].$

The$aboveRdescribed$results$suggested$that$hypoxiaR$preconditioned$TEM$might$

have$ a$ higher$ angiogenic$ capacity$ than$ normoxic$ TEM.$ To$ investigate$ this$

further,$we$obtained$conditioned$medium$from$TEM$exposed$to$hypoxia$for$6,$

12,$ and$ 24$ hours$ and$ found$ that$ 24$ hourRhypoxic$ medium$ significantly$

increased$ the$ number$ of$ endothelial$ cells$ in# vitro,$ compared$ to$ normoxic$
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medium.$Since$not$only$proliferation$of$endothelial$cells$but$also$its$migration$is$

important$for$angiogenesis,$we$assessed$HUVEC$migration$toward$the$medium$

conditioned$ by$ hypoxic$ and$ normoxic$ TEM.$ Our$ results$ indicate$ that$

conditioned$medium$obtained$from$TEM$exposed$to$hypoxia$for$24$h$stimulated$

endothelial$cells$migration$in#vitro.$$

Experiments$ using$ the$ same$ concentrations$ of$ VEGF$ as$ the$ concentrations$

present$ in$the$hypoxic$conditioned$medium$to$induce$HUVEC$proliferation$and$

migration,$ showed$ lower$ numbers$ of$ proliferating$ and$ migrating$ HUVEC$ than$

the$ ones$ found$ by$ using$ hypoxic$ conditioned$medium.$ $ This$ finding$ indicates$

that$ the$ increased$ secretion$ of$ VEGF$ upon$ hypoxia$ exposure$ did$ not$ only$

account$for$the$increased$HUVEC$proliferation$and$migration$and$suggests$that$

other$ factors$ among$which,$ PlGF,$ TIMPR1$ and$ TIMPR2$ may$ play$ an$ important$

role.$ These$ results$ are$ in$ line$ with$ previous$ work$ that$ showed$ that$ soluble$

factors$ derived$ from$ hypoxic$ fibroblasts,$ other$ than$ VEGF$ and$ bFGF$ are$

necessary$to$induce$angiogenesis$in#vitro$$[34].$$Also,$in$agreement$with$Griffith$

and$ George$ [34],$ bFGF$ seemed$ not$ to$ play$ a$ role$ in$ the$ enhanced$ HUVEC$

proliferation$ and$migration$ observed$ in$ the$ presence$ of$ conditioned$medium$

from$hypoxic$TEM$since$its$production$was$not$upregulated$upon$hypoxia.$$

We$ confirmed$ that$ TEM$was$ exposed$ to$ hypoxia$ by$ the$ detection$ of$ HIFR1$ α$

protein,$an$ubiquitous$expressed$mediator$of$the$cellular$response$to$hypoxia$in$

mammalian$ cells,$ which$ plays$ a$ pivotal$ role$ in$ the$ anaerobic$ metabolism,$

angiogenesis,$ erythropoyesis,$ and$ vasodilatation$ [35].$ $ The$ HIFR1$ α$ protein$ is$

degraded$when$exposed$ to$oxygen$ through$ its$oxygenRdependent$degradation$

domain.$Under$hypoxic$conditions,$the$HIFR1$α$protein$ is$translocated$into$ the$

nucleus$ where$ it$ dimerises$ with$ HIFR1$ β$ to$ its$ active$ form$ [36R37R38].$ In$ our$

study,$ significantly$ higher$ numbers$ of$ abundant$ HIFR1αRpositive$ cells$ were$
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detected$when$TEM$was$exposed$to$hypoxia$for$12$and$24h.$Interestingly,$HIFR

1αRpositive$ cells$ were$ also$ observed$ in$ the$ normoxic$ samples.$ Oxygen$

concentrations$ have$ been$ seen$ to$ decline$ rapidly$ from$ the$ exterior$ to$ the$

interior$of$grafts$[39R40]$thus$it$is$likely$that$at$least$some$cells$in$the$normoxic$

engineered$mucosa$construct$are$hypoxic.$$$

Oxygen$tension$is$known$to$influence$proliferation$of$cells$[41].$$ Incubation$for$

up$ to$24$hours$under$hypoxic$conditions$did$not$ influence$cell$proliferation$ in$

TEM,$however,$longer$incubation$periods$resulted$in$a$decrease$in$proliferative$

capacity$ as$ well$ as$ in$ morphological$ alterations$ of$ the$ epidermis$ of$ the$

engineered$ mucosa$ construct.$ These$ observations$ are$ supported$ by$ previous$

studies$ culturing$ skin$ substitutes$ at$ low$ oxygen$ concentrations$ [42R43]$ and$

indicate$ that$ 24$ hours$ is$ the$ maximal$ period$ to$ expose$ TEM$ to$ hypoxia.$ The$

oxygen$ tension$ we$ have$ used$ in$ our$ work$ was$ based$ on$ studies$ reporting$

increases$in$VEGF$production$in$keratinocytes$and$fibroblasts$that$were$exposed$

to$ low$oxygen$concentrations$ [44R46].$It$could$be$that$the$oxygen$tension$that$

was$ chosen$ for$ this$ study$ is$ not$ the$ most$ optimal,$ however,$ based$ on$ our$

results$ we$ can$ conclude$ that$ exposure$ of$ engineered$ mucosal$ substitutes$ to$

1.5%$of$oxygen$ for$24$hours$upregulate$ the$secretion$of$angiogenic$mediators$

and$ stimulate$ endothelial$ proliferation$ and$migration$ in# vitro.$Whether$ other$

oxygen$ concentrations$ may$ improve$ the$ angiogenic$ capacity$ of$ engineered$

mucosa$constructs$need$to$be$clarified$in$future$studies.$$

Taken$ together,$ our$ results$ show$ that$ engineered$mucosa$ constructs$ produce$

soluble$mediators$that$are$upregulated$under$hypoxia$conditions$and$that$these$

mediators$are$ responsible$for$angiogenesis$ related$events$ in#vitro.$Since$VEGF,$

PGF,$TIMPR1,$TIMPR2,$MMPR2$and$MMPR9$were$upregulated$under$hypoxia,$it$is$

likely$ that$ these$ mediators$ play$ a$ role$ in$ the$ enhanced$ proliferation$ and$
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migration$of$endothelial$ cells$observed$ in$our$ study.$This$ is$ in$agreement$with$

studies$ directed$ at$ improving$ tissue$ regeneration$ in# vivo.$ $ In$ these$ studies,$

hypoxia$ preconditioning$ of$ human$mesenchymal$ stem$ cells$ (hMSC)$ promoted$

postRimplantation$blood$vessel$formation$[47R48].$Although$in$our$study$hypoxia$

exposure$ of$ TEM$ shows$ to$ be$ beneficial$ for$ endothelial$ cell$ proliferation$ and$

migration$in#vitro,$higher$effects$were$found$when$stimulating$with$endothelial$

medium$ supplemented$ with$ VEGF$ and$ bFGF.$ This$ observation$ has$ to$ be$

considered$when$preRtreating$engineered$mucosa$constructs$with$hypoxia$prior$

implantation$

Clinical$ applications$ of$ in# vitro$ engineered$oral$mucosa$ tissue$ are$ still$ limited.$

For$engineered$mucosa$ tissue$constructs$ to$become$a$viable$option$ for$ future$

clinical$ use,$ they$must$ be$ able$ to$ survive$ in# vivo.$ For$ this,$ the$presence$of$ an$

adequate$ blood$ supply$ is$ necessary.$ Several$ approaches$ to$ improve$

vascularization$ of$ tissueRengineered$ constructs$ have$ been$ used,$ including$

incorporation$ of$ dermal$ microvascular$ endothelial$ cells$ [49R52]$ or$ adipose$

derived$stromal$cells$[53],$and$overexpression$of$VEGF$ in$modified$engineered$

substitutes$ [54].$ Combining$ such$ techniques$ with$ hypoxia$ preconditioning$ to$

hypoxia$may$improve$the$survival$of$oral$mucosa$engineered$constructs$in$vivo.$$
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ABSTRACT(

The* survival* of* tissue4engineered* mucosa* (TEM)* after* implantation* is* mostly*

dependent* on* the* presence* of* blood* vessels* for* continuous* oxygen* supply.*

Therefore* the* stimulation* of* vascularization* of* TEM* is* essential* to* improve*

survival* in# vivo.* Hyperbaric* oxygen* treatment* (HBO),* used* to* improve*wound*

healing,* stimulates* the* secretion* of* angiogenic* factors.* In* this* study* we*

evaluated*the*effect*of*daily*HBO*treatments*on*TEM*for*1,*3*or*5*consecutive*

days.* Overall* histology* with* hematoxylin4eosin* staining* showed* no* apparent*

changes* after* 1* treatment.* After* 3* and* 5* HBO* treatments,* the* basal* layer*

became*irregular*and*pyknotic*cells*were*observed.*Measurements*of*the*viable*

epithelium* showed* significant* thinning* after* 1* and* 5* treatments,* however*

proliferation* was* not* affected.* The* angiogenic* factors* keratinocyte* growth*

factor* (KGF),* hepatocyte* growth* factor* (HGF),* basic* fibroblast* growth* factor*

(FGFbasic),*and*placental*growth*factor*(PlGF)*were*significantly*increased*after*

1*HBO*treatment,*whereas*after*3*treatments*a*significant*decrease*of*FGFbasic*

and* PlGF* was* seen.* After* 5* treatments* KGF,* PlGF* and* vascular* endothelial*

growth* factor* (VEGF)*were*significantly* increased.*One*HBO*treatment*of*TEM*

enhances* the* secretion* of* important* angiogenic* factors,* hereby* potentially*

improving*the*survival*rate*after*in#vivo#implantation.***
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INTRODUCTION)

The$ reconstruction$ of$ large$ oral$ defects$ as$ a$ result$ of$ trauma$ or$ oncological$

resection$is$limited$by$the$availability$of$mucosal$grafts,$initiating$the$search$for$

alternative$grafts.$We$and$others$have$developed$TEM$using$keratinocytes$and$

fibroblasts$ seeded$ onto$ a$ scaffold.$ Essential$ for$ all$ studies$ using$ tissueN

engineered$constructs$ is$that$the$construct$has$a$ similar$morphology$ to$native$

oral$mucosa$[1N3].$$

Oxygen$is$a$critical$component$in$the$wound$healing$process$as$it$is$involved$in$

reNepithelization,$ collagen$ synthesis,$ angiogenesis$ and$ oxidative$ killing$ of$

bacteria$ [4,$ 5].$ Cells$ need$ a$ constant$ supply$ of$ oxygen,$ as$ they$ cannot$ store$

oxygen$ for$ long$ periods$ of$ time.$ The$ lack$ of$ oxygen$ results$ in$ hypoxia,$ which$

causes$cell$death$and$impairs$wound$healing$[4,$6].$HBO$can$be$used$to$improve$

healing$of$different$ types$ of$wounds$ [5,$ 7].$HBO$treatment$ is$ twofold;$oxygen$

levels$increase$to$100%$and$atmospheric$pressure$is$increased,$to$i.e.$2.4ATA.$By$

increasing$ these$ two$ components$ the$ oxygen$ levels$ in$ the$ capillaries$ rises$

resulting$ in$ the$ enhanced$ diffusion$ of$ oxygen$ into$ surrounding$ tissues$ [4,$ 8].$

Although$the$exact$working$mechanism$of$HBO$is$not$clearly$understood,$HBO$

has$ shown$ to$ increase$ the$ release$ of$ transforming$ growth$ factors$ β1$ and$ β2$

(TGF$ β1$ and$ β2)$ and$ (VEGF),$ an$ important$ angiogenic$ factor$ [9,$ 10].$

Furthermore,$ TGFβ1$ and$ 2$ have$ been$ reported$ to$ stimulate$ fibroblast$

proliferation$ in$ the$ tissue$ surrounding$ wounds$ and$ also$ to$ have$ angiogenic$

activity.$These$observations$prompted$us$to$use$this$novel$and$relatively$simple$

approach$ to$ treat$ TEM$ with$ HBO$ in$ order$ to$ increase$ important$ angiogenic$

factors$ in$ TEM$ before$ engraftment.$ The$ aim$ of$ this$ study$ was$ to$ evaluate$

whether$HBO$treatment$of$TEM$induces$the$secretion$of$angiogenic$factors.$$$

)
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MATERIALS)&)METHODS)

Cell$culture$$

Biopsies$ of$ approximately$ 1$ cm2$ were$ taken$ from$ the$ cheeks$ of$ four$ healthy$

individuals$upon$informed$consent.$Single$cell$suspensions$of$keratinocytes$and$

fibroblasts$ were$ obtained$ as$ described$ before$ [1,$ 11].$ Briefly,$ keratinocytes$

were$ isolated$ from$ the$ epithelial$ sheet$ by$ overnight$ incubation$ in$ 0.25%$

trypsinNEDTA$ (Invitrogen)$ and$ the$ single$ cell$ suspension$ was$ seeded$ onto$

lethally$ irradiated$ 3T3$ fibroblast$ feeder$ layers,$ according$ to$ the$ Rheinwald$&$

Green$ protocol$ [12].$ Fibroblasts$ were$ isolated$ by$ mincing$ the$ dermis$ with$

scalpels,$followed$by$incubation$in$collagenase/dispase$(1.5$mg/mL$/$2.5$mg/mL,$

respectively)$ (Invitrogen)$ solution.$ The$ cells$ used$ in$ this$ study$ were$ within$

passage$3$to$6.$

$

Tissue,engineered$mucosa$$

TEM$was$ created$ as$ described$ previously$ [1,$ 13].$ Briefly,$ per$ construct$ 1x105$

fibroblasts$ were$ spun$ into$ the$ lamina$ propria$ of$ the$ DED$ [11]$ and$ 1x106$

keratinocytes$were$seeded$into$a$steel$ring$(diameter$10$mm)$placed$onto$the$

papillary$ side$ of$ the$ DED.$ After$ culturing$ under$ submerged$ conditions$ for$ 24$

hours,$ the$ constructs$were$ raised$ to$ the$ air/liquid$ interface$and$cultured$with$

A/L$culture$medium$consisting$of$3:1$Dulbecco’s$Modified$Eagle$Medium$4.5$g/l$

glucose:$ Ham’s$ F12$ supplemented$ with$ 24$ µM$ bovine$ serum$ albumin,$ 1$ µM$

hydrocortisone,$1$µM$isoproterenol,$0.1$µM$insulin,$10$µM$LNcarnitine,$$

10$ mM$LNserine,$ 1$ µM$D$LNαNtocopherolacetate,$ fatty$ acid$ cocktail$ (30$ µM$

linoleic$acid,$7$µM$arachidonic$acid$and$25$µM$palmitic$acid),$50$µg/ml$ascorbic$

acid$100$IU/ml$penicillin,$100$µg/ml$streptomycin,$for$an$additional$14$days.$The$

medium$was$changed$3$times$a$week.$
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Hyperbaric$oxygen$treatment$

TEM$constructs$were$treated$with$HBO$using$the$hyperbaric$oxygen$chamber$as$

illustrated$in$fig.$1ANB$[14].$TEM$was$treated$on$a$daily$basis$up$to$5$consecutive$

days.$The$chamber$was$flushed$with$pure$oxygen$for$10$minutes$while$pressure$

was$increased$to$2.4$ATA.$This$condition$was$maintained$for$90$minutes.$Next,$

pressure$was$decreased$again$to$1.0$ATA$ in$5$minutes.$ Immediately$after$HBO$

treatment$TEM$constructs$were$harvested.$The$following$groups$were$included;$

one$ group$ received$ a$ single$ HBO$ treatment;$ one$ group$ received$ 3$ HBO$

treatments;$one$group$received$5$treatments.$The$control$group$did$not$receive$

HBO$treatment$and$was$harvested$at$the$same$3$time$points$as$the$HBO$treated$

groups.$ Each$ group$ consisted$ of$ 4$ TEM$ constructs$ and$ three$ independent$

experiments$were$performed.$

$

Collection$preconditioned$media$and$histology$

Culture$media$was$collected$prior$to$harvesting$of$TEM,$centrifuged$at$400g$for$

5$ minutes$ at$ 4$ oC$ and$ stored$ at$ N80$ oC$ until$ further$ analysis.$ Next,$ TEM$ was$

harvested$ by$ snap$ freezing$ with$ liquid$ nitrogen.$ Cryosections$ (6$ μm)$ were$

stained$ with$ HematoxylinNEosin$ (HE)$ (Klinipath$ and$ Sigma,$ respectively)$ and$

overall$ morphology$ was$ assessed$ using$ a$ light$ microscope$ (Olympus).$ The$

thickness$of$ the$ viable$ epithelium$was$determined$ from$2$consecutive$ images$

and$ the$ average$ thickness$ (µm)$ was$ measured$ using$ Hamamatsu$ software$

(Hamamatsu$Photonics)$by$averaging$12$measurements$per$ image,$ the$ results$

were$displayed$as$mean$±$SEM.$

$
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Immunohistochemistry$

Staining$ for$ keratin$ 10,$ 13$ and$ 19$was$ done$ as$ described$ before$ [1,$ 13].$ For$

staining$of$Ki67$(1:200;$DAKO),$vimentin$(1:200;$Euro$Diagnostica),$collagen$type$

III$ (1:200;$ Abcam),$ or$ collagen$ type$ IV$ (1:200;$ Euro$ Diagnostica),$ cryosections$

were$fixed$for$10$minutes$with$acetone,$washed$3$times$with$PBS,$and$blocked$

for$ 30$ minutes$ with$ 10%$ goat$ serum$ in$ PBS/1$ %$ BSA.$ After$ incubation$ with$

primary$ antibodies$ slides$ were$ washed$ 3$ times$ with$ PBS$ and$ incubated$ with$

goat$ antiNmouse$ or$ goat$ antiNrabbit$ biotinNlabeled$ (both$ antibodies$ 1:200;$

DAKO)$ in$ PBS/1$ %$ BSA$ for$ 30$ minutes$ at$ RT,$ followed$ by$ incubation$ with$

StreptavidinNHRP$ (1:200;$ Southern$ Biotech)$ for$ 30$ minutes$ at$ RT.$ 5$ %$ 3,3’N

Diaminobenzidine$ tetra$ hydrochloride$ hydrate$ (SigmaNAldrich)$ in$ PBS$

supplemented$with$30$%$H2O2$was$used$for$visualization$of$positive$cells.$After$

rinsing$ thoroughly$ with$ tap$ water,$ slides$ were$ stained$ with$ hematoxylin$ for$

background$ observation.$ Next,$ sections$were$ airNdried$ and$ coverslipped$ using$

Vectamount$ (Vector)$ and$ sections$ were$ assessed$ using$ a$ light$ microscope.$

Negative$control$slides$were$incubated$with$an$irrelevant$mouse$IgG.$$

$

Quantification$of$proliferation$$

To$determine$the$proliferation$index$(PI),$the$basal$ layer$of$the$epithelium$was$

analyzed.$Images$were$taken$from$12$randomly$chosen$microscopic$views$using$

a$100x$magnification.$The$PI$was$established$ as$ the$ ratio$ of$ the$KiN67$positive$

cells$to$all$cells$of$the$basal$layer$(x$100$%),$and$results$were$displayed$as$mean$

±$SEM.$$

$
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ELISA$assay$on$conditioned$medium$

Concentration$ of$ TEMNsecreted$ angiogenic$ factors$ in$ the$ conditioned$medium$

was$ measured$ using$ sandwich$ ELISA$ kits$ according$ to$ manufacturer’s$

instructions.$ Factors$ that$ were$ studied$ include$ VEGF,$ PIGF,$ HGF,$ KGF$ and$

FGFbasic$(R&D$Systems).$Results$are$expressed$as$ng$or$pg/cm2$tissue$with$each$

sample$consisting$of$4mL$supernatant$derived$from$1cm2$tissue.$$

$

Proliferation$of$human$umbilical$vein$endothelial$cells$$

Proliferation$ rate$ of$ human$ umbilical$ vein$ endothelial$ cells$ (HUVEC)$ when$

exposed$ to$ culture$ media$ was$ assessed$ as$ described$ previously$ [13].$ Briefly,$

HUVECs$ were$ seeded$ in$ 48Nwell$ plates$ in$ endothelial$ growth$ medium$ (EGM;$

consisting$of$ human$endothelialNserum$ free$medium$supplemented$with$10$%$

FBS,$20$ng/mL$FGF2$and$100$ng/mL$EGF).$Next,$ cells$were$cultured$in$ starving$

medium$(DMEM$with$0.5$%$FCS).$After$24$h,$cells$were$cultured$with$air/liquid$

culture$ medium$ supplemented$ with$ KGF$ (940$ pg/cm2),$ FGFbasic$ (75$ pg/cm2),$

and$ HGF$ (25$ ng/cm2)$ as$measured$with$ ELISA$ in$ conditioned$media$ obtained$

from$TEM$exposed$to$1$HBO$treatment.$After$48$h,$cell$numbers$were$analyzed$

using$ the$ CYQUANT$ proliferation$ assay$ (Molecular$ Probes)$ following$

manufacturer’s$ instructions.$ The$ positive$ control$ consisted$ of$ endothelial$

growth$ medium$ or$ EGM$ without$ growth$ factor$ supplements.$ The$ negative$

control$ consisted$ of$ A/L$ medium$ without$ growth$ factor$ supplements.$ Each$

assay$was$done$in$triplicate.$

$

  



TEM$AND$EFFECTS$OF$HYPERBARIC$OXYGEN$TREATMENT$

$ 96$

6

Statistical$Analysis$

Data$ are$ presented$ as$mean$±$SEM.$Tests$of$normality$were$performed$using$

the$ShapiroNWilk$test.$Statistical$analyses$were$performed$using$Student$ t$ test$

or$MannNWhitney$U$test.$Statistical$differences$were$defined$as$*p$<0.05,$$

**p$<$0.01,$***p$<$0.001,$ns$=$not$significant.$$

)

RESULTS)

Overall$morphology$after$hyperbaric$oxygen$treatment$

The$effect$of$HBO$treatment$on$TEM$overall$morphology$was$assessed$using$HE$

staining.$ No$ apparent$ changes$ in$ overall$ morphology$ were$ observed$ after$ 1$

HBO$treatment$(Fig.$1CND).$After$3$and$5$consecutive$HBO$treatments,$the$basal$

layer$ became$ irregular$ and$ pyknotic$ cells$ were$ observed$ in$ the$ basal$ and$

intermediate$ layer$ (Fig.$ 1ENH).$ Additionally,$ the$ attachment$ of$ the$ epithelial$

layer$ to$ the$ underlying$ connective$ tissue$ appeared$ to$ be$ affected$ as$ gaps$

between$these$layers$became$apparent.$Measurements$of$the$viable$epithelium$

showed$significant$thinning$after$1$and$5$treatments$with$HBO$(Fig.$1$I).$$

Epithelial$differentiation$was$determined$using$antibodies$against$keratins;$the$

predominant$component$of$the$epithelial$layer.$Expression$of$K10$(Fig.$2A),$K13$

(Fig.$2B)$and$K19$(Fig.$2C)$was$not$significantly$changed$by$HBO$treatment.$

Collagen$type$IV,$expressed$along$the$whole$basement$membrane$in$all$control$

groups$ and$ after$ 1$ HBO$ treatment,$ proved$ to$ be$no$ longer$ expressed$ after$ 3$

treatments.$After$5$treatments$collagen$type$IV$was$again$observed$in$irregular$

intervals$in$the$basement$membrane$(Fig.$3A).$Staining$of$collagen$type$III$was$

more$intense$near$the$basement$membrane$in$untreated$TEM$and$after$5$HBO$

treatments$more$intense$staining$was$observed$at$the$lower$half$of$the$lamina$

propria$(Fig.$3B).$$
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Figure 1. (A-B) Images of the HBO chamber used in this study. Histological 
appearance of TEM exposed to normoxia and HBO after (C-D) 1, (E-F) 3 or (G-
H) 5 consecutive treatments. (I) Thickness of the viable epithelium decreased at 
all time points measured. Scale bar = 100µm.  
ns = not significant; *p < 0.05; ***p < 0.001. 
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Figure 2. Histological appearance of TEM exposed to normoxia or HBO. 
Epithelial differentiation was assessed using antibodies against (A) K10, (B) K13 
and (C) K19 (positive cells indicated with arrows). Scale bar = 100µm 
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The$distribution$of$fibroblasts$and$fibrocytes$studied$using$vimentin$staining$was$

not$altered$after$HBO$treatment.$Distinction$between$fibroblasts$and$fibrocytes$

was$established$morphologically.$The$fibroblast/fibrocyte$ratio$was$affected$by$

Figure 3. (A) Collagen type IV was irregularly expressed in the basement 
membrane (indicated with arrows) after HBO treatment when compared with 
normoxia. (B) Collagen type III deposition was altered after HBO treatment when 
compared with normoxia. Scale bar = 100µm 
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HBO$ treatment$ as$more$ fibrocytes$ relative$ to$ fibroblasts$were$ observed$ after$

each$treatment$(data$not$shown).$$

Proliferating$cells$were$observed$ in$ the$basal$ layer$of$ the$epithelium$only$ (Fig.$

4A).$ After$1,$ 3$ and$ 5$ consecutive$HBO$treatments$ the$number$ of$ proliferating$

cells$ increased$when$ compared$ to$ untreated$ TEM$(Fig.$4B)$ albeit$ this$ increase$

was$not$statistically$significant.$$

Figure 4. (A) Cell proliferation was observed in the basal layer of the epithelium. 
(B) HBO treatment slightly stimulated cell proliferation. Scale bar = 100µm. ns = 
not significant.  
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Assessment$of$angiogenic$factors$after$HBO$treatment$

To$determine$the$effect$of$HBO$on$the$secretion$of$angiogenic$factors$by$TEM,$a$

number$of$angiogenic$factors$were$measured$in$conditioned$media$(Fig.$5ANE).$

A$single$treatment$with$HBO$resulted$in$a$significant$increase$of$KGF$(2.6Nfold),$

HGF$ (1.4Nfold),$ FGFbasic$ (2.0Nfold)$ and$ PlGF$ (3.2Nfold)$ when$ compared$ to$

untreated$ TEM$ (Fig.$ 5).$ The$ levels$ of$ VEGF$ in$ the$ conditioned$media$ did$ not$

change$after$a$single$HBO$treatment.$After$3$HBO$treatments$no$changes$in$the$

levels$ of$ KGF,$HGF$ and$VEGF$were$observed$ and$ levels$of$FGF$basic$ (1.4Nfold)$

and$PlGF$(1.8Nfold)$were$decreased$when$compared$with$untreated$TEM.$After$

5$consecutive$HBO$treatments$a$significant$increase$in$the$secretion$of$KGF$(4.2N

fold),$PlGF$ (1.7Nfold)$and$VEGF$(1.2Nfold)$was$observed$whereas$HGF$secretion$

was$ similar$ to$ that$ in$ untreated$ TEM.$ Secretion$ of$ FGFbasic$ significantly$

decreased$1.7Nfold$when$compared$to$untreated$TEM.$$

$

Effect$of$growth$factors$secreted$by$TEM$on$endothelial$cell$proliferation$

In$order$ to$ analyze$whether$ the$ increased$concentration$of$angiogenic$ factors$

found$ in$ conditioned$ media$ of$ HBO$ treated$ TEM$ was$ capable$ to$ stimulate$

endothelial$ cell$ proliferation,$ HUVECs$ were$ cultured$ with$ air/liquid$ media$

supplemented$with$ either$ KGF,$HGF$ or$ FGFbasic.$ Endothelial$ cell$ proliferation$

appeared$to$increase$after$incubation$with$A/L$medium$supplemented$with$FGF$

and$ HGF,$ although$ no$ statistical$ difference$ was$ found.$ A/L$ medium$

supplemented$ with$ KGF$ did$ not$ stimulate$ cell$ proliferation$ when$ compared$

with$standard$A/L$medium$(Fig.$5F).$

$
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Figure 5. Release of angiogenic factors by TEM constructs. The secretion of (A) 
KGF, (B) HGF, (C) FGFbasic, (D) PlGF and (E) VEGF by TEM exposed to 
normoxia (closed bars) or HBO (open bars). Conditioned culture media from 
three different donors were assayed in triplicate. (F) Endothelial cell proliferation 
after 48h of incubation with A/L culture medium supplemented with KGF, HGF 
and FGFbasic. The number of endothelial cells appeared to increase when A/L 
medium was supplemented with HGF or FGFbasic when compared with normal 
A/L medium, but this difference was not statistically significant.  Data are 
expressed as mean ± SEM in pg or ng/cm2.   
ns = not significant; *p < 0.05; **p < 0.01; ***p < 0.001. 
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DISCUSSION)

In$this$study$we$demonstrated$that$treatment$of$TEM$with$HBO$stimulates$the$

secretion$ of$ multiple$ angiogenic$ factors.$ Overall$ morphology$ was$ maintained$

and$the$basal$cell$layer$remained$well$organized$after$1$HBO$treatment.$Minor$

structural$changes$where$observed$in$TEM$after$3$and$5$HBO$treatments$as$the$

first$ morphological$ changes$ became$ apparent$ suggesting$ a$ potential$ harmful$

effect$of$HBO,$for$example$oxygen$toxicity.$$

Oxygen$tension$is$known$to$influence$cell$proliferation$[15,$16].$Previous$studies$

have$reported$that$the$balance$between$oxygen$tension$and$cell$proliferation$is$

delicate$[9].$In$vitro$studies$with$keratinocyte$monocultures$reported$inhibition$

of$keratinocyte$proliferation$by$HBO,$whereas$in$the$same$study$they$reported$

that$cells$seeded$into$3D$skin$equivalents$did$increase$proliferation$due$to$HBO$

demonstrated$ by$ increased$ thickness$ of$ the$ epidermis$ [17].$ Even$ though$ our$

results$ showed$ a$ slight$ stimulating$ effect$ of$ HBO$ on$ cell$ proliferation,$ the$

thickness$ of$ the$ viable$ epithelium$ decreased.$ This$ could$ indicate$ accelerated$

maturation$ of$ the$ epithelium$ and$ earlier$ onset$ of$ epithelial$ stratification$ [4].$

Previous$ studies$ by$Hollander$et$ al$ [6]$ and$Dimitijevich$ et$ al$ [17]$ reported$on$

the$ observation$ that$ HBO$ treatment$ resulted$ in$ increased$ keratinocyte$

differentiation.$ Our$ finding$ that$ the$ number$ of$ cells$ expressing$ K19$ in$ HBO$

treated$TEM$was$diminutive$ to$ that$ in$the$normoxia$TEM$might$be$due$to$the$

accelerated$ maturation,$ which$ results$ in$ a$ depletion$ of$ cells$ numbers$ in$ the$

basal$layer$[17].$

HBO$ is$ known$ to$ influence$ collagen$ synthesis$ [18],$ although$ studies$ report$

contradicting$ findings.$ Studies$ reported$ on$ an$ increase$ of$ collagen$ deposition$

[4]$ whereas$ others$ report$ a$ decrease$ in$ collagen$ deposition$ [17].$ Our$ results$

showed$ the$ expression$ of$ collagen$ type$ IV$ after$ 1$ HBO$ treatment$ and$ in$ all$
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normoxia$ treated$ TEM.$ After$ 3$ consecutive$ HBO$ treatments$ collagen$ type$ IV$

was$no$longer$expressed$whereas$after$5$consecutive$treatments$collagen$type$

IV$was$ again$ observed.$ Previous$work$ in$ our$ laboratory$ showed,$ prior$ to$ cell$

seeding,$ donor$ collagen$ type$ IV$ deposition$ along$ the$ whole$ basement$

membrane$ in$ the$ DED$ scaffold$ [1].$ The$ observation$ that$ collagen$ type$ IV$

deposition$was$ not$ seen$ after$ 3$ treatment$ to$ appear$ again$ after$ 5$ treatment$

suggests$active$remodeling$of$ the$basement$membrane.$ $However,$as$ it$ is$not$

possible$to$distinct$between$ the$donor$collagen$and$ the$collagen$deposited$by$

the$seeded$cells,$we$cannot$rule$out$the$possibility$of$retained$collagen$from$the$

donor.$

The$overall$effect$of$HBO$treatment$on$ tissueNengineered$skin$equivalents$has$

been$ studied$ before$ [4,$ 17]$ and$ the$ secretion$ of$ angiogenic$ factors$ by$ oral$

mucosal$ equivalents$ has$ been$ shown$ [19].$However,$ to$ our$ knowledge$ this$ is$

the$first$study$in$which$the$secretion$of$multiple$important$angiogenic$factors$by$

TEM$after$HBO$treatment$is$studied.$Treatment$with$HBO$is$known$to$increase$

VEGF$secretion$in$wound$fluid$[20]$and$HUVEC$[21].$Aside$from$VEGF,$HBO$has$

been$shown$to$ induce$other$angiogenic$ factors$ in$hind$ limbs$of$mice$ [22]$and$

HUVECs$[23].$We$therefore$studied$ the$secretion$of$angiogenic$ factors$ in$TEM$

and$ found$ significantly$ higher$ levels$ of$ PlGF,$ KGF,$ HGF$ and$ FGFbasic$ in$

conditioned$ culture$media$ of$ TEM$ after$ 1$ HBO$ treatment$when$ compared$ to$

conditioned$ culture$ media$ of$ TEM$ exposed$ to$ normoxia.$ Endothelial$ cell$

proliferation$is$considered$to$be$an$important$component$of$angiogenesis$[24].$

Our$ finding$ that$ multiple$ angiogenic$ factors$ were$ increased$ after$ 1$ HBO$

treatment,$prompted$us$to$study$whether$these$increased$concentrations$were$

capable$ of$ inducing$ endothelial$ cell$ proliferation.$ KGF$ is$ known$ to$ be$ an$

important$angiogenic$factor$for$neovascularization.$Our$finding$that$KGF$did$not$
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induce$proliferation$of$HUVECs$was$also$ reported$by$Rubin$et$ al$who$ showed$

that$ KGF$ lacked$mitogenic$ activity$ on$ endothelial$ cells$ from$ large$ vessels$ [25]$

and$ by$ Gillis$ et$ al$ who$ showed$ that$ KGF$ induced$ proliferation$ of$ cultured$

capillary$endothelial$cells$but$not$HUVECs$[26].$Additionally,$the$lack$of$induced$

proliferation$could$be$due$ to$the$absence$of$ the$FGFR2b$receptor$on$HUVECs,$

being$ exclusively$ expressed$ on$ epithelial$ cells,$ as$ KGF$ specifically$ acts$ on$ this$

receptor.$ Both$ basic$ FGF$ and$ HGF$ are$ known$ to$ affect$ proliferation$ and$

migration$ of$ endothelial$ cells.$ Our$ results$ showed$ that$ HGF$ alone$ could$ not$

significantly$increase$endothelial$cell$proliferation.$This$is$in$line$with$the$finding$

of$Ding$et$al$who$reported$that$proliferation$of$HUVECs$is$increased$by$HGF$in$a$

doseNdependent$manner,$albeit$that$cell$density$is$critical$in$the$responsiveness$

of$HUVEC$to$HGF$[27].$$Although$HGF$and$FGFbasic$individually$did$not$improve$

endothelial$ cell$ proliferation,$ it$ could$ be$ that$ a$ combination$ of$ these$ factors$

may$ increase$angiogenesis$ postNimplantation$ [28].$ $ $Additionally,$ the$need$ for$

oxygen$is$critical$for$survival$of$the$graft$and$HBO$preconditioning$might$shorten$

the$hypoxic$period$after$ implantation$by$ inducing$endothelial$cell$proliferation$

and$neovascular$growth.$$

As$ continuous$ oxygen$ supply$ is$ essential$ for$ survival$ after$ implantation,$ it$ is$

necessary$ that$ blood$ vessels$ are$ quickly$ formed$ after$ implantation.$ HBO$

treatment$has$shown$to$stimulate$the$secretion$of$important$angiogenic$factors$

in$TEM$without$effecting$epithelial$morphology.$All$together,$our$results$suggest$

that$ preNconditioning$ of$ TEM$ constructs$ with$ 1$ HBO$ treatment$ prior$ to$

implantation$might$ increase$ the$ survival$ rate$ of$ TEM$ grafts$ therefore$making$

TEM$an$alternative$tool$in$the$reconstruction$of$large$oral$defects.$$

$
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ABSTRACT(

Limited( availability( of( oral( grafting( material( is( a( major( challenge( in(

reconstructive( surgery,( and( therefore( alternative( tissue( sources( are( needed.(

Tissue.engineering(has(proven(to(be(an(excellent(method(of(constructing(grafts(

using(autologous(cells( in&vitro.(In(the(present(study(we(assessed(the(survival(of(

tissue.engineered(mucosal(equivalents( (TEM)(after( implantation( in(nude(mice.(

TEM(was(constructed(by(seeding(oral(keratinocytes(and(fibroblasts(on(acellular(

de.epidermized( dermis( (DED).( TEM( was( implanted( into( subcutaneous( dorsal(

pockets( and( harvested( after( 3,( 7,( 14( or( 28.( Evaluation( of( the( constructs( after(

harvest( showed( that( half( of( the( implanted( TEMs( had( survived.( Epithelial(

maturation(was(assessed(using(markers( for(keratin(5(and(13,(and(showed(that(

some(TEM(had(lost(the(epithelium,(whereas(other(TEM(constructs(had(a(mature(

multi.layered(epithelium(with(a(regular(basement(membrane((BM)(as(illustrated(

by( collagen( type( IV( expression.( Proliferation( marker( Ki67( showed( a( slight(

increase(of(proliferating(cells( in(the( first(14(days.(CD31(was(used( to(assess(the(

presence(of(murine(endothelial(cells(in(the(TEM.(Although(some(positive(cells(in(

the( connective( tissue(were( found,(no( tube.like(structures(were(observed.(The(

results( indicated( that( TEM(can(survive( implantation( and(suggest( that(TEM(has(

the(potential(to(become(an(alternative(source(for(grafts.(
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INTRODUCTION)

The(reconstruction(of( large(oral(defects,(as(a( result(of(oncological( resection(or(

trauma,(is(often(challenged(by(the(limited(availability(of(mucosal(grafts.(Current(

techniques( for( covering( large( oral( defects( use( free( vascularized( skin( flaps( [1].(

Drawbacks(of(these(skin(grafts(include(hair(growth,(perspiration(and(donorNsite(

morbidity.( Each( of( these( drawbacks( is( highly( uncomfortable( and( reduces( the(

quality(of(life(of(treated(patients([2,(3].((

Tissue(engineering(of(oral(mucosa(with(autologous(cells,( such(as(keratinocytes(

and( fibroblasts,( on( varying( scaffolds( [4,( 5]( resemble( native( oral(mucosa( [6N8].(

These(equivalents(have(successfully(been(used(to(study(wound(healing([9],(the(

effects(of(radiotherapy([10](or(to(test(cytotoxicity([11].((

Contradicting( results( have( been( published( on( the( outcome( after( intraoral(

grafting.(Some(studies(have(reported(on(a(successful(intraoral(engraftment((

[12,( 13],( whereas( others( showed( a( relatively( poor( survival( of( the( grafts( postN

implantation( [14].( The( loss( of( the( graft( could( be( the( result( of( inadequate(

vascularization( [15].( For( all( tissueNengineered( mucosal( constructs( to( survive(

upon(implantation,(oxygen(and(nutrient(supply(by(blood(vessels(is(essential(as(a(

lack(of(oxygen,(or(hypoxia,(can(lead(to( loss(of(the(graft([16].(However,(a(study(

reported( on( by( our( group( showed( that( TEM( couldn’t( only( survive( a( certain(

period(of(hypoxia,(but(that(the(secretion(of(important(angiogenic(growth(factors(

such(as(VEGF(is(increased([17].((

As( TEM(was(originally(designed( for( clinical( applications,( it( is(essential( to( study(

the( survival( of( TEM( postNimplantation.( Therefore,( we( evaluated( TEM( after(

implantation( into( subcutaneous( skin( pockets( on( the( back( of( nude( mice( by(

studying(epithelial(cell(viability,(stratification(of(the(epithelial(layer,(remodelling(

of( the(basement(membrane(and(underlying(connective( tissue.(Accordingly,(we(
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studied(the(ingrowth(of(murine(vascular(structures(into(the(TEM(grafts(and(the(

survival(of(the(TEM(grafts(postNimplantation.((

)

MATERIALS)&)METHODS)

Primary#cell#culture##

Biopsies(of(1cm2(were( taken( from( the(cheeks(of( four( healthy( individuals(upon(

informed(consent.(Single(cell(suspensions(of(keratinocytes(and(fibroblasts(were(

obtained(as(described(before( [6].(Briefly,(keratinocytes(were(isolated(from(the(

epithelial( sheet( by( overnight( incubation( in( 0.2%( trypsinNEDTA( (Invitrogen).(

Fibroblasts( were( isolated( by( mincing( the( dermis( followed( by( incubation( in(

collagenase/dispase((1.5mg/mL(/(2.5mg/mL,(respectively)((Invitrogen)(solution.(

The(cells(used(in(this(study(were(within(passage(3(to(6.(

(

Tissue3engineered#mucosa##

TEM( was( created( as( described( before( [6,( 18].( Briefly,( 1( cm2( DED( scaffolds(

(EuroSkin( bank)( were( obtained( by( removing( the( epidermis( by( gentle( shaking(

with(PBS.(Per(construct(1(x(105(fibroblasts(were(spun(into(the(lamina(propria(of(

DED( [18]( and( 1( x( 106( keratinocytes( were( seeded( into( a( steel( ring( (diameter(

10mm)( placed( onto( the( papillary( side( of( the( DED.( After( culturing( under(

submerged(conditions(for(24(hours,(the(constructs(were(raised(to(the(air/liquid(

interface( and( cultured( with( A/L( culture( medium( consisting( of( 3:1( Dulbecco’s(

Modified(Eagle(Medium(4.5(g/l(glucose:(Ham’s(F12(supplemented(with(24(µM(

bovine( serum( albumin,( 1( µM( hydrocortisone,( 1( µM( isoproterenol,( 0.1( µM(

insulin,(10(µM(LNcarnitine,(10(mM(LNserine,(1(µM(D(LNαNtocopherolacetate,(fatty(

acid( cocktail( (30( µM( linoleic( acid,( 7( µM( arachidonic( acid( and( 25( µM( palmitic(
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acid),(50(µg/ml(ascorbic(acid(100( IU/ml(penicillin,(100(µg/ml(streptomycin,(for(

an(additional(14(days.(The(medium(was(changed(3(times(a(week.(

(

Evaluation#TEM#pre3implantation#

To( determine( the( quality( of( all( TEM( constructs,( a( small( slice( was( taken( from(

each(construct(and(snap(frozen(with(liquid(nitrogen.(Overall(morphology(of(the(

TEM(constructs(was(assessed(using(HaematoxylinNEosin(staining((HE).(Only(TEM(

constructs(consisting(of(a(wellNdeveloped(multiNlayered(epithelium(and(a(neatly(

arranged(basal( layer(were(used(for( in#vivo(grafting.(The(thickness(of(the(viable(

epithelium( was( determined( from( 2( consecutive( images( and( the( average(

thickness(was(measured(using(Hamamatsu(software((Hamamatsu(Photonics)(by(

averaging( 12(measurements(per( image.(The( results(were(displayed(as(mean(±(

SEM.(

(

In#vivo#implantation#

Twenty( 6NweekNold( athymic( male( nude( mice( (NMRINnu/nu,( Taconic,( Hudson,(

New( York)( were( used( in( this( study( upon( approval( of( the( animal( ethics(

committee.( The( mice( were( placed( under( general( anaesthesia( with( 2.5( %(

isoflurane( and( an( incision( was( made( through( the( dorsal( skin.( Next,( a(

subcutaneous( pocket( was( prepared( by( blunt( dissection( of( the( subcutaneous(

tissue(and(one( TEM(construct( per(pocket(was( implanted.(Pockets(were(closed(

using(discontinuous(sutures.(Three,(7,(14(or(28(days(after(implantation,(the(mice(

were(sacrificed(and(the(TEM(constructs(were(harvested.(

(
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Histology#

Harvested(TEM(constructs(were(fixed(in(10%(formalin( in(PBS(and(embedded(in(

paraffin( or( directly( embedded( in(OCTNmedium( (Sakura)( and( snap( frozen(using(

liquid( nitrogen.( ParaffinNembedded( sections( (5µm)( were( deparaffinized( and(

rehydrated.( Cryosections( (6µm)( were( fixed( with( acetone( for( 15( minutes.( To(

determine( the( quality( of( TEM( postNimplantation,( overall( morphology( and( the(

thickness(of( the( viable( epithelium(and( total( scaffold( (determined(as( described(

above)(was(assessed(using(H&E(staining.(

(

Evaluation#TEM#post3implantation#

Maturation( of( the( epithelial( layer( was( determined( using( monoclonal( mouse(

antiNhuman( antibodies( against( keratinN5( (1:200;( EuroNDiagnostica),( keratinN13(

(1:200;( EuroNDiagnostica),( and( keratinN19( (1:500;( Novus( Biologicals).( Next,(

sections( were( incubated( using( Link/Label( complex( (BioGenex)( according(

manufacturer’s( instructions.( Finally,( sections(were( stained(with( New( Fuchsine(

substrate(and(counterstained(with(Haematoxylin(and(sealed(using(Vectamount.(

For( analysis( of( the(BM(and(underlying( connective( tissue,( frozen(sections(were(

fixed(for(10(minutes(with(acetone,(blocked(with(1%BSA/PBS(for(30(minutes(and(

incubated( for(60(minutes(at(RT(with(antibodies(against(either(collagen( type( III(

(1:200;( Abcam),( collagen( type( IV( (1:200;( EuroNDiagnostica)( or( Ki67( (1:200(

dilution( in( PBS/1%(BSA,( Clone(MIBN1,(DAKO).( After( incubation(with( secondary(

biotinNconjugated( goat( antiNmouse( or( rabbit( antiNmouse( (both( 1:200;( DAKO),(

sections( were( incubated( with( StreptavidinNhorseradish( peroxidise( (1:300(

dilution( in( PBS/1%BSA;(DAKO)( for( 30(minutes.( Diaminobenzidine( (DAB;( Sigma(

Aldrich)(substrate(was(used(for(visualization.(Haematoxylin(was(used(to(visualize(

the( background( and( sealed( with( Vectamount( (Brunschwig( Chemical).( Positive(
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controls( consisted( of( native( oral(mucosa( sections( and( negative( controls( were(

incubated(with(an(irrelevant(IgG.((

(

Assessment#of#vascular#structures#post3implantation#

To(determine( the( ingrowth(of( vascular( structures( into( TEM,(monoclonal( CD31(

antibody(was(used.(After(fixation(with(acetone,(cryosections(were(blocked(with(

PBS( /1%BSA.( After( incubation( with( CD31( (1:500;( Abcam),( sections( were(

incubated(with(secondary(biotinNconjugated(goat(antiNmouse((1:200;(DAKO)(and(

StreptavidinNHRP((1:200;(DAKO).(To(visualise(CD31(positive(cells,(DAB(substrate(

was(used.(Slides(were(stained(with(hematoxylin(for(background(observation.((

(

Statistical#analysis#

Data( are( presented( as(mean(±( SEM.( Tests( of( normality(were(performed(using(

the( ShapiroNWilk( test.( Statistical( analyses( were( performed( using( the( oneNway(

analysis(of(variance(using(GraphPad(InStat(software.(Statistical(differences(were(

defined(as(p(≤(0.05.(Comparisons(between(group(means(determined(using(the(

TukeyNKramer(t(test(for(multiple(comparisons.((

)

RESULTS)

Characterization#of#TEM(pre3implantation#

The(quality(of(all(TEM(constructs(was(assessed(before(implantation.(Therefore,(

crossNsections( stained( with( H&E( were( used( to( study( the( overall( morphology.(

H&E( staining( showed( that( all( constructs( consisted( of( a( neatly( arranged( basal(

layer(and(a(multiNlayered(epithelium(before(implantation((Fig.(2A).(The(average(

thickness(of(the(viable(epithelium(was(81.6(±(2.0(μm((Fig.(2F).#

##
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Evaluation#of#TEM#following#implantation#

TEM(constructs(were(harvested(3,(7,(14(and(28(days(after( implantation.(Gross(

examination(revealed(that(the(constructs(had(maintained(their(normal(shape(at(

day( 3( and( 7( postNimplantation( (Fig.( 1ANB).( Additionally,( on( day( 3( and( 7( postN

implantation( small( blood( vessels( of( the( surrounding( murine( tissue( were(

adjacent( to( the( TEM( constructs.( On( 14( and( 28( days( postNimplantation( gross(

examination(showed(that(all(constructs(had(a(thickened(and(rounded(form((Fig.(

1CND).(Dissection(of( these( latter(constructs( showed( that( the(centre(cavity(was(

filled(with(blood((Fig.(1E).(Similar(to(day(3(and(7,(at(day(14(and(28(blood(vessels(

from(the(surrounding(murine(tissue(were(adjacent(to(the(TEM(constructs.((

PostNimplantation,( H&E( staining( showed( that( 11( of( the( 20( implanted( TEM(

constructs( had( lost( the( epithelial( layer.( The( remaining( 9( TEM( constructs( had(

maintained( the( epithelial( layer,( including( regular( basal( layer( (Fig.(2BNE).( These(

constructs( were( used( for( further( analysis.( Measurements( of( the( viable(

epithelium( showed( that( the( epithelium( became( significantly( thinner( after( 3(

(49.1(±(1.1μm),(7((58.2(±(2.7μm),(14((79.6(±(10.4μm)(and(28((70.6(±(8.3μm)(days(

postNimplantation(when( compared(with(TEM(prior( implantation( (81.6(±2.0μm)(

(Fig.(2F).((

We(also(measured(the(thickness(of(the(implanted(TEM(whether(epithelium(was(

or(was(not(present.(The(constructs(with(epithelium(were(659.6(±(49.9μm(at(day(

3,(402.5(±(21.8μm(at(day(7,(861.7(±(79.2μm(at(day(14(and(413.2(±(38.0μm(at(day(

28.(The(constructs(without(epithelium(measured(495.0(±(21.9μm(at(day(3,(604.1(

±(27.3μm(at(day(7,(727.7(±(71.8μm(at(day(14,(and(616.4(±(33.7μm(at(day(28((Fig.(

2G).(
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Figure 1. Gross morphology of TEM constructs (A) 3, (B) 7, (C) 14 and (D) 28 
days post-implantation. (E) After 14 and 28 days the TEMs were thickened in the 
centre of the construct. Dissection of these thickened constructs showed a cavity 
filled with blood. 
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Figure 2. Hematoxylin and Eosin staining was used to assess overall morphology 
(A) prior to implantation and (B) 3, (C) 7, (D) 14 or (E) 28 days post-implantation. 
(F) Measurements of the viable epithelium showed that the thickness of the 
epithelium reduced when compared with the control TEMs. (G) Measurements of 
the construct with epithelium (open bars) and without epithelium (closed bars) 
showed inconclusive data as the thickest average measurements alternated 
between the construct with and without epithelium. Magnification 100x. Scale bar 
= 100µm. ns = not significant; *p<0.05; ***p<0.001.  
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Assessment#epithelium#post3implantation#

To(determine(the(viability(of(TEM(postNimplantation(the(number(of(proliferating(

cells(was(assessed(using(Ki67.(Proliferating(cells(were(observed(in(the(basal(layer(

of(the(epithelium(and(in(the(connective(tissue((Fig.(3AND).(Quantification(of(the(

proliferation(index(showed(that(the(number(of(proliferating(cells(did(not(change(

3((15.0(±(1.6)(or(7((15.8(±(1.0)(days(postNimplantation.(After(14(days(the(number(

of( proliferating( cells( increased( (19.5( ±( 3.0),( however( this( increase( was( not(

significant.( After( 28( days( (11.3( ±( 0.8)( cell( proliferation( significantly( decreased(

when(compared(with(14(days(postNimplantation((Fig.(3E).((

Figure 3. Cell proliferation was visualized using an antibody against Ki67. 
Proliferating cells (red; indicated with arrows) were observed in the basal layer of 
TEM constructs after (A) 3, (B) 7, (C) 14 or (D) 28 days post-implantation. (E) 
Quantification of the number of proliferating cells showed an increase in the first 
14 days post-implantation. After 28 days the number of proliferating cells 
significantly decreased. Magnification 100x. Scale bar = 100µm. *p < 0.05. 
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Keratin(13,(normally(expressed(in(the(intermediate(layer(of(nonNkeratinizing(oral(

mucosa,( was( observed( in( the( intermediate( and( superficial( layer( of( the(

epithelium(of(the(TEM(constructs(at(3,(7,(14(and(28(days(postNimplantation((Fig.(

4AND).(K5(and(K19,(normally(expressed(in(the(basal(layer(of(the(epithelium,(were(

used( to( determine( the(maturation( of( the( epithelial( layer.( After( 3( and( 7( days(

postNimplantation( the(expression(of( K5(was(observed( in( the(basal( layer(of( the(

epithelium,( whereas( after( 14( and( 28( days( K5( was( not( detectable( (data( not(

shown).(K19(was(observed(in(the(basal(layer(of(the(epithelium(of(TEM(harvested(

at(all(time(points((Fig.(4ENH).((

(

Basement#membrane#and#connective#tissue#

Before( implantation( all( TEM( constructs( showed( a( continuous( expression( of(

collagen(type(IV,(a(major(component(of(the(basement(membrane.(After(3(days,(

collagen( type( IV(was(not(observed( (Fig.(5A).(After(7(days(collagen( type( IV(was(

only( limited(expressed( in( the(basement(membrane( (Fig.(5B).(After(14( (Fig.(5C)(

and( 28( (Fig.( 5D)( days( collagen( type( IV( was( found( expressed( throughout( the(

whole(basement(membrane.(No(differences(in(expression(of(collagen(type(III,(a(

major( component( of( the( underlying( connective( tissue,( were( observed( after(

implantation(at(allNtime(points(studied((data(not(shown).((

(

Assessment#of#vascular#structures#post3implantation#

The( presence( of( blood( inside( the( cavities( in( some( constructs( prompted( us( to(

determine( the( presence( of( murine( vascular( structures( adjacent( to( TEM(

constructs.(Therefore(we(performed(an(immunohistochemical(staining(using(an(

antiNCD31( antibody.( The( results( showed( no( tube( like( structures( in( the( tissue(

surrounding( the( TEM(construct( or(within( the( constructs.( Instead(we(observed(



SURVIVAL(OF(TEM(IN#VIVO#

( 123(

9

some(CD31(positive(cells(in(the(underlying(connective(tissue(only(as( illustrated(

in(figure(5ENH.((

Figure 4. Maturation of the newly formed epithelial layer was determined using 
(A-D) K13 and (E-H) K19 after 3, 7, 14 or 28 days of implantation. Magnification 
100x. Scale bar = 100 µm. 
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Figure 5. The expression pattern of basement membrane component collagen 
type IV was determined (A) 3, (B) 7, (C) 14 and (D) 28 days post-implantation. 
The results showed that collagen type IV was detected after the first week, but 
was not continuous until 28 days post-implantation. The presence of endothelial 
cells was determined (E) 3, (F) 7, (G) 14 and (H) 18 days post-implantation. 
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DISCUSSION)

In( this( study( we( demonstrated( that( TEM( constructs( could( survive( prolonged(

periods( of( time( after( implantation( into( subcutaneous(pockets( on( the(back( of(

nude( mice.( Histological( analysis( showed( that( approximately( half( of( the( TEM(

constructs(survived(the( implantation.(Overall(morphology(was(maintained(and(

the(basal(cell( layer( remained(well(organized(up(to(28(days.(Structural( changes(

were( observed( in( TEM( as( soon( as( 3( days( after( implantation( as( the( first(

morphological(changes(became(apparent.((

Not(all(the(implanted(TEMs(survived(implantation,(as(some(TEMs(no(longer(had(

an(epithelial(layer,(whereas(other(TEMs(had(a(very(thin(epithelium(of(2(to(3(cell(

layers(left.(The(usage(of(subcutaneous(pockets(was(first(described(by(Barrandon(

et#al([19](and(is(a(much(used(technique.(Other(groups(using(this(technique(have(

reported( on( partial( detachment( of( the( epithelium,( but( none( mentioned( the(

complete( loss(of( the(epithelial( layer([20,(21].(The(loss(of( the(epithelium(could(

be(caused(by(continuous(friction(of(the(TEM(with(the(surrounding(murine(tissue(

or(by(the(harvesting(procedure.(We(only(harvested the(TEM(construct,(whereas(

others(collected(not(only(the(construct(but(also(part(of(the(surrounding(murine(

tissue.(By(not(taking(out(the(surrounding(murine(tissue(we(may(have(damaged(

the(fragile(epithelial(layer.(((

As( shown( by( our( results,( approximately( half( of( our( TEM( constructs( survived(

prolonged(periods(of( time(postNimplantation.( Jain(et#al( reported(that(a( tissueN

engineered(construct(thicker(than(100N200(μm(requires(vascularization(for(the(

continuous(supply(of(oxygen(and(nutrients([22].(The(thickness(of(the(scaffolds,(

with(or(without(epithelium,(well(exceeds( this(100N200(µm(suggesting( that( the(

presence(of( blood( vessels( and( vascularization(of( the( TEM( is( paramount.( Even(

though(some(CD31Npositive(cells(in(the(connective(tissue(were(found,(no(tubeN
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like( structures( were( observed( within( the( TEM( construct.( This( could( be( an(

indication(to(why(half(of(the(TEM(constructs(did(not(survive(after(implantation.(

The(other(TEMs(might(have(survived(by(the(presence(of(relatively(large(murine(

veins(in(the(tissue(directly(surrounding(the(construct.((

Cell( viability( was( assessed( using( proliferation( marker( KiN67.( Contradicting(

findings(on(the(expression(of(Ki67(postNimplantation(have(been(reported.(Some(

studies( reported( that( during( time( after( implantation( the( numbers( of(

proliferating(cells( increased([20,(23],(whereas(decreasing(cell(proliferation(was(

also(reported([24].(Our(results(showed(a(decrease(of(proliferating(cells(starting(

after(14(days,(which(is(in(accordance(with(the(findings(reported(on(by(Tomakidi(

et# al( [24].( The( expression(pattern(of( the(proliferating( cells( suggests( that TEM(

upon( implantation( needs( time( to( adapt( and( then( proliferation( rate( increases(

during(the(first(7(days.(After(this(brief(period,(the(cells(of(the(basal(layer(actively(

proliferate( to( maintain( a( multilayered( epithelium( and( that( after( 14( days( the(

proliferation(rate(decreases(to(baseline(and(equilibrium(is(established.(((

It( is( well( known( that( the( basement( membrane( is( essential( for( maintaining(

structural( integrity( [25,( 26].( As( collagen( type( IV( is( a(major( component( of( the(

basement(membrane(we(assessed(it’s(expression(pattern(in(the(harvested(TEM(

constructs.(A(previous(study(performed(in(our(laboratory(showed(that(collagen(

type(IV(is(expressed(along(the(whole(basement(membrane(of(the(scaffold(and(of(

TEM(after(a(14(day(culture(period.(We(could(detect(collagen(type(IV(7(days(postN

implantation,(but( it(was(not(untill(28(days(postNimplantation(that(collagen(type(

IV( was( expressed( continously( along( the( whole( basement( membrane.( These(

results( suggests( active( remodelling( of( the( basement( membrane( upon(

implantation.((



SURVIVAL(OF(TEM(IN#VIVO#

( 127(

12

As(the(results(in(immunodeficient(mice(were(positive,(the(next(step(is(to(make(

TEMs(suitable( for(clinical(application.( In( several(publications( tissue(engineered(

mucosal( equivalents( have( been( implanted( into( the( oral( cavity( of( patients(

diagnosed(with(oral(squamous(cell(carcinoma(or(oral(premalignant(lesions(such(

as( dysplasia( [21,( 27N28].( Izumi( for( instance( reported( on( a( more( mature,(

differentiated( epithelium( and( inflammatory( response( within( the( dermal( layer(

after( implantation( in( biopsies( taken( four( weeks( postNimplantation.( Their(

histological(findings(are(very(similar(to(the(overall(histology(of(our(TEMs(at(four(

weeks( postNimplantation.( These( similarities( suggest( that( TEM( might( act(

accordingly( after( implantation( into( the( oral( cavity( of( patients( thereby(

supporting(the(clinical(potential(of(our(model.((

(
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ABSTRACT((

The+ aim+ of+ this+ study+ was+ to+ evaluate+ the+ suitability+ of+ tissue&engineered+

mucosa+(TEM)+as+a+model+for+studying+the+acute+effects+of+ionizing+radiation+(IR)+

on+ oral+ mucosa.+ Therefore,+ TEM+ and+ native+ non&keratinizing+ oral+ mucosa+

(NNOM)+were+exposed+to+a+single+dose+of+16.5Gy+and+harvested+at+1,+6,+24,+48+

and+72+hours+ post&irradiation.+DNA+damage+ induced+by+ IR+was+ determined+by+

using+53BP1+and+DNA+repair+was+determined+using+Rad51.+Various+components+

of+ the+ epithelial+ layer,+ basement+ membrane+ (BM)+ and+ underlying+ connective+

tissue+were+analysed+using+ immunohistochemistry.+The+expression+of+cytokines+

IL&1β+ and+ TGFβ1+ was+ analysed+ using+ ELISA.+ The+ expression+ of+ DNA+ damage+

protein+ 53BP1+ and+ repair+ protein+ Rad51+ were+ increased+ post&irradiation.+ The+

expression+of+K19,+vimentin,+ collage+ type+ IV,+desmoglein&3,+ integrin+α6+and+β4+

were+altered+post&irradiation.+Proliferation+significantly+decreased+at+24,+48+and+

72h+post&irradiation+in+both+NNOM+and+TEM.+IR+increased+the+secretion+of+IL&1β+

whereas+TGFβ1+secretion+was+not+altered.+All+observed+IR+induced+alterations+in+

TEM+were+also+observed+ in+NNOM.+Based+on+ the+similar+ response+of+TEM+and+

NNOM+ to+ IR+we+ consider+ our+ TEM+ construct+ a+ suitable+model+ to+ quantify+ the+

acute+biological+effects+of+IR.+
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INTRODUCTION)

The$ field$ of$ tissue$ engineering$ of$ mucosal$ equivalents$ has$ significantly$

developed$during$the$last$10$years.$We$and$others$have$reported$on$developing$

tissueJengineered$ mucosal$ constructs$ using$ autologous$ keratinocytes$ seeded$

onto$ biomaterials$ whether$ or$ not$ repopulated$ with$ fibroblasts$ [1J3].$ TissueJ

engineered$ mucosal$ constructs$ (TEM)$ have$ been$ successfully$ used$ to$ study$

dynamics$of$wound$healing$[4]$and$to$test$cytotoxicity$and$working$mechanisms$

of$new$treatments$[3].$A$major$advantage$of$TEM$over$ the$use$of$NNOM$is$ in$

limited$ availability$ of$NNOM$tissue,$ as$ from$a$single$ biopsy$many$ cells$ can$be$

cultured$and$multiple$TEM$constructs$of$consistent$quality$can$be$engineered,$

therefore$many$different$parameters$can$be$studied$in$a$single$experiment.$$

Radiotherapy,$ essential$ during$ treatment$ of$ oral$ cancer,$ is$well$ known$ to$ not$

only$ kill$ tumor$ cells$ but$ also$ to$ damage$ the$ surrounding$ healthy$ tissue.$ This$

damage$ to$ healthy$ tissue$ manifests$ in$ a$ certain$ order.$ The$ first$ stage,$

characterized$ by$ erythema,$ is$ followed$ by$ the$ manifestation$ stage,$ subJacute$

stage,$ chronic$ stage$ and$ finally$ the$ late$ stage$ each$ with$ their$ specific$

characteristics.$ Many$ studies$ have$ reported$ on$ the$ side$ effects$ of$ IR$ in$ oral$

mucosa.$ These$ side$ effects$ include$ erythema,$ dry$ or$ moist$ desquamation$ or$

ulceration$ [5,$ 6]$ and$ they$ can$ be$ very$ severe$ resulting$ in$ interruption$ or$

termination$of$the$radiation$treatment.$$$

Immediately$ after$ exposure$ to$ IR,$ several$ biological$ processes$ occur.$ Certain$

proteins$such$as$53BP1$and$γH2Ax$are$elevated$within$5$minutes$after$IR,$both$

indicating$the$presence$of$DNA$double$strand$breaks,$a$well$documented$result$

of$IR$[7,$8].$Additionally$a$number$of$cytokines,$such$as$interleukin$(IL)J1,$ILJ6,$ILJ

8,$ tumor$ necrosis$ factor$ (TNF)Jα,$ transforming$ growth$ factor$ (TGF)Jβ,$ are$

increased,$thereby$initiating$the$biological$response$to$IR$[9].$$
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Keratins$are$the$predominant$proteins$ found$ in$the$epithelial$ layer$and$as$ the$

expression$ of$ certain$ keratins$ is$ a$ clear$ indication$ of$ the$ maturation$ and$

stratification$of$the$epithelium,$we$studied$keratin$expression$in$the$epithelium$

in$nonJirradiated$and$irradiated$TEM$[10].$As$mentioned$earlier,$radiotherapy$is$

known$to$severely$ damage$ tissues,$we$used$markers$ for$ cell$proliferation$and$

apoptosis$ to$ evaluate$ the$ viability$ of$ nonJirradiated$ and$ irradiated$ TEM.$ To$

study$ if$ radiotherapy$ affects$ the$ structural$ integrity$ of$ TEM$we$evaluated$ the$

expression$ of$ (hemiJ)$ desmosomal$ proteins,$ and$ the$ expression$ of$ major$

basement$membrane$component$collagen$type$IV.$$$

The$ aim$ of$ this$ study$ is$ to$ evaluate$ the$ suitability$ of$ TEM$ as$ a$ model$ for$

studying$ the$ acute$ effects$ of$ IR$ on$ oral$ mucosa.$ Therefore,$ we$ evaluate$

epithelial$proliferation$ and$differentiation,$ expression$of$basement$membrane$

components,$cellJcell$adhesion,$attachment$of$the$epithelium$to$the$underlying$

connective$ tissue$ and$ DNA$ damage$ and$ repair$ on$ TEM.$ Additionally,$ we$

evaluate$the$presence$of$proJinflammatory$cytokines$in$the$conditioned$culture$

media$ of$ irradiated$ and$ nonJirradiated$ TEM.$ Finally,$ the$ results$ observed$ in$

TEM$are$compared$with$those$observed$in$NNOM.$

$

MATERIALS)AND)METHODS)

!Cell!culture!!

Biopsies$ of$ approximately$ 2$ cm2$ buccal$ tissue$ were$ taken$ from$ 4$ healthy$

individuals$ (3$ males$ and$ 1$ female,$ all$ Caucasian,$ aged$ 62.75$ ±$ 6.39)$ upon$

informed$ consent.$ Single$cell$ suspensions$ of$ keratinocytes$ or$ fibroblasts$were$

obtained$as$described$before$[2].$Briefly,$keratinocytes$were$isolated$ from$the$

epithelial$sheet$by$incubation$in$trypsinJEDTA$and$the$single$cell$suspension$was$

seeded$ onto$ lethally$ irradiated$ 3T3$ fibroblast$ feeder$ layers,$ according$ to$ the$
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Rheinwald$&$Green$protocol$[11,$12].$Fibroblasts$were$isolated$by$mincing$the$

dermis$ using$ scalpels.$ This$ was$ followed$ by$ incubation$ in$ collagenase/dispase$

(1.5$ mg/mL$ /$ 2.5$ mg/mL,$ respectively)$ solution$ to$ obtain$ a$ single$ cell$

suspension.$The$cells$used$in$this$study$were$within$passage$3$to$6.$

$

Preparation!of!de1epidermized!dermis!

Human$ cadaver$ skin,$ cryopreserved$ in$ 10%$ glycerol,$ and$ tested$ negative$ for$

cytomegalovirus,$human$immunodeficiency$virus$and$hepatitis$B,$was$obtained$

from$ the$ Euro$ Skin$ Bank$ (Beverwijk,$ the$ Netherlands).$ The$ epidermis$ was$

removed$ by$ gently$ shaking$ the$ skin$ in$ PBS$ supplemented$ with$ 200$ IU/ml$

penicillin,$ 200$ µg/ml$ streptomycin$ and$ 5$ µg/ml$ amphotericin$ B.$ The$ skin$was$

kept$in$the$PBS$solution$for$3$weeks$and$PBS$was$changed$3$times$a$week.$The$

deJepidermized$dermis$(DED)$was$trimmed$in$pieces$of$approximately$1$cm2.$$

$

Tissue!engineered!mucosa!(TEM)!

TEM$ was$ created$ as$ described$ before$ [2].$ Briefly,$ per$ construct$ 1$ x$ 105$

fibroblasts$ were$ spun$ into$ the$ lamina$ propria$ of$ the$ DED$ [1]$ and$ 1$ x$ 106$

keratinocytes$were$seeded$into$a$steel$ring$(diameter$10$mm)$placed$onto$the$

papillary$ side$ of$ the$ DED.$ This$ was$ kept$ under$ submerged$ conditions$ for$ 24$

hours.$Next,$the$construct$was$raised$to$the$air/liquid$interface$and$cultured$for$

14$ days$ before$ harvesting.$ Each$ test$ was$ done$ in$ triplicate$ and$ three$

independent$replicates$of$the$experiment$were$performed.$

$

Radiation!protocol!

TEM$ and$ NNOM$ were$ gammaJirradiated$ with$ 16.5Gy,$ a$ dose$ based$ on$

preliminary$studies$in$our$laboratory$(unpublished$data),$using$a$137JCs$source.$
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The$control$group$was$not$irradiated.$TEM$constructs$and$NNOM$were$cultured$

at$37oC,$10%$CO2$and$harvested$1,$6,$24,$48$or$72$hours$postJirradiation$by$snap$

freezing$with$liquid$nitrogen$for$cryoJsectioning.$)

$

Histology!and!collection!TEM1conditioned!culture!media!!

Culture$media$was$collected$prior$to$harvesting$of$TEM,$centrifuged$at$400g$for$

5$minutes$at$4oC$and$stored$at$J80oC$until$ further$analysis.$Cryosections$(6μm)$

were$stained$with$HematoxylinJEosin$ (HE)$ (Klinipath,$Duiven,$ the$Netherlands)$

and$overall$morphology$was$assessed$using$a$ light$microscope$(Olympus).$The$

thickness$of$ the$ viable$ epithelium$was$ determined$ from$2$consecutive$ images$

and$ the$ average$ thickness$ (µm)$ was$ measured$ using$ Hamamatsu$ software$

(Hamamatsu$Photonics,$Japan)$by$averaging$12$measurements$per$image.$$

$

Immunohistochemistry!

For$ immunohistochemical$ analysis,$ sections$ were$ fixed$ for$ 10$ minutes$ with$

acetone.$ After$ incubation$ with$ primary$ antibodies$ for$ K10$ (1:200;$ EuroJ

Diagnostica),$ K13$ (1:200;$ EuroJDiagnostica,$ K19$ (1:500;$ Novus$ Biologicals,$

collagen$ type$ IV$ (1:500;$ EuroJDiagnostica),$ KiJ67$ (1:200;$ DAKO),$ cleaved$

caspaseJ3$ (1:1500;$ Abcam),$ vimentin$ (1:200;$ EuroJDiagnostica),$ desmogleinJ3$

(1:500;$Novus$Biologicals),$integrin$α6$(1:1000;$Novus$Biologicals)$or$β4$(1:2000;$

Novus$ Biologicals),$ sections$ were$ incubated$ with$ diaminobenzidin$ (DAB)$

substrate$ or$ New$ Fuchsin$ substrate.$ All$ sections$ were$ counterstained$ using$

Mayer’s$Haematoxylin.$To$visualize$DNA$damage$and$repair$sections$were$fixed$

with$ 4%$ formaldehyde$ in$ PBS$ for$ 15$ minutes.$ After$ incubation$ with$ primary$

antibody$ for$ either$ 53BP1$ or$ Rad51,$ sections$ were$ stained$ with$ secondary$

antibody$ Alexa$ Fluor$ 594$ (1/1000,$ Goat$ antiJRabbit$ IgG,$ Molecular$ Probes,$
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Leiden,$ the$ Netherlands).$ Finally$ the$ sections$ were$ mounted$ using$

DAPI/DAPCOA/VectaShield$ to$ visualize$ cell$ nuclei.$ Positive$ controls$ were$

biopsies$ of$ NNOM$ and$ for$ the$ negative$ controls$ PBS$ replaced$ the$ primary$

antibody.$$

$

Quantification!of!radiation!damage!and!repair!

DNA$ damage$was$ quantified$ by$ counting$ the$ number$ of$ cells$ containing$ DNA$

DSBs$ in$ both$ the$ epithelial$ layer$ and$ the$ connective$ tissue$ in$ 12$ randomly$

chosen$microscopic$ views$ (100$ x$magnification).$ The$ index$was$ established$ as$

the$ ratio$ of$ the$ positive$ cells$ to$ all$ the$ cells$ in$ the$ basal$ layer$ or$ connective$

tissue$(x$100$%).$Quantification$of$repair,$using$Rad51,$was$done$similarly.$Only$

sections$ from$ TEM$ harvested$ at$ 1,$ 6$ and$ 24h$ were$ quantified$ as$ the$

characteristic$ kinetics$ of$ both$ 53BP1$ and$ Rad51$ take$ place$ within$ 24h$ postJ

irradiation.$$

$

Proliferation!and!apoptosis!index!

To$determine$the$proliferation$index$(PI),$the$basal$ layer$of$the$epithelium$was$

analyzed.$Images$were$taken$from$12$randomly$chosen$microscopic$views$using$

a$100$x$magnification.$The$PI$was$established$as$the$ ratio$of$the$KiJ67$positive$

cells$to$all$cells$of$the$basal$layer$(x$100$%).$Apoptotic$cells$were$detected$using$

an$antibody$against$cleaved$caspaseJ3.$The$apoptotic$index$(AI)$was$established$

as$ the$ ratio$of$ the$caspaseJ3$ positive$cells$ to$all$ the$cells$ in$ the$basal$ layer$ or$

connective$tissue$(x$100$%).$$$

$
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ELISA!assay!on!conditioned!media!

Concentration$ of$ interleukinJ1$ beta$ (IL1Jβ),$ TGFβ,$ tissue$ inhibitor$ of$ matrix$

metalloproteinase$ (TIMPJ1$ and$ TIMPJ2)$ in$ the$ conditioned$ culture$media$was$

measured$using$the$DuoSet$sandwich$ELISA$kits$according$to$the$manufacturers$

instructions$ (R&D$Systems).$ Results$ are$ expressed$as$ pg$or$ng/cm2$ tissue$with$

each$sample$consisting$of$4$mL$supernatant$derived$from$1$cm2$tissue.$$

$

Zymography!for!MMP12!and!MMP19!

Gelatinolytic$ proteinases$ in$ conditioned$ culture$ media$ were$ assessed$ using$

zymography.$Samples$of$10$μL$conditioned$media$were$1:1$diluted$with$sample$

buffer$(0.1$M$TrisJHCl,$4$%$SDS,$20$%$glycerol,$0.00$5%$bromopherol$blue,$$

10$ mM$ EDTA)$ were$ loaded$ onto$ a$ 10$ %$ polyacrylamide$ gel$ containing$ 2$ %$

gelatin.$After$electrophoreses$gels$were$washed$with$2.5$%$(v/v)$Triton$XJ100$to$

remove$ the$ SDS.$ After$ overnight$ incubation$ at$ 37$ oC$ in$ incubation$ buffer$

consisting$ of$ 50$ mM$ TrisJHCl,$ 1$ %$ Triton$ XJ100$ and$ 5$ mM$ CaCl2$ gels$ were$

stained$ with$ Coomassie$ brilliant$ blue.$ MMPJ2$ and$ MMPJ9$ appeared$ as$

unstained$bands.$Gels$were$scanned$using$a$Kodak$Image$Station$440CF$(Kodak)$

and$relative$intensity$of$each$band$was$quantified.$$

$

Native!oral!non1keratinizing!mucosa!(NNOM)!

To$ determine$ whether$ the$ observations$ in$ TEM$ regarding$ proliferation$ and$

expression$patterns$of$components$of$the$epithelium,$BM$and$connective$tissue$

postJirradiation,$are$similar$to$those$in$native$oral$mucosa$we$exposed$biopsies$

of$native$nonJkeratinizing$oral$mucosa$(NNOM)$to$16,5$Gy$and$assed$the$above$

mentioned$ components$ 1,$ 6,$ 24,$ 48$ and$ 72h$ postJirradiation$ using$

immunohistochemistry.$$
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Statistical!Analysis!

All$data$are$expressed$as$mean$±$SEM.$Tests$of$normality$were$done$using$the$

ShapiroJWilk$ W$ test$ using$ SPSS$ software$ (IBM$ Nederland,$ the$ Netherlands).$

Statistical$ analyses$were$ performed$ using$ Student$ t$ test$ using$ SPSS$ software.$

Comparisons$between$group$means$were$made$using$TukeyJKramer$test$using$

GraphPad$ Instat$ software$ (GraphPad$ Software,$ USA).$ PJvalues$ ≤$ 0.05$ were$

considered$significant.$!

$

RESULTS)

Confirmation!radiation!damage!

To$confirm$that$a$single$dose$of$16.5$Gy$did$result$in$DNA$double$strand$breaks$

(DSBs),$the$number$of$cells$containing$53BP1$foci$was$analyzed.$As$shown$in$fig.$

1A$the$number$of$53BP1$positive$cells$in$ irradiated$TEM$significantly$ increased$

1.7Jfold$1$h$postJirradiation.$After$ 6$and$24$h,$a$1.3Jfold$and$1.6Jfold$ increase$

was$ observed,$ respectively,$ when$ compared$ with$ nonJirradiated$ TEM.$

Additionally,$DNA$repair$was$quantified$and$as$shown$in$fig.$1B,$1$and$6$h$postJ

irradiation$a$1.3Jfold$and$1.7Jfold$ increase,$ respectively,$ in$ irradiated$TEM$was$

observed$as$compared$to$nonJirradiated$TEM.$After$24$h$the$number$of$Rad51$

positive$cells$in$irradiated$TEM$returned$to$baseline.$$$

Overall$ morphology$ of$ irradiated$ TEM$ was$ not$ affected$ 1$ and$ 6$ h$ postJ

irradiation$ (Fig.$ 2AJB)$when$ compared$ to$ nonJirradiated$ TEM$ (Fig.$ 2FJG).$ First$

changes$ in$morphology$were$observed$24$h$postJirradiation$ (Fig.$2C$and$H)$as$

the$ basal$ layer$ became$ irregular$ and$ pyknotic$ cells$ appeared$ the$ basal$ and$

intermediate$layer.$These$changes$became$more$pronounced$48$and$72$h$postJ

irradiation$ (Fig.$ 2DJE)$ when$ compared$ to$ nonJirradiated$ TEM$ (Fig.$ 2IJJ).$
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Measurements$ of$ the$ viable$ epithelium$ showed$ a$ significant$ decrease$ in$ the$

thickness$of$ irradiated$TEM$24,$48$and$72$h$postJirradiation$as$compared$with$

nonJirradiated$TEM$(Fig.$2K).$$$

Figure 1. DNA damage was assessed with (A) 53BP1. The number of 53BP1-
positive cells in both native non-keratinizing oral mucosa (NNOM) and tissue-
engineered mucosa (TEM) significantly increased post-irradiation. DNA repair 
was assessed using (B) Rad51. 
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Figure 2. Overall morphology (assessed by hematoxylin-eosin staining) showed 
a multi-layered, parakeratinized epithelium in (A-E) non-irradiated tissue-
engineered mucosa (TEM) and (F-J) irradiated TEM. Note the appearance of 
irregular-shaped cells and pyknotic cells in the basal and intermediate layer of 
the epithelium of irradiated TEM at (H) 24 h, (I) 48 h, and (J) 72 h post-irradiation 
(arrows). (K) The thickness of the viable epithelium significantly decreased post-
irradiation. Magnification 100x. Scale bar = 100 µm 
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Proliferating$cells$were$observed$in$the$basal$ layer$only$of$TEM$and$ IR$did$not$

change$this$pattern$(Fig.$3A;$indicated$with$arrows).$After$exposure$to$IR,$the$PI$

significantly$ decreased$ at$ all$ time$ points$ compared$ with$ nonJirradiated$ TEM$

(Fig.$ 3B).$ Analysis$ of$ the$ cleaved$ caspaseJ3$ staining$ revealed$ only$ a$ few$

apoptotic$ cells$ in$ the$ basal$ layer$ and$ the$ connective$ tissue$ of$ TEM$ after$

irradiation$at$all$time$points.$After$IR$the$number$of$apoptotic$cells$increased$in$

irradiated$TEM$when$compared$with$nonJirradiated$TEM$but$these$differences$

were$not$significant$(data$not$shown).$

Figure 3. Proliferating cells were observed in the basal layer of both (A) non-
irradiated tissue-engineered mucosa (TEM) and irradiated TEM. (B) 
Quantification of the number of proliferating cells showed a significant decrease 
at 24, 48, and 72 h post-irradiation. Scale bar = 100 µm. 
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Immunohistochemical$ staining$ for$ cytokeratins$ 10$ and$ 13$ revealed$ no$

differences$ in$ epithelial$ differentiation$ between$ irradiated$ TEM$ and$ nonJ

irradiated$TEM$(data$not$shown).$Keratin$19$positive$cells$were$observed$in$the$

basal$ layer$ of$ the$ epithelium$ (Fig.$ 4AJB;$ indicated$ with$ arrows).$ Expression$

decreased$after$exposure$to$IR$and$quantification$of$K19$positive$cells$showed$a$

1.2Jfold,$ 1Jfold$ and$ 1.2Jfold$ decrease$ at$ 24,$ 48$ and$ 72$ h$ postJirradiation,$

respectively$(data$not$shown).$

$

Assessment!basement!membrane!and!connective!tissue!

Collagen$type$VI$was$present$along$the$whole$dermalJepithelial$junction$in$TEM$

and$this$expression$pattern$remained$unchanged$up$to$24$h.$FortyJeight$and$$

72$h$postJirradiation$the$staining$intensity$decreased$and$in$small$regions$of$the$

BM$collagen$type$IV$was$not$detectable$(Fig.$4CJD).$$

Hemidesmosomal$ proteins$ integrin$ α6$ and$ β4$ were$ also$ expressed$ along$ the$

whole$ dermalJepithelial$ junction$ of$ TEM.$ Irradiation$ did$ decrease$ staining$

intensity$and$reduced$the$number$of$cell$layers$expressing$integrin$α6$(Fig.$4EJF)$

and$ β4.$ Desmosomal$ protein$ desmogleinJ3$ was$ expressed$ in$ the$ basal$ and$

intermediate$layer$of$the$epithelium$of$TEM$and$this$expression$pattern$did$not$

change$up$to$24$h$postJirradiation$in$irradiated$TEM$when$compared$with$nonJ

irradiated$TEM.$After$48$and$72$h,$in$irradiated$TEM$desmogleinJ3$ is$no$longer$

expressed$ in$ the$ intermediate$ layer$ as$ compared$ to$ nonJirradiated$ TEM$ (Fig.$

4GJH).$

Vimentin$staining$showed$that$fibroblast$distribution$in$the$connective$tissue$in$

irradiated$TEM$was$similar$to$that$observed$in$nonJirradiated$TEM.$From$24h$up$
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to$72$h$postJirradiation,$vimentin$positive$cells$were$observed$in$the$epithelial$

layer$of$irradiated$TEM,$whereas$no$vimentin$positive$cells$were$observed$in$the$

epithelial$layer$of$nonJirradiated$TEM$(Fig.$4IJJ).$

Figure 4. (A-B) Histological appearance of non-irradiated tissue-engineered 
mucosa (TEM) and irradiated TEM at 72 h post-irradiation showed that the 
number of K19-positive cells decreased post-irradiation (indicated with arrows). 
(C-D) Collagen type IV deposition in the basement membrane was not present at 
72 h post-irradiation. (E-F) Integrin α6 and (G-H) desmoglein-3 expression was 
reduced after ionizing radiation (IR). (I) Vimentin was not observed in the 
epithelium of TEM. (J) Exposure to IR induced vimentin expression in the basal 
layer of irradiated TEM (indicated with arrows). Scale bar = 100 µm. 
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Assessment!cytokines!and!TIMP!in!irradiated!TEM!

To$study$the$effect$of$ IR$on$secretion$of$ inflammatory$cytokines,$the$secretion$

of$ ILJ1β$ and$ TGFβ1$ was$ measured$ in$ conditioned$ culture$ media$ of$ TEM.$ IR$

increased$the$secretion$of$ILJ1β$after$1$h$(1.6Jfold),$6$h$(1.4Jfold),$24$h$(1.1Jfold)$

and$ 72$ h$ (1.5Jfold)$ when$ compared$ with$ nonJirradiated$ TEM$ (Fig.$ 5A).$ The$

activation$of$TGFβ1$was$increased$after$ IR$at$1$h$(1.1Jfold),$6$h$(1.1Jfold),$24$h$

(1.0Jfold),$ 48$ h$ (1.1Jfold)$ and$ 72$ h$ (1.2Jfold)$ (Fig.$ 5B).$ Total$ TGFβ1$ activation$

showed$no$differences$between$irradiated$and$nonJirradiated$samples$and$total$

TGFβ1$levels$did$not$change$during$culture$up$to$72$h$after$treatment$(data$not$

shown).$IR$decreased$TIMPJ1$secretion$after$6$h$(1.3Jfold),$24$h$(2.8Jfold),$48$h$

(1.3Jfold)$ and$ 72$ h$ (1.1Jfold)$ as$ compared$ with$ nonJirradiated$ TEM$ (Fig.$ 5C).$

TIMPJ2$secretion$was$not$increased$after$IR$(Fig.$5D).$$$

$

Zymography!MMP12!and!MMP19!

As$ IR$ can$ increase$ the$ secretion$ of$matrix$metalloproteinases$ (MMP)$ through$

TGFJβ,$ we$ analyzed$ the$ activity$ of$MMPs$ in$ TEM$ by$ gelatin$ zymography.$ The$

gels$as$ shown$ in$ figure$4E$showed$bands$at$92$and$82$kDa,$proJactive$MMPJ9$

and$ active$MMPJ9$ respectively$ for$ nonJirradiated$ TEM$ (indicated$ with$ J)$ and$

irradiated$TEM$(+).$Bands$were$also$observed$at$72$and$66$kDa$indicating$proJ

active$MMPJ2$ and$ active$MMPJ2$ respectively.$ $ Quantification$ of$ zymography$

gels$showed$that$IR$decreased$the$activity$of$proJMMPJ9$or$active$MMPJ9$(Fig.$

5FJG).$ ProJMMPJ2$ activity$ was$ increased$ 72$ h$ postJirradiation$ only$ when$

compared$ to$ nonJirradiated$ TEM,$ whereas$ active$ MMPJ2$ levels$ were$ only$

elevated$48h$postJirradiation$(Fig.$5HJI).$$

$
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Figure 5. Secretion of (A) IL-1β, (B) TGF-β1, (C) TIMP-1 and (D) TIMP-2 by non-
irradiated TEM (closed bars) and irradiated TEM (open bars) measured at 1, 6, 
24, 48, and 72 h post-irradiation. (E) Gelatin zymograms showed decreased 
MMP-9 (92 and 82 kDa inactive proenzyme and active form, respectively) and 
MMP-2 (72 and 66 kDa inactive proenzyme and active form, respectively). The 
fold-change in (F-G) MMP-9 and (H-I) MMP-2 activity in non-irradiated TEM 
(closed bars) and irradiated TEM (open bars) was determined using 
densitometry. Il., interleukin; TGF, transforming growth factor; TIMP, tissue 
inhibitor of matrixmetalloproteinase; MMP, matrix metalloproteinase. 
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Assessment!effects!IR!on!NNOM!

To$ verify$ the$ effects$ of$ IR$ on$ TEM,$ all$ aboveJmentioned$ parameters$ were$

assessed$ in$ irradiated$NNOM$and$compared$ these$with$nonJirradiated$NNOM.$

First$DNA$damage$in$NNOM$was$assessed$and$irradiated$NNOM$revealed$a$1.7J

fold$ and$ 1.5Jfold$ increase$ of$ 53BP1$ positive$ cells$ 1$ and$ 6$ h$ postJirradiation,$

respectively,$as$compared$with$nonJirradiated$NNOM$(data$not$shown).$$ $

Next,$analysis$of$the$HE$stain$revealed$that$first$changes$ in$overall$morphology$

of$NNOM$postJirradiation$were$observed$24$h$postJirradiation$as$from$24$up$to$

72$h$postJirradiation,$pyknotic$cells$were$observed$in$the$basal$layer$(Fig.$6AJB).$

Compared$ to$ nonJirradiated$ NNOM,$ thickness$ of$ the$ viable$ epithelium$

decreased$1.3Jfold$24$h$postJirradiation$and$1.7Jfold$and$2.6Jfold$48$and$72$h$

postJirradiation,$ respectively$ (data$ not$ shown).$ Similarly$ to$ TEM,$ K10$and$K13$

expression$ (Fig.$ 6CJD)$ were$ unchanged$ postJirradiation.$ Quantification$ of$ the$

number$ of$ K19$ positive$ cells$ showed$ a$ 1Jfold,$ 1.2Jfold$ and$ 1.1Jfold$ decrease$

when$ compared$with$ nonJirradiated$NNOM$ (data$ not$ shown).$ The$number$ of$

proliferating$cells$ in$ irradiated$NNOM$decreased$1.9Jfold$24$h$ postJirradiation$

and$ 1.4Jfold$ and$ 1.1Jfold$ at$ 48$ and$ 72$ h$ postJirradiation,$ respectively,$ when$

compared$ to$ nonJirradiated$ NNOM.$ Comparable$ to$ our$ observations$ in$ TEM,$

only$ few$ apoptotic$ cells$ were$ observed$ in$ both$ nonJirradiated$ and$ irradiated$

NNOM$ (data$ not$ shown).$ $ Additionally,$ assessment$ of$ BM$ components$ and$

connective$ tissue$ revealed$ that$ collagen$ type$ IV$ staining$ intensity$ in$ nonJ

irradiated$NNOM$(Fig.$6E)$was$more$ intense$as$compared$to$ irradiated$NNOM$

(Fig.$ 6F).$ Integrin$ α6$ and$ β4$ were$ observed$ along$ the$ whole$ basement$

membrane.$PostJirradiation$the$number$of$cell$layers$expressing$integrin$α6$and$

β4$decreased$as$illustrated$in$figure$6GJH.$DesmogleinJ3,$expressed$in$the$basal$

and$ intermediate$ layer$ of$ nonJirradiated$ NNOM$ (Fig.$ 6I),$ was$ no$ longer$
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expressed$ in$ the$ intermediate$ layer$ in$ irradiated$ NNOM$ 72$ h$ postJirradiation$

(Fig.$6J).$$Additionally,$vimentin$staining,$only$observed$in$the$connective$tissue$

in$ nonJirradiated$ NNOM,$was$observed$ in$ the$basal$ layer$ from$24$up$ to$ 72$h$

postJirradiation$as$shown$in$figure$6KJL.$$$$
Figure 6 
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Figure 6. (A-B) Histological appearance of native non-keratinizing oral mucosa 
(NNOM) at 72 h post-irradiation after hematoxylin-eosin staining. (C-D) K13 
expression and (E-F) collagen type IV deposition was unaltered at 72 h post-
irradiation. (G-H) Integrin α6 and (I-J) desmoglein-3 expression was reduced 
after IR. (K-L) In irradiated NNOM, vimentin-positive cells were observed in the 
basal layer. Scale bar = 100 µm. 
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DISCUSSION)

In$this$ study$we$demonstrated$ that$ structural$ changes$ in$oral$mucosa$induced$

by$IR$can$be$studied$using$TEM$as$IR$affects$TEM$in$a$similar$manner$as$native$

oral$ mucosa.$ The$ normal$ morphology$ of$ TEM$ is$ preserved$ up$ to$ 24h$ postJ

irradiation$as$shown$by$HE$stain$and$expression$of$keratin$10$and$13.$Thereafter$

basal$cell$degeneration,$decreased$proliferation,$thinning$of$the$epithelium$and$

reduced$ K19$ and$ collagen$ type$ IV$ expression$ indicated$ profound$ structural$

changes$after$exposure$to$one$single$high$dose$of$ionizing$radiation.$$

The$presence$of$53BP1$foci$has$been$used$to$determine$the$degree$of$damage$

in$ cells$ and$ 53BP1$ plays$ an$ important$ role$ in$ the$ repair$ of$ DNA$ DSBs$ as$ it$

interacts$ with$ DNA$ repair$ proteins.$ 53BP1$ foci$ have$ been$ described$ to$ form$

within$5$minutes$postJirradiation$reaching$a$maximum$at$15$to$30$minutes,$and$

then$decreases$ to$baseline$ levels$within$ 16h$postJirradiation$ [7].$ Interestingly,$

this$characteristic$kinetic$pattern$was$not$observed,$as$after$24$h$the$number$of$

53BP1$foci$increased$in$TEM$and$NNOM.$The$presence$of$persistent$53BP1$foci$

in$ a$ tissueJengineered$ construct$ has$ been$ shown$ before$ [13]$ and$ their$

appearance$ could$ indicate$ irreparable$ DNA$ DSBs$ that$ most$ often$ result$ in$

apoptosis.$Therefore$the$presence$of$cleaved$caspaseJ3,$an$executioner$caspase$

that$becomes$ active$ upon$ the$ first$ signaling$events$ of$apoptosis,$was$ studied.$

We$ found$ that$ the$ number$ of$ apoptotic$ cells$ increased$ postJirradiation,$

confirming$that$cells$containing$persistent$53BP1$foci$will$undergo$programmed$

cell$ death.$ To$ be$ able$ to$ survive$ IR,$ TEM$ has$ to$ be$ capable$ to$ respond$ to$

damaging$ external$ influences.$ The$ finding$ that$ the$ presence$ of$ DNA$ repair$

protein$Rad51$was$more$abundant$postJirradiation$suggests$that$TEM$is$able$to$

respond$ to$ the$ DNA$ damage,$ but$ that$ the$ damaged$ induced$ by$ a$ single$ high$

dose$of$IR$could$not$be$completely$repaired.$$
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It$is$well$known$that$cellJcell$adhesion$and$attachment$of$the$epithelium$to$the$

underlying$ connective$ tissue$ is$ essential$ for$ structural$ integrity$ [14].$

Desmosomes$ are$ complexes$ of$ cell$ adhesion$ proteins$ involved$ in$ cellJcell$

attachment$[14]$and$provide$a$transcellular$network$to$resist$mechanical$stress$

[15].$ The$ observation$ that$ desmogleinJ3$ and$ integrin$ α6$ and$ β4$ expression$

decreased$postJirradiation$could$indicate$a$loss$of$functionality$or$integrity$and$

might$ ultimately$ lead$ to$ ulceration$ op$ the$ epithelium$ [14].$ As$ the$ basement$

membrane$ is$ also$ important$ for$ maintaining$ structural$ integrity$ [16]$ we$

assessed$the$expression$pattern$of$collagen$type$IV,$a$major$component$of$the$

BM.$ Previous$ study$ showed$ that$ collagen$ type$ IV$ was$ expressed$ along$ the$

whole$basement$membrane$[2].$The$observation$that$collagen$type$IV$was$not$

detectable$48$and$72h$postJirradiation$in$both$irradiated$TEM$and$NNOM$could$

indicate$that$IR$induced$remodeling$of$the$basement$membrane.$$

Morphological$ observations$ have$ indicated$ that$ alterations$ in$ the$ epithelial$

layer$are$preceded$by$changes$ in$the$connective$ tissue$ [17].$This$prompted$us$

to$study$the$distribution$of$fibroblasts$ in$the$connective$tissue$postJirradiation.$

Our$ results$ indicated$ that$ IR$did$ no$affect$ fibroblast$distribution.$ Interestingly,$

we$did$find$vimentin$positive$cells$in$the$epithelium$postJirradiation.$Normally,$

oral$epithelium$does$not$express$ vimentin,$as$ observed$ in$nonJirradiated$ TEM$

and$NNOM.$However,$when$exposed$to$stress$epithelial$cells$have$been$shown$

to$express$vimentin$[18].$The$presence$of$vimentin$expression$in$the$epithelial$

layer$of$TEM$and$the$NNOM$confirms$the$extensive$stress$in$both$models$after$

exposure$to$IR.$$$$$$$$$$$$

The$role$of$TGFJβ1$in$the$cascade$of$events$ immediately$following$IR$has$been$

proven$in$multiple$tissues$including$skin,$lung$and$intestine$[19,$20].$In$skin,$IR$is$

known$to$activate$TGFJβ1.$Our$results$showed$that$a$single$dose$of$16.5$Gy$did$
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increase$the$levels$of$activated$TGFJβ1.$This$observation$is$confirmed$by$studies$

performed$using$irradiated$pigskin$that$showed$that$doses$of$16$Gy$and$higher$

induced$TGFJβ1$expression$on$both$mRNA$and$protein$level$[20].$$

The$ observation$ that$ ILJ1β$ secretion$ was$ increased$ after$ exposure$ to$ IR$

indicates$ the$ initiation$ of$ the$ biological$ response$ in$ TEM$ [9].$ If$ the$ increased$

levels$ of$ ILJ1β$ are$maintained$ for$ prolonged$ periods$ of$ time$ this$ could$ be$ an$

important$indicator$of$disturbed$MMP$secretion$and$regulation$that$may$lead$to$

fibrosis$[9].$The$observation$that$MMPJ2$and$MMPJ9$activity$was$not$increased$

after$irradiation$suggests$that$the$extracellular$matrix$is$not$actively$remodeling.$

Additionally,$TIMPJ1$and$TIMPJ2$levels$did$not$change$after$ IR,$suggesting$that$

the$elevated$ILJ1β$secretion$after$a$single$high$dose$of$IR$could$not$disrupt$the$

homeostasis$of$the$extracellular$matrix$of$TEM.$$$

In$ summary,$ our$ data$ suggest$ that$ TEM$ responds$ in$ a$ similar$ way$ to$ IR$ as$

NNOM.$ Therefore,$ TEM$ might$ help$ to$ study$ the$ underlying$ mechanisms$

regarding$ oral$ mucositis$ and$ radiation$ induced$ fibrosis.$ However,$ as$ TEM$ is$

engineered$does$not$contain$ immune$cells,$ like$dendritic$ cells$and$Langerhans$

cells,$or$endothelial$ cells$ the$ total$effects$of$ irradiation$cannot$be$studied$yet.$

The$inclusion$of$these$cells$is$important,$as$radiation$is$known$to$alter$immune$

functions,$ cytokine$secretion$ for$ instance,$of$certain$ immune$cells$ [21].$Future$

research$would$therefore$include$the$addition$of$immune$cells$to$TEM$to$obtain$

a$more$complete$view$of$ the$acute$biological$effects$of$radiation$and$to$study$

the$effects$of$novel$radiation$protective$agents$or$novel$therapeutic$treatments$

for$oral$mucositis$and$fibrosis.$$

$
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CHAPTER(7(

SUMMARY,(GENERAL(DISCUSSION(AND(FUTURE(PERSPECTIVES((

The( aim( of( this( thesis( was( to( develop( a( tissueFengineered( mucosal(

construct( that( 1)( could( be( used( for( clinical( applications( and( 2)( is( a(

representative(model(for(in(vitro(research(regarding(harmful(or(beneficial(

environments( as( for( instance( radiation( or( hyperbaric( oxygen( therapy.(

Tissue(engineering(has(already(been(proven(a(useful(tool( to(successfully(

develop( tissue( equivalents( as( skin( [1],( bone( [2],( cartilage( [3],( blood(

vessels( [4](and( soft( tissues( [5].(We(have(developed(a( tissueFengineered(

mucosal( equivalent( (TEM)( that( strongly( resembles( native( oral( mucosa(

based(on(structure(and(functionality((Chapter(2).(In(this(thesis(we(studied(

the( potential(of( preconditioning( TEM(with( either( hypoxia( or( hyperbaric(

oxygen( (HBO)(treatment(to(enhance(the(secretion(of(angiogenic( factors(

(Chapter(3(and(4).(A(critical(obstacle(in(the(clinical(application(of(TEM(is(

the( survival( of( TEM( after( implantation( (Chapter( 5).( Additionally,( the(

suitability(of(TEM(to( function( as( in( vitro(model( for( studying( treatments(

like(radiotherapy(was(explored((Chapter(6).(

DEVELOPING(TISSUE(ENGINEERED(ORAL(MUCOSA(

To(engineer(a(mucosal(equivalent(several(aspects(have(to(be(taken( into(

account,(as(the(graft(has(to(withstand(speech,(passing(of(food(and(fluids(

and(movement(of(the(tongue([6].(The(mechanical(stress(in(the(oral(cavity(

is( high( and( therefore,( the( choice( of( scaffold( depends( on( mechanical(

properties,( degradability( and( contraction.( The( demand( for( a( sturdy(
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scaffold( is( illustrated( by( the( earliest( grafts,( consisting( of( cultured(

epithelial(sheets,(which(were(fragile(and(difficult(to(handle(due(to(a(lack(

of(supporting(connective(tissue([7].(Our(first(step(towards(developing(a(

tissueFengineered(mucosal(equivalent(was(deciding(what(biomaterial(we(

wanted(to(use(for(our(scaffold((CHAPTER(2).(Many(different(materials(are(

currently( used( for( scaffolding( [8],( varying( from( deFepidermized( dermis(

(DED)( to( synthetic( scaffolds( and( have( reported( on( TEM( equivalents(

constructed( with( collagenFbased( scaffolds( [9].( However,( major(

disadvantages(of(a( collagenFbased( scaffold(are( the(prompt(degradation(

and( the( inadequate( ability( to(withstand(mechanical( stress.( In( addition,(

they( are( likely( to( contract,( especially( with( the( number( of( fibroblasts(

increasing(and(aligning([7].(((

The(DED(scaffold( is(obtained(from(split( thickness(skin(grafts(taken(from(

donors,( of( which( the( epidermal( layer( is( gently( removed.( A( major(

advantage( of(DED( is( the( high( similarity(with( the( underlying( connective(

tissue( of( oral( mucosa( as( the( extracellular( matrix( and( basement(

membrane( components( [10].( This( prompted( us( to( choose( DED( as( the(

scaffold( for(our(mucosal(equivalent.( Indeed,( the(presence(of(basement(

membrane(components(has(shown(to(increase(keratinocyte(attachment(

and( improve( epithelial( morphology( [11].( The( use( of( aFcellularized(

scaffolds( has( recently( gained( interest( with( the( finding( that( a( scaffold(

consisting(of(only( the(extracellular(matrix( (ECM)(can(be( repopulated( to(

rebuild( the( original( tissue( [12].( A( recent( publication( by(Maher( showed(

that( the( ECM( of( a( rodent( heart( was( repopulated( with( human( cardiac(
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cells(resulting(in(a(newly(formed(beating(heart(revealing(the(potential(of(

the(ECM(as(a(scaffold([13].(

The( second( step( in( the( development( of( TEM(was( to( decide( on( the( cell(

types( we( wanted( to( seed( onto( the( DED( scaffold( and( are( needed( for(

optimal( resemblance( to( native( mucosa.( We( decided( to( use( the(

predominant( cell( types( in( the( epithelial( and( submucosa,( namely(

keratinocytes(and(fibroblasts.(The(decision(to(incorporate(fibroblasts(next(

to( keratinocytes( was( also( based( on( the( results( of( earlier( research(

published(by(us(and(others(reporting(on(the(incomplete(development(of(

a( new( epithelium( when( only( keratinocytes( were( used( [14,( 15].( Even(

though( keratinocytes( are( able( to( synthesize( most( components( of( the(

basement(membrane,( such( as( collagen( type( IV( and( lamininF332( [16],( a(

continuous( and( mature( basement( membrane( is( only( formed( in( the(

presence(of(both(keratinocytes(and(fibroblasts([11].((

The(next(step(was(to(compare(our(TEM(with(native(nonFkeratinizing(oral(

mucosa( by( determining( the( presence( of( structural( features( such( as( a(

multilayered(epidermis,(basal(layer,(basement(membrane(and(underlying(

connective(tissue(as(well(as(the(expression(pattern(of(cytokeratins(in(the(

epithelial( layer.( We( demonstrated( that( our( TEM( has( a( strong(

morphologic( resemblance( with( native( oral( mucosa,( with( a( similar(

expression( pattern( of( various( keratins( and( basement( membrane(

components((CHAPTER(2).((

In( the( clinical( situation( where( patients( with( oral( cancer( are( locally(

deprived(of(normal(mucosa(and(are(treated(with(radiotherapy,(the(next(
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step(was( to( focus(are(experimental(work(on( the(preconditioning(of(our(

mucosal( construct( (TEM).( In( the( following( chapters( therefore( the(

suitability(to(use(TEM(for(studying(the(potential(of(hypoxia(and(hyperoxia(

preconditioning,(the(acute(effects(of(ionizing(radiation(and(examining(the(

potential(of(TEM(as(alternative(grafting(material.(((

PRECONDITIONING(OF(TISSUEFENGINEERED(MUCOSA(WITH(HYPOXIA(

It(is(well(established(that(all(tissueFengineered(constructs(require(oxygen(

and(nutrients(supplied(by(blood(vessels(to(survive(upon(implantation([17F

19](and(that(the(lack(of(oxygen(results(in(hypoxia,(which(can(lead(to(cell(

death(and(ultimately(loss(of(the(graft([20,(21].((

Conversely,( the( term( hypoxia( is( somewhat( ambiguous( as( it( refers( to( a(

condition(where(partial(oxygen(pressure((pO2)( is( lower(than( the(normal(

oxygen( pressure,( or( physioxia,( but( is( often( used( when( the( O2(

concentration( is( lower( than( the( standard(culture( conditions(of( 20%(O2.((

Physioxia( usually( ranges( between( 1( and( 10%(oxygen( depending( on( the(

tissue([22,(23].(The(pO2(in(skin,(which(has(a(structure(similar(to(mucosa,(

varies(from(1%(O2(in(the(epidermis(to(approximately(5%(O2(in(the(dermis(

[24].((

In(chapter(3(we(exposed(our(TEM(constructs(to(1.5%(O2(for(6,(12,(24(or(

48( h( and( determined( cellular( hypoxia,( morphology( and( secretion( of(

angiogenic( factors.( We( demonstrated( that( overall( morphology( of( the(

construct( was( maintained( and( that( no( profound( structural( changes(

occurred(by(exposing(TEM(to(hypoxia(for(short(periods(of(time.(
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Cellular( hypoxia( was( assessed( using( Hypoxia( Inducible( Factor( 1( alpha(

(HIFF1α),( a( transcriptional( activator( that( is( upFregulated( in( cells( under(

hypoxic(conditions([23].(The(HIFFpathway(mediates(the(cellular(responses(

to( hypoxia,( and( is( responsible( for( the( adaption( to( hypoxia.( During(

hypoxia,( HIFF1α( accumulates( in( the( cell( nucleus( [25].( Nuclear( HIFF1α(

expression( in(our(TEM(constructs( significantly( increased(with( increasing(

exposure(time,(thereby(confirming(cellular(hypoxia.((

HIFF1α(is(considered(to(be(a(key(factor(in(the(regulation(of(the(secretion(

of(important(angiogenic(factors,(including(VEGF,(PlGF(and(bFGF([25],(and(

it(has(been( reported( that(hypoxia( increases(the( secretion(of(angiogenic(

factors( in( a( variety( of( cells( including( stromal( cells( [26F28],(HUVECs( [29,(

30],( and( endothelial( progenitor( cells( [31].( Therefore,( hypoxia( induced(

secretion(of(multiple(angiogenic(factors(by(TEM(was(assessed.(We(found(

that( exposure( to( hypoxia( significantly( increased( the( secretion( of( VEGF(

and( PlGF,( both( known( to( induce( angiogenesis( and( stimulation( of(

endothelial(cell(proliferation([32F34].((

Even( though(the( results(of(this(study(showed( that(TEM(produce( factors(

under( hypoxic( conditions( that( contribute( to( angiogenesis( in# vitro,( this(

angiogenic(capacity(in#vivo(needs(to(be(clarified.((((

(
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PRECONDITIONING(OF(TISSUEFENGINEERED(MUCOSA(WITH(HYPERBARIC(

OXYGEN(THERAPY(

Opposite(of(hypoxia( is(hyperbaric(oxygen((HBO)(treatment.(During(HBO(

the( oxygen( levels( are( increased( from( 20%( to( 100%( and( atmospheric(

pressure( is( increased( from( sea( level( pressure,( 1( ATA,( to( 2.4( ATA( [35].(

Adjunctive(HBO( therapy(has(been(used( for(a(wide(variety(of(afflictions,(

including(healing(of((chronic)(wounds([36F40],(treatment(of(diabetic(foot(

ulcers( [41],( traumatic( brain( injury( and( stroke( [42],( and( to( promote( the(

viability(of(vascularized(flaps([43].(HBO(is(known(to(increase(the(secretion(

of(growth(factors(such(as(transforming(growth(factors(β1(and(β2((TGF(β1(

and( β2)( [44],( which( are( associated( with( wound( healing( [45,( 46],( and(

important(angiogenic(factors(including(VEGF(in(fibroblasts([44].((

These(characteristics(prompted(us(to(evaluate(the(effect(of(HBO(on(our(

TEM(construct((CHAPTER(4).(For(this,(TEM(constructs(were(treated(with(

100%( oxygen( and( 2.4( ATA( for( up( to( 5( consecutive( days.( Histology(

revealed(that(overall(morphology(was(maintained(after(1(HBO(treatment.(

However,(after(3(and(5(consecutive(treatments(the(TEM(constructs(were(

affected( as( the( epithelium( became( significantly( thinner.( Additionally,(

detachment(of(the(epithelium(from(the(underlying(connective(tissue(was(

seen,( which( is( probably( caused( to( remodeling( of( the( basement(

membrane,(as( illustrated(by( the( changes( in( collagen( type( IV(deposition(

[47].( These( results( suggest( that( the(cells(have(yet( to(adapt( to( the(HBO(

conditions( or( a( potential( harmful( effect( of( HBO( as( for( instance( oxygen(

toxicity([48,(49].((
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As( mentioned( earlier,( HBO( is( known( to( increase( the( secretion( of(

angiogenic( factors( in(wound(fluid([50],(hind( limbs(of(mice( [51],(HUVECs(

[52F54]( and( fibroblasts( [44].( Therefore,( we( assessed( the( secretion( of(

VEGF,(PlGF,(HGF(and(bFGF(by(TEM(after(treatment(with(HBO(and(found(

significantly( higher( levels( of( these( angiogenic( factors( in( conditioned(

medium(after(a(single(HBO(treatment.(As(the(migration(and(proliferation(

of( endothelial( cells( is( important( for( angiogenesis,( the( effect( of( these(

angiogenic( factors( on(HUVECs(was( determined.( Our( results( did( show( a(

slight(increase(in(endothelial(cells(proliferation(when(exposed(to(culture(

medium( supplemented( with( HGF( and( bFGF,( albeit( this( was( not(

significant.( Additionally,( migration( of( HUVECs( was( not( induced( after(

exposure( to( conditioned( culture( medium( supplemented( with( these(

factors( (unpublished( data).( These( results( indicate( that( the( formation(of(

functional(blood(vessels( requires(more( than( the( simple(addition(of(only(

one(or(two(growth(factors.(This(is(supported(by(the(work(of(Roukema(et#

al(who(reported(that(the(addition(of(unbalanced(levels(of(just(one(growth(

factor( results( in( incomplete( and( nonFfunctional( vessels( [55].( Taken(

together,(our(results(showed(that(HBO(treatment(of(our(TEM(constructs(

upregulated( the( secretion( of( certain( growth( factors( that( mediate(

angiogenesis( in#vitro.(This( is( in(agreement(with(studies( intended(for(the(

survival(of(tissueFengineered(constructs.(#

!
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IMPLANTATION(OF(TISSUEFENGINEERED(MUCOSA((

Aside(from(their(potential( to(function(as(a(model( for(scientific(research,(

ultimately(our(TEM(constructs(were(developed(for(a(clinical(application.(

We(want(TEM(to(serve(as(an(alternative( source(of(grafts( that(are( to(be(

used( during( reconstruction( of( large( oral( defects.( The( need( for( an(

alternative(grafting(material(become(clear(as(the(number(of(patients(with(

headFneck(cancer(has( increased(over(the( last(10(years(and(has(become(

the( sixth(most(occurring( cancer( type( in(Europe.( In( the(Netherlands( it( is(

estimated( that( every(year( 3000(new(patients(are( diagnosed(with(headF

neck( cancer( (http://www.vumc.nl/afdelingen/CCAFVFICI/nieuws/hoofdF

halskanker/).( The( majority( of( the( patients( will( be( treated( with( a(

combination( of( radiotherapy( and( chemotherapy,( followed( or( preceded(

by(oncological(resection.(Currently,(large(defects(are(reconstructed(with(

free( vascularized( soft( tissue( flaps( taken( from( arm( or( leg,( either( or( not(

with(bone(when(a(defect(in(the(mandible(is(present( [56].(Disadvantages(

of( the( skin( covering( these( soft( tissue( flaps( include( hair( growth,(

perspiration,(and(donor(site(morbidity([57].((With(TEM(we(aim(to(provide(

a(suitable(alternative(grafting(material(for(the(top(skin(layer(covering(soft(

tissue(without(these(side(effects.((

We(implanted(TEM(constructs(into(subcutaneous(pockets(on(the(back(of(

nude( mice( and( harvested( the( constructs( 3,( 7,( 14( or( 28( days( postF

implantation( (CHAPTER(5).(Analysis(of( the(harvested(constructs( showed(

that( a( number( of( the( TEMs( survived( implantation( up( to( 28( days.(

Unfortunately,( not( all( TEM( constructs( had( the( desired( structure( upon(
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harvesting,( as( approximately( 50%( of( the( implanted( constructs( had,(

partially,(lost(the(epithelial(layer.(The(usage(of(subcutaneous(pockets(was(

first( described(by( Barrandon(et#al( [58].( The( finding( that( the( epithelium(

was( partially(detached( in( several( constructs( is( similar( to( the( findings( of(

other( groups( who( used( this( technique( and( who( likewise( reported( on(

partial(detachment(of( the(epithelium( [59,(60].(The( loss(of(the(epithelial(

layer( in( some( constructs( could( be( caused( by( the( lack( of(

hemidesmosomes,( by( the( harvesting( procedure( or( could( be( due( to(

degeneration(of(the(epithelium([60].(

Upon( harvesting,( the( surviving( TEM( constructs( did( show( structural(

similarities( with( the( tissueFengineered( mucosal( equivalents( that( have(

been(implanted(into(the(oral(cavity(of(patients(or(immunodeficient(mice(

[60F62].( Izumi( et# al( for( instance( reported( on( a( mature,( differentiated(

epithelium(in(their(constructs(taken(four(weeks(postFimplantation,(which(

is( in( line( with( our( findings( postFimplantation( [60].( Peña( et# al( reported(

that( collagen( type( IV( expression( in( their( construct( was( not( continuous(

until( 3( weeks( postFimplantation( [59].( This( pattern( was( similar( to( that(

observed(in(our(TEM(postFimplantation.((

Additionally,(we(studied(the(presence(of(murine(endothelial(cells(in(TEM(

using(endothelial(cell(marker(CD31(as(we(hypothesized(that(the(survival(

of(a(number(of(TEMs(could(be(explained(by(the(presence(of(murine(blood(

vessels.(The(results(of(this(staining(showed(that(there(was(no(detectable(

ingrowth(of(murine(vascular( structures( into(any(the(TEM(constructs.( So(



SUMMARY,(GENERAL(DISCUSSION(AND(FUTURE(PERSPECTIVES(

( 170(

10

apparently,( some( TEMs( were( able( to( survive( without( the( presence( of(

neovascularization(or(ingrowth(of(murine(blood(vessels.((

Even(though(the(results(in(immunodeficient(mice(were(promising,(it(has(

become( clear( that( our( TEM( constructs( need( adjustment( in( order( to(

improve(the(survival(rate(postFimplantation(and(before(TEM(can(be(used(

in( any( clinical( setting.( For( instance,( our( in# vitro( studies( showed( that(

preconditioning( with( hypoxia( significantly( induced( the( secretion( of(

angiogenic( factors.( The( presence( of( these( factors( might( induce(

neovascularization(and(attract(blood(vessels(from(the(surrounding(tissue.(

Both( phenomena( should( improve( survival( of( TEM( after( implantation.((

Additionally,(our(research(showed(that(HBO(could(improve(the(survival(of(

TEM.( As( HBO( is( known( to( improve( wound( healing,( exposure( to( HBO(

directly(after(implantation(could(provide(the(oxygen(levels(necessary(for(

TEM(to(survive(without(vascularization.((

RADIATION(OF(TISSUEFENGINEERED(MUCOSA(

After( we( established( the( close( resemblance( of( our( TEM( model( with(

native( oral(mucosa( in( chapter( 2,( we( hypothesized( that( TEM( could( also(

serve(as(an( in# vitro(model,( this(being( the(second(aim(of( this(thesis.(We(

chose( to( use( TEM( to( study( the( acute( biological( changes( following(

radiotherapy((CHAPTER(6).(Radiotherapy(is(essential(for(the(treatment(of(

cancer( in( the( oral( cavity.( A( major( disadvantage( of( radiotherapy( is( the(

damage(of(the(healthy(tissue(surrounding(the(tumor.((

Many( papers( have( been( published( on( the( longFterm( side( effects( in(
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patients( but( little( is( known( about( the( acute( effects( [63F67].( We( are(

convinced(that(more(detailed(knowledge(of(the(acute(biological(changes(

of( this( healthy( tissue( might( help( to( study( the( underlying( mechanisms(

regarding(oral(mucositis( and( radiationFinduced( fibrosis.( The( last(decade(

new( insights( in( the( pathogenesis( of( oral( mucositis( have( arisen( as( it(

became(clear( that(aside( from(direct( cell(damage,(a( complex( cascade( of(

biological(events(in(cells(and(surrounding(tissue(lead(up(to(mucositis([68,(

69].((

Recently,( research(has(focused(on(studying(biological(changes( in(tissues(

and( targeted( therapies( [70].( Additionally,( the( alternative( approaches(

regarding(mucositis(risk(prediction(are(studied.(The(need(to(increase(the(

knowledge( on( the( pathobiology( of( oral(mucositis( is( emphasized( by( the(

number( of( patients( suffering( from( this( side( effect.( It( is( estimated( that(

approximately( 80%( of( patients( with( malignancies( in( the( head( –( neck(

region(that(are(treated(with(radiotherapy(are(affected(by(mucositis([71].(((

Before(any(of(these(side(effects(can(be(addressed(we(had(to(validate(our(

model.(In(CHAPTER(6(we(validated(TEM(by(irradiation(with(a(single(high(

dose(and(demonstrated(that(the(normal(morphology(of(TEM(is(preserved(

up(to(24h(postFirradiation.(Thereafter(profound(structural( changes( such(

as( basal( cell( degeneration,( decreased( proliferation( and( thinning( of( the(

epithelium(were(observed.(Even(though(the(response(of(TEM(to(radiation(

was(similar(to(that(in(biopsies(of(native(oral(mucosa(we(were(not(able(to(

study(oral(mucositis(yet.(In(order(to(make(TEM(a(representative(model(to(

study(oral(mucositis,( adaptions( to(our(model(are(necessary.(By( treating(
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TEM( with( proFinflammatory( cytokines,( we( might( be( able( to( create( an(

equivalent(mimicking(oral(mucositis( [72].( The( inclusion(of( immune(cells(

such(as(dendritic(cells,(or(their(epithelial(subpopulation(called(Langerhans(

cells,(could(be(crucial(as(these(cells(are(regarded(as(the(key(mediators(of(

the(mucosal(immune(responses([73,(74].  

Radiation( is( known( to(activate(TGFFβ( in(skin,(and( in(our(mucosal(model(

we( also( observed( an( increase( of( activated( TGFFβ( after( IR.( TGFFβ( is(

essential( for( the(migration( of( immature( Langerhans( cells( into( skin( [74](

and( is(an(important(in(the(induction(and(maintenance(of( immunological(

tolerance([75].(This,( together(with(the( incorporation(of(Langerhans(cells(

in(TEM,(would(make( it(very( interesting( to( study( the(effects(of(radiation(

and( might( actually( mimic( oral( mucositis.( However,( one( should( realize(

that(the(immune(system(in(the(oral(cavity(is(especially(complex(and(still(

cannot( be( completely( simulated( in( a( multicellular( tissueFengineered(

model.((

CONCLUSION((

In( conclusion,( we( were( able( to( develop( a( TEM( construct( that( mimics(

native(oral(mucosa(based(on(structure(and(functionality.(We(also(showed(

that( TEM( constructs( could( be( cultured( and( implanted( into(

immunodeficient(mice(where( it( survives(and(even( further(differentiates(

and(matures.(This(last(result(is(very(promising(and(suggests(that(we(might(

be( able( to( reach( our( ultimate( goal:( to( serve( as( an( alternative( graft( for(

clinical(applications.((
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The( second( aim( of( this( thesis( was( to( develop( a( construct( that( is( a(

representative(model(for(in(vitro(research(regarding(harmful(or(beneficial(

environments(as(for(instance(radiation(or(hyperbaric(oxygen(therapy.(We(

were( able( to( study( the( effects( of( preconditioning( of( TEM(with( hypoxia(

and( hyperbaric( oxygen( treatment,( and( established( that( this(

preconditioning( induces( the( secretion( of( angiogenic( factors.(

Furthermore,(we(demonstrated(that(TEM(mimics(the(response(of(native(

oral( mucosa( to( ionizing( radiation,( confirming( the( potential( of( TEM( to(

function(as(an(in#vitro(model.((

(

FUTURE(PERSPECTIVES(

Future(perspectives( to( further( enhance( the( stability( and( viability(of( the(

construct(could(be:((

I. Inclusion#of#other#cell#types#to#the#construct#(immune#cells,#dermal#

endothelial#cells,#stem#cells)#

When( designing( our( TEM( construct( we( strived( to( keep( the( model(

straightforward,( sturdy( and( easy( to( handle.(We(decided( to( incorporate(

the(two(main(cell(types(only,(namely(fibroblasts(and(keratinocytes.(With(

the( knowledge( accumulated( through( the( experiments( described( in( the(

preceding( chapters,( we( are( certain( that( expanding( the( number( of( cell(

types(could(make(TEM(more(effective(when(implanted(or(more(complete(

as(an(in#vitro(model.(For(instance(the(inclusion(of(dermal(endothelial(cells(

could( improve( the( survival( of( TEM( postFimplantation.( These( cells( are(
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capable( of( forming( tube( like( structures( that( together( with( the(

appropriate( stimuli( can( potentially( shorten( the( period( of( hypoxia( postF

implantation.( Additionally,( the( addition( of( a( combination( of(

mesenchymal(stem(cells(and(endothelial(cells(should(also(result(in(tubeF

like(structures([76].(With(the(proper(seeding(concentration,(the(addition(

of( these( cell( types( might( result( in( prevascular( structures( in( our( TEM(

construct( prior( to( implantation,( which( in( turn( could( stimulate(

vascularization(upon(implantation([77].(

The( inclusion( of( immune( cells( such( as(dendritic( cells,(or( their(epithelial(

subpopulation(called(Langerhans(cells,(could(be(crucial(as(these(cells(are(

regarded( as( the( key(mediators( of( the(mucosal( immune( responses( [74].(

Radiation( is( known( to(activate(TGFFβ( in(skin,(and( in(our(mucosal(model(

we( also( observed( an( increase( of( activated( TGFFβ( after( IR.( TGFFβ( is(

essential( for( the(migration( of( immature( Langerhans( cells( into( skin( [74](

and( is(an(important(in(the(induction(and(maintenance(of( immunological(

tolerance([75].(This,( together(with(the# incorporation(of(Langerhans(cells(

in(TEM,(would(make( it(very( interesting( to( study( the(effects(of(radiation(

and(might(actually(mimic(oral(mucositis.((

II. Stimulate#vessel#formation#in#TEM#construct(

In(chapter(5(we(showed(that(approximately(50%(of(the(implanted(TEMs(

survived(postFimplantation.(Therefore,(methods( to( improve(this(success(

rate(need(to(be(explored.( In( chapter(3(we( showed(that(preconditioning(

with( hypoxia( significantly( increased( the( secretion( of( angiogenic( factors.(
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This( should( be( beneficial( for( vascularization,( which( is( critical( for( the(

survival( of( most( tissueFengineered( constructs( postFimplantation.((

Additionally,( the( addition( of( a( combination( of(mesenchymal( stem( cells(

and(endothelial( cells( should( result( in( tubeFlike(structures( [76].(With( the(

proper( seeding( concentration,( the( addition( of( these( cell( types( might(

result( in( prevascular( structures( in( our( TEM( construct( prior( to(

implantation.( This( in( combination( with( hypoxiaFinduced( angiogenic(

factors(might(result(in(increased(graft(survival.(

III. Adjusting#TEM#for#clinical#application(

Before( TEM( can( be( used( in( any( clinical( setting( several( aspects( of( the(

current( culture( protocol,( such( as( use( of( serum( and( feeder( layer( and(

laboratory( facility,(have( to(be(addressed.( In(order( for( cells( to(grow(and(

proliferate( various( essential( nutrients( and( growth( factors( have( to( be(

present.( Fetal( calf( serum( (FCS)( is( the( most( often( used( supplement( in(

culture(media( [78].( However,( the( use( of( FCS( is( undesirable( due( to( the(

ethical( objections( regarding( the( cruel( harvesting( procedure( of( serum(

from(unborn(calves([79,(80].(Clinical(objections(to(the(use(of(FCS(include(

possible(presence(of(animal(pathogens([81],( transmission(of(viruses(and(

prions,( high( batchFtoFbatch( variation,( and( the( potential( immunological(

response(of(the(host([82,(83].((

Therefore,( studies( have( focused( on( finding( and( evaluating( suitable(

substitutes( for( FCS.( These( substitutes( include( autologous( serum( [84],(

platelet( lysate( [85,( 86]( or( platelet( rich( plasma( [87].( Additionally,(
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chemically(defined(culture(media([88,(89](and(chemical(substitutes(have(

been( explored,( including( Ultroser( G( [90,( 91].( As( most( of( this( research(

regarding(FCS(substitutes(has(focused(on(the(expansion(of(mesenchymal(

stem( cells,(multiple( substitutes( should( be( tested( in( order( to( select( the(

most(appropriate(substitute(for(our(multicellular(construct.(

IV. Radioprotective#agents(

In(this(thesis,(we(showed(that(TEM(could(be(used(as(a(model(for( in#vitro(

research( regarding( harmful( or( beneficial( environments.( Based( on( the(

results( of( this( thesis,( and( on( publications( by( other( groups( on( tissueF

engineered( constructs( that( were( used( as( an( in# vitro( model( to( study(

wound(healing,( cytotoxicity( or(working(mechanisms( of( new( treatments(

[92,( 93],( we( believe( that( our( TEM( construct( can( be( used( in( a( similar(

manner.( As( mentioned( earlier( in( chapter( 6( the( side( effects( of(

radiotherapy( can( be( severe( and( diminishes( the( patients’( quality( of( life.(

This( prompted( the( search( for( new( treatments( including( soFcalled(

radioprotective(agents([94,(95](as(methionine([96],(pentoxifylline([97,(98](

and( amifostine( ( [99].( Currently,( palifermin( has( gained( interest( in( the(

treatment(of(oral(mucositis(and(is(the(first(FDAF(approved(agent([100].((It(

would( be( interesting( to( use( TEM( to( evaluate( the( effects( of( new(

radioprotective( agents(and(determine( the( best( treatment( for( individual(

patients.((
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V. Larger#constructs#or#larger#quantities(

Currently,( our( TEM( construct( is( approximately( 1cm2.( However,( the(

average(oral(defect( is(much( larger(and(cannot(be(covered(with(a( single(

TEM.( Other( groups( have( reported( on( the( intraForal( grafting(with( small(

tissueFengineered(constructs(but(one(can(imagine(that(implanting(one(or(

two( larger( constructs( is( easier( that( implanting( multiple( smaller(

constructs.( Nonetheless,( the( surface( area( of( the( construct( cannot( be(

expanded( easily.( Potential( limitations( that( should( be( addressed( include(

handling,(the(number(of(autologous(cells(needed,(and(culture(time.(TEM(

constructs( are( thin( and( flexible,( and( when( lifted( from( the( supporting(

mesh(they(are(prone(to(shrivel.(The(larger(the(construct(the(harder(it(will(

be(to(transfer(to(the(acceptor(site(in(reconstruction.((

Another( factor(that(needs(to(be(addressed( is( the(number(of(autologous(

cells(that(are(required(to(engineer(larger(constructs(or(larger(quantities(of(

TEM( [101].( To( construct( 1cm2( TEM(we(used( approximately( 1x106( cells,(

and(with( increasing( surface( area( the(number( of( cells( increases( linearly.(

The( limiting( factor( here( would( the( available( donor( material( as( little(

healthy( buccal( mucosa( remains( after( oncological( resection.( Therefore,(

alternative( cell( sources( or( culture( methods( need( to( be( taken( into(

consideration.((
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CHAPTER(8(
(
NEDERLANDSE(SAMENVATTING(

Het( herstel( van( grote( defecten( in( de(mondholte( wordt( belemmerd( door( een(

tekort(aan(geschikt( lichaamseigen(wangslijmvlies.(Het(tekort(aan(donorweefsel(

maakt( de( reconstructie( van( dergelijke( defecten( tot( een( grote( uitdaging( in( de(

plastische( chirurgie.( Dit( heeft( de( zoektocht( naar( een( goed( alternatief(

geïnitieerd.(Weefselkweek((ook(wel(tissue(engineering(genoemd)(is(het(kweken(

van(weefsels(buiten(het( lichaam,(en(een(goede(methode(om(nieuw(weefsel(te(

maken.( In( het( laboratorium( worden( inmiddels( huid,( bot( en( zachte( weefsels(

zoals(vet(succesvol(gekweekt.(

(

WEEFSELKWEEK(WANGSLIJMVLIES(

In(hoofdstuk(2(hebben(we(gekweekt(wangslijmvlies((tissueSengineered(mucosa;(

TEM)(gemaakt(door(de(2(belangrijkste(cellen(van(wangslijmvlies,(keratinocyten(

en(fibroblasten,(aan(te(brengen(op(aScellulaire(donorhuid.(Na(3(weken(kweken(

vormen( deze( 2( celtypes( en( de( donorhuid( samen( een( nieuw( stukje(

wangslijmvlies.( Dit( nieuwe( stukje( TEM( hebben( we( vergeleken( met( normaal(

slijmvlies(zoals(dit(aanwezig(is(in(de(wang.(Hiervoor(hebben(we(gekeken(naar(cel(

proliferatie(en(cel(differentiatie,(de(expressie(van(componenten(van(het(basaal(

membraan(en(de(verdeling(van( fibroblasten( in(het(onderliggende(bindweefsel.(

Daarnaast( hebben( we( ook( gekeken( naar( de( onderlinge( hechting( van( de(

keratinocyten( en( de( hechting( van( het( nieuwe( epitheel( aan( het( basaal(

membraan.( Uit( het( onderzoek( bleek( dat( het( TEM( construct( grote( gelijkenis(

vertoont( met( het( normale( wangslijmvlies.( We( zagen( dat( de( expressie( van(

belangrijke(eiwitten(in(het(epitheel,(zoals(keratine,(gelijk(was(aan(dat(in(normaal(

wangslijmvlies.( Ook( de( celdeling( van( keratinocyten( en( de( hechting( van( de(
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keratinocyten( onderling( was( gelijk( aan( dat( in( normaal( wangslijmvlies.( De(

expressie( van( de( belangrijkste( componenten( van( het( basaal( membraan,(

collageen(type(4(en(laminineS332,(en(de(hechting(van(het(nieuwe(epitheel(aan(

het( basaal( membraan( kwam( overeen( met( dat( in( normaal( wangslijmvlies.(

Bovengenoemde( resultaten( leidden( tot( de( conclusie( dat( het( TEM( op( de(

belangrijkste(punten(overeenkomt(met(het(normale(wangslijmvlies.(

In( de( volgende( hoofdstukken( hebben( we( ons( TEM( gebruikt( om( de( mogelijk(

gunstige( eigenschappen( van( zuurstofgebrek( (ook( wel( hypoxie( genoemd)( en(

hyperbare( zuurstof( therapie( op(het( gebied( van( vascularisatie( te( onderzoeken.(

Daarnaast( hebben(we( het( TEM( behandeld(met( radiotherapie.( Tevens( hebben(

we(het(overleven(van(TEM(na(implantatie(bestudeerd.((

(

PRECONDITIONERING(GEKWEEKT(WANGSLIJMVLIES(

Alle( gekweekte( weefsels( moeten( kunnen( overleven( na( implantatie.( Om( te(

kunnen(overleven(hebben(cellen,(en(dus(ook(gekweekte(weefsels,(een(continue(

toevoer( van( zuurstof( nodig( afkomstig( van( de( bloedvaten( in( het( omliggende(

weefsel.( Een( tekort( aan( zuurstof( leidt( tot( zuurstofgebrek( of( hypoxie( en( een(

langdurig( blootstelling( aan( hypoxie( resulteert( in( celdood( en( uiteindelijk( het(

afsterven( van( het( geïmplanteerde( weefsel.( Echter,( hypoxie( bevordert( ook( de(

vorming( van( nieuwe(bloedvaten( (ook(wel( angiogenese( genoemd)( doordat( het(

een(gunstig(effect(heeft(op(de(secretie(van(belangrijke(angiogene(factoren(zoals(

bijvoorbeeld(de(vasculaire(endotheliale(groeifactor( (VEGF).(Gebaseerd(op(deze(

observatie,( verwachten( we( dat( het( preSconditioneren( van( gekweekt(

wangslijmvlies( met( hypoxie( de( angiogene( capaciteit( van( het( wangslijmvlies(

verhoogd( en( dat( hierdoor( de( overleving( na( implantatie( van( het( gekweekte(

wangslijmvlies( verbeterd.( In( hoofdstuk( 3( hebben(we( TEM(gedurende( 6( tot( 24(
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uur(blootgesteldaan(hypoxie.(Uit(de(resultaten(bleek(dat(hypoxie(niet(leidde(tot(

een( verhoogde( celdeling( van( keratinocyten(of( leidde( tot( celdood.(De(normale(

morfologie(van(TEM(bleef(intact(na(behandeling(met(hypoxie.(Daarnaast(zagen(

we(dat( dankzij( blootstelling( aan(hypoxie( de( secretie( van(meerdere( angiogene(

factoren(omhoog(ging,(inclusief(de(groeifactoren(VEGF(en(PlGF.(Ook(induceerde(

het(geconditioneerde(kweekmedium(de(proliferatie(en(migratie(van(endotheel(

cellen.(Op(basis(van(de(bovengenoemde(resultaten(concluderen(we(dat(het(TEM(

relatief(korte(periodes(van(hypoxie(kan(overleven,(wat(veelbelovend(is(voor(de(

overleving( van( TEM( na( implantatie.( De( verhoogde( secretie( van( belangrijke(

angiogene(factoren(is(zeer(waarschijnlijk(van(belang(voor(de(overleving(van(TEM(

na(implantatie,(omdat(deze(factoren(bloedvaten(uit(het(omliggende(weefsel(aan(

zullen( trekken( en( hierdoor( de( toevoer( van( zuurstof( aan( het( construct(

verbeteren.(

Hyperbare(zuurstof(behandeling((HBO)(is(tegenovergesteld(aan(hypoxie.(Tijdens(

HBO( stijgt( het( percentage( zuurstof( van( 21%( naar( 100%( en(wordt( de( normale(

atmosferische(druk(van(1(atmosfeer((ATA)(verhoogd(tot(2.4(ATA.(Vergelijkbaar(

met( hypoxie( stimuleert( HBO( de( secretie( van( diverse( angiogene( factoren.( In(

hoofdstuk(4(hebben(we(TEM(1,(3(of(5(maal(behandeld(met(hyperbare(zuurstof.(

Uit(histologisch(onderzoek(bleek(dat(de(normale(morfologie(behouden(bleef((na(

1(HBO(behandeling.(Echter,(na(3(of(5(opeenvolgende(behandelingen(werd(het(

epitheel( zichtbaar( dunner( en( liet( het( epitheel( los( van( het( basaal( membraan.(

Deze( resultaten(suggereren( (het(TEM(construct( zich(nog(aan(moet(passen(aan(

de(HBO(condities.(De(toename(in(de(secretie(van(angiogene(factoren(als(gevolg(

van(HBO,(zou(mogelijk(de(overleving(van(de(TEM(na(implantatie(bevorderen,(op(

een(gelijke(wijze(als(preSconditionering(met(hypoxie.((
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IMPLANTATIE(VAN(GEKWEEKT(WANGSLIJMVLIES(

Het( TEM( is( oorspronkelijk( ontwikkeld( om( te( dienen( als( een( alternatief(

transplantatie( materiaal( voor( de( reconstructie( van( grote( orale( defecten.( In(

hoofdstuk( 5( hebben( we( TEM( constructen( geïmplanteerd( in( onderhuidse(

envelopjes(op(de(rug(van(naakte(muizen.(Deze(constructen(werden(vervolgens(

na( 3,( 7,( 14( of( 28( dagen( verwijderd.( Na( histologisch( onderzoek( bleek( dat( een(

aantal(TEM(constructen(28(dagen(na(implantatie(nog(vitaal(waren.(De(dikte(van(

het( epitheel( van( deze( constructen( was( significant( minder( vergeleken( met( de(

dikte(van(de(constructen(voorafgaand(aan(implantatie.(Het(dunner(worden(van(

het( epitheel( kan( veroorzaakt( worden( door( de( afname( van( het( aantal(

proliferende( keratinocyten( in( de( basale( laag.( De( observatie( dat( het( normale(

expressie(patroon(van(de(keratinen(veranderde,(is(een(indicatie(dat(implantatie(

veel( stress( veroorzaakt( in( de( TEM( constructen,( resulterend( in( afname( in( de(

kwaliteit( van( de( constructen.( De( waarneming( dat( de( expressie( van( collageen(

type( 4,( een( belangrijke( component( van( de( basaal( membraan,( 3( dagen( na(

implantatie( verschilde( met( de( expressie( op( 14( of( 28( dagen( is( een( duidelijke(

indicatie(voor(remodelering(van(het(basaal(membraan.(Om(na(te(gaan(waarom(

een( aantal( TEM( constructen( wel( overleven( na( implantatie,( hebben( we( de(

aanwezigheid( van( murine( endotheel( cellen( in( het( TEM( bepaald( met( de(

endotheel( cel(marker( CD31.( Na( analyse( van( de( kleuring(met( de(CD31(marker(

bleek(dat(er(geen(detecteerbare(ingroei(van(murine(vasculaire(structuren(in(het(

TEM(was.(De(resultaten(suggereren(dat(TEM(constructen(tot(28(dagen(kunnen(

overleven( na( implantatie.( Dit( is( een( duidelijke( indicatie( dat( TEM( constructen(

een(bepaalde(periode(van(hypoxie(kunnen(overleven,(een(duidelijke(bevestiging(

van(de(in#vitro(resultaten(van(de(hypoxie(studie.(Echter,(de(exacte(reden(voor(de(

overleving(of(verlies(van(TEM(constructen(is(niet(gevonden.((



NEDERLANDSE(SAMENVATTING(

( 199(

5

RADIOTHERAPIE(

Radiotherapie(is(een(essentieel(onderdeel(in(de(behandeling(van(patiënten(met(

tumoren(in(het(hoofdS(halsgebied.(Een(ernstig(neveneffect(van(radiotherapie( is(

dat( de( straling( niet( alleen( de( tumorcellen( doodt,( maar( ook( het( gezonde,(

omliggende( weefsel( beschadigd.( Daarnaast( kan( radiotherapie( ernstige(

bijwerkingen( hebben( zoals( ontsteking( van( het( wangslijmvlies,( zweren,( en(

fibrose.(De(exacte(oorzaak(van(deze(bijwerkingen(is(tot(op(heden(niet(bekend.(

In(hoofdstuk(6(hebben(we(gekweekt(wangslijmvlies(en(normaal(wangslijmvlies(

behandeld( met( radiotherapie( door( het( bloot( te( stellen( aan( een( hoge( dosis(

straling.( Daarna( hebben( we( veranderingen( in( het( gekweekte( en( normale(

wangslijmvlies( als( gevolg( van( de( bestraling( bestudeerd.( Hierbij( hebben( we(

gekeken( naar( veranderingen( in( de( expressie( patronen( van( belangrijke(

componenten( van( het( epitheel,( basaal( membraan( en( het( onderliggende(

bindweefsel.(De(resultaten(lieten(zien(dat(het(epitheel(na(bestraling(significant(

dunner( werd,( en( dat( dit( veroorzaakt( werd( doordat( de( celdeling( van( de(

keratinocyten( significant( afnam.( Ook( werd( de( expressie( van( vimentine( in( de(

keratinocyten(geobserveerd,(een(indicatie(dat(de(keratinocyten(van(het(epitheel(

ernstig( beschadigd( zijn.( Onze( resultaten( laten( zien( dat( de( veranderingen( in(

structuur( en( morfologie,( als( gevolg( van( radiotherapie,( in( gekweekt(

wangslijmvlies( gelijk( zijn( aan( de( veranderingen( in( normaal( wangslijmvlies.( Uit(

bovengenoemde( resultaten( kunnen( we( concluderen( dat( het( gekweekte(

wangslijmvlies(een(goed(model(kan(zijn(om(de(acute(effecten(van(radiotherapie(

in(detail(te(bestuderen.(

(
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CONCLUSIE(

Op(basis(van(deze(bovengenoemde(resultaten(kunnen(we(concluderen(dat(we(

een( construct( hebben( ontwikkeld( dat( sterk( overeenkomt( met( origineel(

wangslijmvlies,(qua( structuur(en( functionaliteit.( In(deze(dissertatie( hebben(we(

laten( zien( dat( gekweekte( TEM( constructen( geïmplanteerd( kunnen( worden( in(

immunodeficiëntie(muizen,(waar(de( constructen( vervolgens( kunnen(overleven(

en( ontwikkelen.( Met( name( dit( laatst( genoemde( resultaat( is( veelbelovend( en(

suggereert( dat( het(mogelijk(moet( zijn( om( het( uiteindelijke( doel( te( halen:( het(

gebruik(van(TEM(constructen( in(een(klinische(setting(voor(de(behandeling(van(

patiënten.((

(

(

!
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‘zinkende(schuitje”(verlaten!((

Charlotte(de(Saint(Aulaire,! ik(ken(niemand(die(zoveel(balletjes( in(
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voor(mijn( onderzoek.(Met(name(wil( ik( ook(Wendy(en(Nicole( bedanken(
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twijfel(de(beste(collega(die(er(is(en(de(enige(ter(wereld(de(me(“serpent”(

mag(noemen!(Niet(voor(niets(ben(je(een(van(mijn(paranimfen.(
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Edwin(&(Tanja,(Richard(&(Kim,(Marco,(Theo,(Niels,(Bart(&(Marina,(Patricia(
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ben( blij( dat( mijn( zus( in( jou( haar( lief( heeft( gevonden.( “Bobbi”,( zo(
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Dennis,( mijn( lief,! als( iemand( weet( hoeveel( tijd( en( energie( er( in( dit(

proefschrift(zit(ben(jij(het(wel.(Je(weet(me(als(geen(ander(te(kalmeren(en(
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