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Abstract:Extensivedamagetoskeletalmuscletissueduetovolumetricmuscleloss(VML)isbeyond

theinherentregenerativecapacityofthebody,andresultsinpermanentfunctionaldebilitation.

Currentclinicaltreatmentsfailtofullyrestorenativemusclefunction.Recently,cell-basedtherapies

haveemergedasapromisingapproachtopromoteskeletalmuscleregenerationfollowinginjury

and/ordisease.Stemcellpopulations,suchasmusclestemcells, mesenchymalstemcellsand

inducedpluripotentstemcells(iPSCs),haveshownapromisingcapacityformuscledifferentiation.

Supportcells,suchasendothelialcells,nervecellsorimmunecells,playapivotalroleinproviding

paracrinesignalingcuesformyogenesis,alongwithmodulatingtheprocessesofinflammation,

angiogenesisandinnervation.Theefficacyofcelltherapiesreliesontheprovisionofinstructive

microenvironmentalcuesandappropriateintercellularinteractions.Thisreviewdescribestherecent

developmentsofcell-basedtherapiesforthetreatmentofVML,withafocusonpreclinicaltesting

andfuturetrendsinthefield.

Keywords:tissueengineering;celltransplantation;stemcells;satellitecells;inducedpluripotent

stemcells;volumetricmuscleloss

1.Introduction

Volumetricmuscleloss(VML)isthetraumatic,surgicalordegenerativelossofasubstantial

portionofbulkskeletalmuscleinamannerthatoverwhelmstheendogenousrepaircapacityof

themuscleandresultsinimpairedscartissueformation.VMLisassociatedwithchronicfunctional

disabilityinmanymilitaryandcivilianpopulationsfollowingbattlefieldinjuries,caraccidents,

tumorablationordegenerativediseases[1,2].VMLlacksastandardtreatmenttoreplacethelosttissue

withcontractilemuscleorrestoremusclestrength.Currentsurgicalapproaches,suchasautologous

freeflapgrafting,scartissuedebridementormincedskeletaltissuetransfer,areutilizedtoreconstruct

thetissuedefects[3,4].However,thesetechniquesarelimitedbytissueavailability,theneedforhighly

skilledsurgeons,significantdonorsitemorbidityandfunctionaldeficiencies.Furthermore,theefficacy

ofthesetechniquesfortherepairofsevereinjuries,suchasVML,hasnotbeendemonstratedclinically.

Skeletalmuscleconsistsofbundlesoforientedmulti-nucleatedmusclefibers(myofibers)that

aresurroundedbyconnectivetissue,alongwithbranchesofbloodvesselsandperipheralnerves

thatsupplybloodflowandelectricalsignalstothemuscle.Thus,avarietyofcelltypesworkin

concerttoformtheskeletalmusclestructure(Figure1).Followinginjury,skeletalmusclenormally

regeneratesnewmyofibersaftertheinflammatoryandrepairphasesofhealing,leadingtorestored

musclestructureandfunction.However,inthecaseoftraumaticmuscleinjurythatresultsinVML,

chronicinflammatoryresponsespersist,andfibrosisandscarformationoverridemuscleregeneration.
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Significantlossofsatellitecellsandnativemuscleextracellularmatrix(ECM),aswellasfibrosis

andchronicinflammation,preventmuscleregenerationandcausefunctionaldeteriorationofthe

damagedmuscle.Traditionalrehabilitativeorphysicaltherapyalonehasnotbeeneffectiveinrestoring

thestrengthandfunctionofmuscletissueinVMLinjuries,becausethelossofmusclefibersisso

significant.Recently,however,a13-patientcohortstudythatcombinedphysicaltherapywiththeuse

ofscaffoldsderivedfromdecellularizedporcineurinarybladderreportedthat6monthsafterscaffold

implantationmuscle,strengthandrangeofmotionsignificantlyimprovedinpatients,byanaverage

of37.3%and27.1%,respectively[5].Althoughusingacombinationofbiologicalscaffoldsandphysical

therapyispromising,becauseofthepolytraumaticnatureofVMLinjuries,whichincludeneural,

vascularandtendondamageaswellasbonefractures,andthepresenceofextensivefibrosiswithinand

surroundingthemuscletissue,theneedforaneffectivetreatmentthatwillregeneratethelostmuscle

fibersaswellasothertypesofinjuredtissuesdenovoandrestoremusclefunctionisinhighdemand.

Celltransplantationandtissueengineeringapproachesrepresentapromisingsolutionforrestoring

musclefunction.Someofthekeyconsiderationsintissueengineeringapproachesincludethechoiceof

therapeuticcelltype,celldeliverymethod,andhostimmuneresponsetothetransplantedcells.Inthis

review,wesummarizethecurrentstateofcellulartherapiesforVMLbyreviewingseveralcellswhich

arepresentinskeletalmuscletissueduringnormalandpathologicalconditions. Weexploremultiple

potentialcellsourcesthatcouldplayaroleinmuscleregenerationforVMLrepair,withafocuson
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invasive processes like bone marrow extraction or lipoaspiration [13]. MSCs are immunologically 

advantageous because of their low expression level of major histocompatibility complex class I 

(MHC I) and II (MHC II) proteins, which makes them attractive for transplantation [14]. Although 

MSCs can be a suitable cell source for clinical treatment of VML in future, many studies have 

shown the low engraftment of MSCs and a lack of tissue-specific differentiation. It is not clear that 

MSCs are beneficial in muscle regeneration just by secreting immunomodulatory and paracrine 

signals, or by myogenic differentiation. More research studies should be conducted to optimize 

MSC isolation and the myogenic differentiation process. The identification of suitable 

microenvironmental factors that support the myogenic phenotype will be important for harnessing 

the therapeutic potential of MSCs, as is the understanding of how MSCs participate in muscle 

regeneration either by paracrine signals or myogenic differentiation.  

Induced pluripotent stem cells (iPSCs) represent another attractive myogenic cell source for 

skeletal muscle regeneration, due to their unlimited self-renewal capacity and capacity to 

differentiate into myogenic cells. The iPSCs can be directly reprogrammed into skeletal muscle cells 

via the overexpression of myogenic transcription factors, such as Pax7 or MyoD, or by small 

molecules [15,16]. Genetic reprogramming is more efficient than small molecule-based 

reprogramming, and can generate 3D contractile skeletal muscle that fuses with the existing 

damaged tissues [17]. However, the risks of genetic instability and tumorgenicity make 

reprogramming unreliable for clinical studies and VML treatment. Besides these main cell types, 

other potential cell sources for skeletal muscle regeneration are summarized in Table 1, and have 

been broadly discussed elsewhere [18]. Few studies have specifically investigated many of these 

myogenic cell sources, such as pericytes or mesoangioblasts, for VML repair. The critical factors for 

choosing a suitable myogenic cell source for treatment of VML include the potential for myogenic 

differentiation, availability, ease of isolation and sorting, as well as ease of in vitro expansion and 

immunogenicity. Adipose-derived MSCs (ASCs) are abundant and easy to isolate from adipose 

tissue with low immunogenicity. However, it is not clear that they directly differentiate into muscle 

cells, or whether their impact is more immunomodulatory using paracrine signals. In Table 1, 

different myogenic cell sources are compared, and their pros and cons are outlined.  

 

Figure 1. Schematic of skeletal muscle structure and different cell types in skeletal muscle. 

Table 1. Cell Sources for Regeneration of Skeletal Muscle. 

Cell Types  Markers  Location  Advantages  Disadvantages  Reference 

MuSCs 

Pax7+, 

CD56+, 

MyoD+ 

Under basal 

lamina of 

muscle fibers. 

Critical to native 

skeletal muscle 

regeneration. 

Isolation is 

invasive and low 

yield. 

[7,19,20] 

cellulartherapiesatthepreclinicalstage.

Figure1.Schematicofskeletalmusclestructureanddifferentcelltypesinskeletalmuscle.

2. MainMyogenicCellSources

Avarietyofcellsresidewithinskeletal muscle,including musclesatellitecells,pericytes,

vascularlineages,interstitialstemcellsandfibro/adipogenicprogenitors(FAPs).Amongthesecell

types,satellitecellsareprimarilyresponsiblefornaturalskeletalmusclerepairandregeneration.

Satellitecellsaremusclestemcells(MuSCs)thatresidebeneaththebasallaminasurroundingeach

myofiber.Thesecellsareaheterogenouspopulation,butcommonlyexpresspairedboxprotein-7

(Pax7),atranscriptionfactorthatplaysroleinmyogenesisandregulatestheproliferationofMuSCs.

Inresponsetomyofiberinjury,quiescentsatellitecellsactivate,proliferate,andgiverisetomyogenic

progenitorcells(MPCs). MPCsdifferentiateintomyoblastsandcanfusetoformmultinucleated

myotubes,whichmatureintonewlyformedmyofibers.
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AlthoughMuSCsareconsideredpromisingcellsourcesforVMLtreatment,someofthelimitations

associatedwithsatellitecellsincludetheirlowabundancewithinmuscle,challengesinisolatingand

purifyingthesecells,limitedself-renewalanddifferentiationpotentialinvitro,andlowengraftment

post-transplantation[6,7].Theinvitroexpansionofsatellitecellscanresultinthelossoftheir

innatemyogenicbehavior,butmultipleresearchstudieshavedemonstratedthattheregenerative

capacityofsatellitecellscanberegulatedbybiochemicalandbiophysicalmicroenvironmentalcues,

suchaspeptidefunctionalization,substratestiffnessandthree-dimensionality[8–11].Forexample,

Gilbertetal.showedthathydrogelsofmuscle-likestiffnesscouldrecapitulatetherigidityfeatures

ofthestemcellniche.MuSCsculturedonthese12kPastiffnesshydrogelscouldpreserve

self-renewalcharacteristicsinvitro,incontrasttocommonlyusedrigidplasticculturedishes[11].

Additionally,Prulleretal.showedthatmurineMuSCsembeddedincollagenI,polyethyleneglycol

(PEG)-fibrinogenandthree-dimensional(3D)fibrinscaffoldsdidnotshowany myogenic

differentiation[10].However,placingfreshlyisolatedmyofiberswithin3Dscaffoldssignificantly

improvedthemyogenicbehaviorofsatellitecellsonthemyofibers,inpartbecausethecellswerestill

intheirnativeniche[10].

GiventhelimitationsofMuSCs,mesenchymalstemcells(MSCs)areanalternativecellsource.

Theintramuscularinjectionof MSCshasacceleratedmusclerepairininjuredskeletalmusclein

animalmodels[12].MSCsareaclassofnon-hematopoieticmultipotentadultstemcellswhichcan

differentiateintomanycelltypes,includingosteoblasts,adipocytes,chondrocytesandmyoblasts.

Theyarepresentinavarietyofadulttissues,includingbonemarrow,birth-derivedtissuesanddental

pulp,howeverbonemarrowandadiposetissuearethetwomainsourcesofMSCs.Comparedto

satellitecells,MSCshavegreaterabundance,andcanbeharvestedbyminimallyinvasiveprocesseslike

bonemarrowextractionorlipoaspiration[13].MSCsareimmunologicallyadvantageousbecauseof

theirlowexpressionlevelofmajorhistocompatibilitycomplexclassI(MHCI)andII(MHCII)proteins,

whichmakesthemattractivefortransplantation[14].AlthoughMSCscanbeasuitablecellsourcefor

clinicaltreatmentofVMLinfuture,manystudieshaveshownthelowengraftmentofMSCsandalack

oftissue-specificdifferentiation.ItisnotclearthatMSCsarebeneficialinmuscleregenerationjustby

secretingimmunomodulatoryandparacrinesignals,orbymyogenicdifferentiation.Moreresearch

studiesshouldbeconductedtooptimizeMSCisolationandthemyogenicdifferentiationprocess.

Theidentificationofsuitablemicroenvironmentalfactorsthatsupportthemyogenicphenotypewillbe

importantforharnessingthetherapeuticpotentialofMSCs,asistheunderstandingofhowMSCs

participateinmuscleregenerationeitherbyparacrinesignalsormyogenicdifferentiation.

Inducedpluripotentstemcells(iPSCs)representanotherattractivemyogeniccellsourcefor

skeletalmuscleregeneration,duetotheirunlimitedself-renewalcapacityandcapacitytodifferentiate

intomyogeniccells.TheiPSCscanbedirectlyreprogrammedintoskeletalmusclecellsviathe

overexpressionofmyogenictranscriptionfactors,suchasPax7orMyoD,orbysmallmolecules[15,16].

Geneticreprogrammingismoreefficientthansmallmolecule-basedreprogramming,andcangenerate

3Dcontractileskeletalmusclethatfuseswiththeexistingdamagedtissues[17].However,therisksof

geneticinstabilityandtumorgenicitymakereprogrammingunreliableforclinicalstudiesandVML

treatment.Besidesthesemaincelltypes,otherpotentialcellsourcesforskeletalmuscleregenerationare

summarizedinTable1,andhavebeenbroadlydiscussedelsewhere[18].Fewstudieshavespecifically

investigatedmanyofthesemyogeniccellsources,suchaspericytesormesoangioblasts,forVML

repair.ThecriticalfactorsforchoosingasuitablemyogeniccellsourcefortreatmentofVMLinclude

thepotentialformyogenicdifferentiation,availability,easeofisolationandsorting,aswellasease

ofinvitroexpansionandimmunogenicity.Adipose-derivedMSCs(ASCs)areabundantandeasy

toisolatefromadiposetissuewithlowimmunogenicity.However,itisnotclearthattheydirectly

differentiateintomusclecells,orwhethertheirimpactismoreimmunomodulatoryusingparacrine

signals.InTable1,differentmyogeniccellsourcesarecompared,andtheirprosandconsareoutlined.
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Table1.CellSourcesforRegenerationofSkeletalMuscle.

CellTypes Markers Location Advantages Disadvantages Reference

MuSCs
Pax7+,CD56+,
MyoD+

Underbasal
laminaof
musclefibers.

Criticaltonativeskeletal
muscleregeneration.

Highmyogenicpotential.

Isolationisinvasiveandlowyield.
Lossofself-renewalpotentialduring

invitroexpansion.
Lossofdifferentiationpotentialafter

invivotransplantation.

[7,19,20]

Mesenchymalstemcells(MSCs)

CD90+,CD44+,
CD29+,CD105+,CD13+,
CD73+,CD166+,CD45−,

CD34−,CD14−

Adiposetissue,bone
marrow(BM),umbilical

cord(UC).

Abundanceofadiposetissue.
Easeofisolationfromadiposetissue.
LowexpressionofMHC-IandMHC-II

Immunomodulatoryeffect.

InvasiveisolationforBM-MSCs.
Poormyogenicdifferentiationcapacity.

[7,19]

Myo-endothelialcells
CD34+,CD144+,CD56+,

CD31+,CD45−
Peripheryofmyofibers
closetobloodvessels.

Havebothangiogenicand
myogeniccapacity.

Laboriousisolationand
purificationprocess.

Limitedliteratureontheirrolein
skeletalmuscleregeneration.

[21]

Mesoangioblasts
CD34+,Sca-1+,CD31+,c-Kit+,

CD45−
Wallsofmicrovessels.

Highproliferativecapacityinvitro.
Multipotentcellswithpotentialto
differentiateintoskeletalmuscle

Invasiveisolationprocedure.
LackofstudiesforVMLtreatment.

[22]

Pericytes
CD146+,NG2+,ALP+,

PDGFR-β+

Peripheryof
capillariesand
microvessels.

Pericytemyogenesisnaturallyoccurs
duringdevelopmentandregeneration

ofmuscle.
Highmuscledifferentiationpotential.

LackofMHCIIexpression.

Limitedliteratureontheirpotentialin
skeletalmuscleregenerationandVML.

[7,19]

CD133+progenitorcells
CD133+,CD34+/−,CD90+/−,

CD146+

Peripheryofmyofibers
closeto

bloodvessels.

Availabilityandeaseofpurificationfrom
peripheralblood

Myogenicandangiogeniccapacity.

Reductionofmyogenicpotential
followinginvitroculture.

[19,23]

Inducedpluripotentstemcells
(iPSCs)

Oct4+,Sox2+,
KLF4+,andc-Myc+

Alltissues,mainlyskin.
Unlimitedself-renewalinvitro.
Patient-derivedautologouscells.
Myogenicdifferentiationcapacity.

Riskoftumorigenicityand
geneticinstability.

[7,19]

Embryonicstemcells(ESCs)
Oct4+,Sox2+,

KLF4+,andc-Myc+

Innercell
massof
blastocyst.

Unlimitedself-renewalinvitro.
Myogenicdifferentiationcapacity

Ethicalconcerns
Inefficientisolationprocess.
Riskoftumorigenicity.

Riskassociatedwithimmuneresponse.

[7]

Musclesidepopulationcells
(SPs)

CD45−,c-Kit−,Sca1+,ABCG2+,
Pax7−,Myf5−,Desmin−

Interstitialspaceof
skeletalmuscle.

Myogenicdifferentiationcapacityinvivo.

Lowavailability
Lackofspecificphenotypicmarkers.
Poormyogenicdifferentiationinvitro.
Limitedliteratureontheirpotentialfor
skeletalmuscleregenerationandVML.

[20,24]

Abbreviations:Stemcellsantigen-1(Sca-1),Alkalinephosphatase(ALP),Platelet-derivedgrowthfactorreceptorbeta(PDGFR-β),Neural/glialantigen2(NG2),ATPbindingcassette
subfamilyGmember2(ABCG-2),Octamer-bindingtranscriptionfactor4(Oct-4),SRY(sexdeterminingregionY)-box2(Sox-2),Kruppel-likefactor4(KLF4),Myogenicfactor5(Myf5).
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3.Non-MyogenicCells

InadditiontoresidentMuSCs,thenormalfunctioningandregenerationofskeletalmuscletissue

aresupportedbyfibroblasts,endothelialcells,neuralcells,fibro/adipogenicprogenitor(FAP)cells

andinfiltratingimmunecells.FAPsaremuscle-residentprogenitorcellsofmesenchymalorigin,

expressingstemcellsantigen-1(Sca-1)andplatelet-derivedgrowthfactorreceptorbeta(PDGFR-β)

surfacemarkers,whichcandifferentiateintofibroblastsandadipocytes.Followingmuscleinjury,

FAPsproliferateandenhancemyogenicdifferentiationbygeneratingpro-differentiationsignalsfor

MPCs[25].Theintercellularinteractionsandparacrineeffectsoftheabove-mentionedsupportcells

on MuSCsareimportantfortheregenerationofdamagednervousandvasculartissuesthatare

oftenassociatedwithVML[26,27].Forexample,pericytesandMSCsregulatemyogenesisthrough

paracrineeffectsonothercelltypes,suchasmacrophages.Chronicinflammationandthedelayed

transitionofinflammatorytoanti-inflammatoryphaseinVMLimpairsthehemostasisofmany

intracellularinteractions,andresultsinfibroticmuscledegeneration.Persistentinflammatorysignals

suchasTGF-βpreventFAPs,apoptosisandleadtotheirpathologicalaccumulationanddifferentiation

intofibroblasts[28]. MSCsderivedfrombonemarroworadiposetissuecanamelioratethelocal

immunologicalresponsebysuppressinginflammatorycytokinesandmodulatinglocalimmunecells

intheinjuredmuscle,asdiscussedin[29].

Multi-cellularculturesystemshavebeendevelopedtostudytheintercellularandparacrine

interactionsthatarenecessaryformuscleformationandfunction.Forexample,Ostrovidovetal.

demonstratedthattheco-cultureofaPC12neuralcelllinewithaC2C12myoblastcelllinecould

induceC2C12myoblastdifferentiationandmyotubeformation[27].Neuralcellsources,suchas

humanneuralstemcellsandiPSC-derivedneurons,inco-culturewithskeletalmusclecellscouldform

functionalneuromuscularjunctions(NMJ)andhaveimprovedmuscledifferentiationandmyotube

formation[30].Laternseretal.demonstratedthattheinteractionbetweentendonandmusclecellsaffects

thefunctionalityoftheregeneratedmuscle.3Dmuscleandtendontissuesweredevelopedbyprinting

humanmyoblastsandrattenocyteswithinbioinklayers.Theprintedmyofiberswerefunctionaland

couldcontractfollowingelectricalstimulation.Theincreasedexpressionofmuscleandtendonmarker

genesindicatedthegooddifferentiationofcells[31].Additionally,endothelialcellsmodulateskeletal

MuSCsdifferentiationandproliferationbysecretinggrowthfactorssuchasvascularendothelialgrowth

factor(VEGF),insulingrowthfactor(IGF-1)andhepatocytegrowthfactor(HGF)[32].Theseexamples

highlighttheimportanceofbothMuSCsandothersupportingcellsinmediatingmyogenesis.

4.PreclinicalVMLTreatmentStudies

4.1.AnimalModelsofVML

Approximately90%ofpreclinicalmodelsofVMLhavebeenconductedinmiceandrats[33].

However,astandardVMLmodelwithrespecttomuscleanatomicallocationanddefectsizehas

notbeendefined.Thelatissimusdorsi(LD),tibialisanterior(TA),quadricepsandabdominalwall

musclesarethemostfrequentlyablatedmusclesinexperimentallyinducedVML[33].Althoughin

mostVMLmodelsmorethan20%ofthemusclemassisablated,Andersonetal.reportedthat15%

muscleablationwasthecriticalthresholdforirreversiblemuscleloss.Thecriticalthresholdwas

characterizedbypersistentfibroticandinflammatoryresponse,aswellasincompleteinnervationand

partialmyofiberregeneration[34].Full-thicknessinjuriesof2,3and4mmdiameterswerecreatedin

thequadricepmusclesofmice,whichresultedin5%,15%and30%musclemassdefects,respectively.

Inadditiontothesizeofdefect,otherfactorscouldmediatethehealingoutcomeoftheVMLlesion;

includingwhetherthedefectispartialorfull-thickness,howthesutureforwoundclosurewasapplied

(e.g.,bridgingvs.non-bridginglesion)andtheproportionofdefectsizetoanimalweight.Inaddition,

myofiberdensityandtheamountofsatellitecellsinthemuscletissuevariesbetweenmaleand

femaleanimals,andacrossdifferentages.Biomechanicalloadingisalsodifferentineachmuscletissue.

Consideringtheseparameters,VMLrodentmodels(Table2)arebeneficialforexaminingtherapiesor
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understandingthepathophysiologyofVMLandskeletalmuscleregeneration.However,thetreatment

resultsofrodentpreclinicalstudiesshouldnotbeextrapolatedforhumanVMLtreatmentswithout

consideringfactorssuchasmechanicalloading.Inotherwords,thecurrentrodentVMLmodelsfit

betterforsmallnon-appendicularmuscleslikefacialmusclesthanlarge,appendicularmuscles.

4.2.Cell-SeededScaffoldsforPreclinicalTreatmentofVML

Thedirecttransplantationof MuSCsand MPCsintodamagedtissueresultsinpoorcell

survivalandlimitedengraftmentduetoalackofsufficientcellsupportandtheharshinjuredtissue

microenvironment[35].Scaffoldssupportcellattachment,survivalanddifferentiation,andalsofacilitate

topographical,biomechanicalandbiochemicalcuestopromotemyogenesis[33,36].Thetransplantation

ofmusclestemcellsseededindecellularizedbladdermatricesintoratTAmusclewithVMLinjury

showedthatmusclepeakisometrictorquewasalreadyenhancedbytheuseofscaffoldsalone,

buttheinclusionofcellswiththescaffoldsdoubledthefunctionalrecoveryofthemuscle[37].

Alignednanofibrillarcollagenscaffoldsdirectthealignmentofmurinemyoblasts,andpromote

myotubefusionandcontractilityintheengineered muscletissue [38].Scaffolds,inadditionto

physicallyfillinginthelostmusclevolumeandaugmentingforcetransmissionacrossthedefect,canbe

usedascombineddeliveryvehiclesforcellsandgrowthfactors.Macroporousalginatehydrogels

simultaneouslydeliveredmurinemyoblastsalongwithaVEGF/IGF-1cocktail.Theresultsshoweda

significantincreaseinthemusclecontractileforceandadecreaseinfibrosis[39].Amoreextensive

discussionofscaffoldbiomaterialsforskeletalmuscleregenerationinVMLisfoundin[19,40].

4.3.MuSC-BasedTherapiesforPreclinicalTreatmentofVML

MuSCsderivedfromnewbornmiceandembeddedinfibrinhydrogelwereabletoengraftand

differentiateintonewmyofibersinNODSCIDmicewithVML(Table2).Thisledtoa30%increase

inmusclemassanda50%reductioninfibrosisarea,comparedtountreatedmuscles.Thedetection

ofLacZ+/Pax7+inthecrosssectionofengraftedmuscledemonstratedthatthetransplantedMuSCs,

labeledwithLacZ,couldrestoresatellitecells.Inaddition,LacZ+donor-derivedcellscontributedto

anaverageof26%ofthenewvesselsformedinengraftedregions[41].Althoughthisstudyshowed

evidenceofneotissueformationinaVMLanimalmodelusinghistologyandimmunohistochemical

analysis,nofunctionalmeasurementsweretakentocomparerecoveredmusclewithuninjuredtissue,

suchasthelevelofnerveandforcerestoration,musclestrengthdeficits,andmeasurementsofpeak

isometrictetanicforceortorque.

TheimportanceofintercellularinteractionsforthetreatmentofVMLwasexaminedbyQuartaetal.

HumanMuSCsandfourMuSCsupportcellpopulations(endothelialcells,FAPs,hematopoieticcells,

fibroblast-likecells)wereencapsulatedinECM-basedhydrogelsandtransplantedintotheinjured

TAmuscleofNODSCIDmice(Table2).Theresultsshowthatsupportcellpresencesignificantly

enhancestheviabilityof MuSCs,increasesvascularizationandreducesthefibroticresponseby

50%.Inaddition,musclemassinthepresenceofbothsupportcellsandMuSCscouldberestored

to90%oftheuninjuredtissuemass,whilebioconstructswith MuSCsalonecouldonlyrecover

upto70%ofmass.Theinvivoforcerestorationofthetransplantedcellularbioconstructwas65%

oftheintactmuscle,whileNMJformationremainedsignificantlylower,yetcouldimprovewith

exercise[42].Additionally,wepreviouslydemonstratedtheimportanceofendothelialinteractions

andspatiallypatternedscaffoldtopographyinmodulatingmuscleformationandrevascularization

inamouseVMLmodel.Recently,wefurtherdemonstratedthatco-seedingC2C12myoblastswith

endothelialcellswithinanisotropicnanofibrillarcollagenscaffoldsresultedintheformationof

endothelializedandhighlyorganizedmyotubes,withincreasedcellsurvivalinvivo,highersecretions

ofangiogeniccytokinesandmoresynchronizedcontractilitycomparedtoendothelializedmyotubes

formedonrandomly-orientedscaffolds.Similarresultsinformingalignedmyotubesandenhancing

vascularperfusionweredemonstratedusingprimaryhumanMPCsandendothelialcellswithinthe

samescaffolds[38].
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DespitethesuccessfulinvivooutcomesofMuSCsinmuscleregeneration,theabilitytorestore

musclefunctionremainsinquestion.Forexample,MPCsdeliveredviakeratinhydrogelsdidnot

contributetoenhancedfunctionalmusclerecoveryintermsofpeakisometrictorqueproductioninarat

TAVMLinjury(Table2)[43].Additionally,theco-culturingofmyoblastswithmicrovesselfragments

(MVF)inacollagenhydrogelresultedinminimalmuscleregenerationinaratVMLmodel(Table2)[44].

Thesestudiessuggestthatmanyfactors,suchasfindinganoptimalmicroenvironmentformusclecells

orthepresenceofspecificparacrinesignals,playcrucialrolesinfunctionalmuscleregeneration.

4.4.MSC-BasedTherapiesforPreclinicalTreatmentofVML

Besidesmusclestemandprogenitorcells,MSCshavebeentestedinrodentVMLmodels[45,46].

Recentstudiessuggestthatthepro-regenerativeoutcomesofthesecellsarenotduemainlytothe

directcontributionofthesecellstodenovomyofiberformation,butinsteadtotheirparacrine

effects,suchasimmunomodulation,inducingvascularization,mediatingwithfibroticresponseand

signalingtoendogenouscells.Inonestudy,bonemarrow-derivedMSCs(BM-MSCs)encapsulated

inplasma-richplatelet-derivedfibrinmicrobeadscouldacceleratemuscleregenerationinaratVML

modeloftheablatedbicepsfemorismuscle.At180daysfollowingimplantation,animalsthatdidnot

havemicrobeadsandMSCsshowedincompleterepairwithscarformation,whereasthepresenceof

microbeadsdecreasedcollagendepositionandcausedtheformationofalignedmyofibers.Basedon

histomorphometricanalysisat30,60and180daysfollowingimplantation,MSCsencapsulatedinfibrin

showedimmunomodulatoryeffects,andspedupthehealingprocesscomparedtofibrinalone[47].

Similarly,anotherstudyusingadipose-derivedMSCs(ASCs)incollagenhydrogelstotreatrat

VMLdemonstratedimprovedtherapeuticoutcomes. LaserDopplerperfusionimaging2weeks

post-injurydemonstratedthatbloodperfusionwasdoubledingroupswithASC-loadedhydrogels

comparedtocelldevoidhydrogels.Theupregulationofendothelialcellmarkers,suchasα-SMA,

inthesegroupsalsoconfirmedtheangiogeniceffectofASCs.IngroupswithASC-loadedhydrogels,

anti-inflammatorycytokinessuchasIL4andIL10wereincreased,andpro-healingmacrophage

markerssuchasCD163,CD206andArg-1wereupregulated.Inaddition,myogenicmarkers,including

myogeninandMyoD,wereupregulated,andcollagendepositionwasdecreased,whichtogether

indicatedtheimmunomodulatoryeffectofASCsinattenuatingtheinflammationandenhancingtissue

regeneration[48].UsingasevereratVMLmodelinwhichtheentireTAandLDmuscleswereexcised,

treatmentwithhumanASC-seededelectrospunfibrinscaffoldsincreasedthepreservationofscaffold

fibersuptofourtimesinthecross-sectionalarea,comparedtothatofacellularscaffolds,at3months

post-implantation.Unlikegroupswithacellularscaffolds,inASC-seededfibers,maturemusclecells

thatexpressMyHCwereobserved.However,itisunclearfromthisstudyifASCscandifferentiate

andfusetothehostmusclecells,orjustimproveregenerationthroughparacrinesignals[49].

InadditiontoASCsandBM-MSCs,amnioticMSCsdemonstratedpositivetherapeuticeffects

inVML.Amniotic MSCswereinducedusing5-azacytidine,abiochemicalinductionfactor,and

deliveredtoratTAmusclewithVMLwithinagelatinmethacrylate(GelMA)hydrogel.Treatmentwith

MSCssignificantlyincreasedneovascularizationandfunctionaltissuerepair,comparedtogroups

thatreceivedjustGelMAscaffoldwithoutcellsorblankgroups2and4weekspost-implantation[50].

Together,thesestudiessuggestthatmultiplesourcesofMSCscanhavetherapeuticeffectsonthe

treatmentofVML.
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Table2.Animalstudiesofcell-basedtherapiesinVMLtreatment.

CellType InVitroFindings AnimalModel DeliveryTechnique InVivoFindings Reference

MPCs
ASCs

- MurineLDmuscle(50%defect).
CellsseededinBladder
acellularmatrix(BAM)

scaffolds.

Histologicalandimmunohistochemicalanalysisshows
ADSCscouldcreateregeneratedmusclecomparableto

MPCsseededscaffolds,butmainlythrough
participationinvascularization.

[45]

HumanUC-MSCs - RatTAmuscle(20%defect).

Placingcellsinaggregatein
themuscledefectwithand
withoutdecellularized

porcineheartECMpowder.

Histologicalanalysisandmechanicalfunction
evaluationshowMSCsanddecellularizedECMhavea

synergisticeffectonpromotingskeletal
muscleregeneration.

[46]

CombinationofMuSCs,ECs,
FAPs,hematopoieticcells,
fibroblastlikecells

Bioluminescenceimaging(BLI)
measurementsdemonstrated

viabilitywassignificantlyenhanced
inthepresenceofsupportcells.Ex
vivoforcemeasurementshows
forcerecoveryreachesupto90%of

theuninjuredmuscle.

MurineTAmuscle(40%defect).
DecellularizedmurineTA
ECM-basedhydrogel.

Thecombinationofcellswithscaffoldscouldgenerate
functionalvascularizedmuscletissueinVMLmodels;
however,innervationandmuscleforcearenot
sufficient,yetcouldbeenhancedbyexercise.

[42]

Humanskeletalmusclecells
(hSKMCs)

Printed3Dcellconstructs
demonstratehighcellviability
(>90%),differentiation,myotube
formationandcontractility.

RatTAmuscle(40%defect)
Cell-ladenmuscle
decellularizedECM
(mdECM)bioink.

Pre-vascularized3Dcellprintedmuscleconstructs
improvemuscleregeneration,vascularizationand
innervation,aswellas85%offunctionalrecovery.

[51]

ASCs

ASCsproliferateandalignonfibers
withacceptablecellviability,butdo

notfullyexpressmyotube
characterizationandmyogenesis
failsafter2monthsinvitro.

MurineTAandextensor
digitorumlongus
(EDL)removal.

Cells-seededelectrospun
fibrinscaffold.

ASCscombinedwithelectrospunfibrinmicrofibers
demonstratemoretissueregenerationinvivocompared
withacellularfibers,butlimitedexpressionofmyogenic

markersinASCsisobserved.

[49]

HumanMPCs - MurineTAmuscle.
Poly-lactic-glycolicacid
(PLGA)3Dscaffold.

Scaffoldsincreasetheviabilityofcellsinvivoand
regenerationofmuscleisenhancedfollowing1and4
weekimplantationcomparedtodirectcellinjection.

[52]

RatBone-marrowMSCs -
Ratbicepsfemorisresection
size:8×4×4mm3.

Fibrin-basedmicrobeads.

FibrinmicrobeadswithandwithoutMSCsaccelerate
muscleregenerationandpreventscarformation;MSCs
shortentheregenerationperiod.Shamgrouphasin
incompleterepairandfibroticscarformation.

[47]

RatASCs -
RatTAmuscle

resectionsize:10×5×3mm3.
TypeIhydrogel.

ASCsencapsulatedinhydrogelreducedinflammation
andcollagendepositionandacceleratedmuscle
regenerationandangiogenesiscomparedwiththe

hydrogelgroup.

[48]
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Table2.Cont.

CellType InVitroFindings AnimalModel DeliveryTechnique InVivoFindings Reference

HumanASCs

ViabilityandgrowthofASCson
electrospunfiberswereassessedby
Live/DeadandPicoGreenassays
forupto21days.After2monthsin

culture,bothinducedand
uninducedASCsformedelongated
andalignedfibersonelectrospun
fibersandexpressedhighlevelsof
desmin,buttheyexpressedlow

andnon-nuclear
Myogeninandcouldnotfully
recapitulatemyotubeformation.

Removalof
TAandEDLmusclesfromthe
anteriortibialcompartmentin
immunodeficientmice.

Electrospunfibrinhydrogel
microfiberbundles.

ASC-seededfibersexhibiteduptofourtimeshigher
volumeretentionthanacellularfibersandlowerlevels
offibrosis.Unlikeacellularscaffolds,ASC-seeded

scaffoldsshowedmaturemusclecells.

[49]

HumanamnioticMSCs

ResultsofLive/Deadtestand
immunofluorescencestainingof

desminandMyoD
showedthatthecellviabilityand
inductionofthemyogenic

differentiationofhAMCsby5-Aza
wasnotaffectedbyGelMAgel.

SpragueDawley(SD)rats
5mmdiametermuscledefectin
TAmuscleusingaholepunch.

GelMAgel.

Resultsshowed5-AzainducedcellsinGelMAreduced
thescarformationandincreasedthevascularization2
weeksand4weekspost-implantationcomparedto

blankandGelMAgroups.

[50]

Microvesselfragment
(MVF)constructwith

myoblasts(MVF+Myoblasts)

Live/Deadassaydemonstrateshigh
viabilityofmicrovesselsand
seededmyoblastsand

immunofluorescentstainingshows
microvesselnetworksincrease

morein
MVF-Myoblastconstructsthanin

MVF-onlyconstructs.

12mm
biopsypunchinbicepsfemoris

muscleof
SpragueDawleyrats.

Collagenhydrogel.
MVF-Myoblastconstructsdidnotshowmuscle
regenerationatboth2weeksand8weeks

post-implantation.
[44]

RatMPCs
AdultfemaleLewisrats
20%TAmuscle.

Keratinhydrogel. [43]

MouseMPCs
FemaleC57/BL6Mouse50%

LDmuscle.
Keratinhydrogel. [53]

NewbornmiceMuSCs -

Threemonthold
immunodeficientNSGmice
TAmuscle4×2×2mmpartial
thicknesswedgeresection.

Fibrinhydrogel
TransplantedMuSCsinfibrincontributetoforming
newfibersandnewvesselsandincreasemusclemassas

wellasreducefibroticresponse.
[41]

HumanMPCsand
humanmicrovascular
endothelialcells

HumanMPCsexpressedPax7
proteinandwerealignedalongthe
directionofthescaffoldnanofibers.

20%TAmuscleablationin
NODSCIDmalemice.

Nanofibrillarcollagen
scaffold.

Vascularperfusionanddonor-derivedhumanmyofiber
densityincreasedinendothelializedhumanskeletal
muscleformedfromalignedscaffoldscomparedto

randomly-orientedscaffolds.

[38]
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AlthoughresearchontheuseofiPSC-derivedmyogenicstudiesisstillunderway,arecentstudyby

Raoetal.evaluatedtheefficacyofhumaniPSCsasasourceofmyogeniccellsformuscleregeneration

inamousemodel. HumaniPSCswithinpatternedpolydimethylsiloxane(PDMS)expressedPax7

proteinanddirectlycontributedtotheformationofnewmyofibers,generating3Dvascularizedand

contractilemuscleconstructs[17].Itislikelythattheefficacyofsuchconstructswillbetestedfor

treatmentofVMLinthenearfuture.Asummaryofrecentanimalstudiesofcell-basedtherapiesin

VMLtreatmentispresentedinTable2.Thesepromisingresultsinsmallanimalmodelsareastep

forwardtowardsfindinganeffectivetreatmentforVMLinhumansandtheabilitytoregenerate

functionalmuscletissue.However,constructingengineeredfunctionaltissueinalargevolumeandat

thehumanscaleintroducesmorechallengesintermsofextendingexvivocellsandvalidatingthe

constructsinlargeranimalmodels.

5.ConclusionsandFuturePerspectives

MuSCsandMSCsarethetwomaincellsourcesthathavebeenevaluatedinpreclinicalcell

therapiesinVMLrodentmodels,andhavedemonstratedthecapacityformuscleregeneration.

However,theabsence ofastandardizedVMLsurgical modelas wellstandardizedfunctional

measurementsofmuscleregenerationmakesitdifficulttocomparetheresultsofvariousstudies.Since

almostallthepresentpreclinicalstudieshavebeenperformedinsmallrodentmodels,thescalability

ofcell-basedtherapiesforlargeanimalmodelsisabigchallenge.MuSCslosetheirstemnessduring

invitroexpansion,sothedevelopmentofarobustinvitroexpansionmethodforMuSCswithout

losingtheirpotencyisnecessary.Additionally,morestudiesareneededinordertounderstandthe

molecularmechanismsbehindthedifferentiationandself-renewalbehaviorofMuSCs.Bothmurine

andhumanMuSCshavebeenusedforstudiesinthisarea,butduetodifferencesbetweenhumanand

murineMuSCs,invitroculturesystemsarerequiredtobeoptimizedspecificallyforhumanMuSCs.

MSCsshowsuperiorityintermsofabundanceforlargedefectsinhumans,butthesecellshaveapoor

myogenicdifferentiationcapacity.HumaniPSC-derivedMuSCsmaycurrentlybetheonlysourceof

infiniteautologouscellsforscalabletherapeuticuse,butthetumorigenicpotentialofiPSCsremainsa

majorconcernforclinicaltranslation,andnopreclinicalstudieshaveevaluatedthepotentialofthese

cellsforVMLasyet.Forthetranslationofcell-basedtherapiesintotheclinic,developingadelivery

vehicletopromotecellsurvivalininvivoimplantation,andobtainingappropriateprotocolsforcell

expansionandstoringinvitro,isrequired.

ThesuccessofcellulartherapeuticsintreatingVMLstronglydependsnotonlyonthetherapeutic

cellsthemselves,butalsoon microenvironmentalcuespresentedtothecells.Exploitingtissue

engineeringstrategiescanimprovecell-basedtherapiesformuscleregeneration.However,morework

isstillneededinordertoelucidatetheoptimizedmicroenvironmentforcellscapableofregenerating

functionalmuscles,vascularizationandinnervation.Poorinnervationisamajorobstacletoachieving

thefull-forcerecoveryofnewmuscles,andalthoughtheinvitroco-culturingofneuronsandmuscle

cellshasbeenpromising,preclinicalstudiesofmuscle–nerveconstructsarelimited.Inaddition,

repairingmyotendinousjunctionsinVMLremainsanunmetchallenge.Furtherstudiesareneededthat

focusonestablishingmuscle–tendonjunctionsandthegeneratingofnewnerveswithnewmuscles

inVML.

Althoughcell-basedtherapiestodatehaveshownexcitingpotential, webelievethatitis

thecombinationofcellulartherapeuticsandtissueengineeringapproachesthatwillopenup

morepossibilitiesforfindingaclinicaltherapyfor VML.Animprovedunderstandingofthe

molecularandcellularinteractionsof muscleregenerationwillfacilitatetheengineeringofan

optimalmicroenvironmenttoguidetherapeuticcellstowardrestoringmusclefunctionafterVML.

Exploitingemergingtechnologies,suchason-chipdisease modelsandSlide-Seq, willhelpin

probingtheroleofdifferentcellspresentatVMLinjurysitesatthe molecularandgenomic

levels[54,55].UnderstandingthecomplexmulticellularandECMinteractionsoftheinflammatory

microenvironmentofVMLcouldopennewwindowsforselectinganoptimizedcombinationof
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myogenicandnon-myogeniccellsinanengineeredmicroenvironmentnicheinordertoinducede

novomuscleregeneration.

AuthorContributions:M.S.andN.F.H.outlinedthescientificcontent. M.S.wrotethepaperwithreviewand
editingbyN.F.H.Allauthorshavereadandagreedtothepublishedversionofthemanuscript.

Funding:ThisstudywassupportedbygrantstoN.F.H.fromtheUSNationalInstitutesofHealth(R01HL127113
andR01HL142718),theNationalScienceFoundation(1829534),andtheDepartmentofVeteransAffairs
(1I01BX004259).ThisresearchreceivedfundingfromtheAllianceforRegenerativeRehabilitationResearch&
Training(AR3T),whichissupportedbytheEuniceKennedyShriverNationalInstituteofChildHealthand
HumanDevelopment(NICHD),NationalInstituteofNeurologicalDisordersandStroke(NINDS),andNational
InstituteofBiomedicalImagingandBioengineering(NIBIB)oftheNationalInstitutesofHealthunderAward
NumberP2CHD086843.

Acknowledgments:WeacknowledgetechnicalassistancefromCynthiaAlcazarandCarolineHu,andgrammatical
editingassistancebyAdrienneMueller.

ConflictsofInterest:Theauthorsdeclarenoconflictofinterest.

References

1. Corona,B.T.;Rivera,J.C.;Owens,J.G.;Wenke,J.C.;Rathbone,C.R.Volumetricmusclelossleadstopermanent

disabilityfollowingextremitytrauma.J.Rehabil.Res.Dev.2015,52,785–792.[CrossRef][PubMed]

2. Garg,K.; Ward,C.L.;Hurtgen,B.J.; Wilken,J.M.;Stinner,D.J.; Wenke,J.C.;Owens,J.G.;Corona,B.T.

Volumetricmuscleloss:Persistentfunctionaldeficitsbeyondfranklossoftissue.J.Orthop.Res.2014,33,

40–46.[CrossRef][PubMed]

3. Corona,B.T.;Wenke,J.C.;Ward,C.L.Pathophysiologyofvolumetricmusclelossinjury.CellsTissuesOrgans

2016,202,180–188.[CrossRef]

4. Lin,C.-H.;Lin,Y.-T.;Yeh,J.-T.;Chen,C.-T.FreeFunctioningmuscletransferforlowerextremityposttraumatic

compositestructureandfunctionaldefect.Plast.Reconstr.Surg.2007,119,2118–2126.[CrossRef]

5. Dziki,J.;Badylak,S.;Yabroudi,M.;Sicari,B.;Ambrosio,F.;Stearns,K.;Turner,N.;Wyse,A.;Boninger,M.L.;

Brown,E.H.P.;etal.Anacellularbiologicscaffoldtreatmentforvolumetricmuscleloss:Resultsofa13-patient

cohortstudy.NPJRegen.Med.2016,1,16008.[CrossRef][PubMed]

6. Ding,S.;Wang,F.;Liu,Y.;Li,S.;Zhou,G.;Hu,P.Characterizationandisolationofhighlypurifiedporcine

satellitecells.CellDeathDiscov.2017,3,17003.[CrossRef]

7. Pantelic,M.N.;Larkin,L.M.;Pantellic,M.N.Stemcellsforskeletalmuscletissueengineering.TissueEng.

PartBRev.2018,24,373–391.[CrossRef]

8. Garcia,J.M.S.;Panitch,A.;Calve,S.FunctionalizationofhyaluronicacidhydrogelswithECM-derived

peptidestocontrolmyoblastbehavior.ActaBiomater.2019,84,169–179.[CrossRef]

9. Patel,K.H.;Dunn,A.J.;Talovic,M.;Haas,G.J.;Marcinczyk,M.;Elmashhady,H.;Kalaf,E.A.G.;Sell,S.A.;

Garg,K.;Growney,E.AlignednanofibersofdecellularizedmuscleECMsupportmyogenicactivityin

primarysatellitecellsinvitro.Biomed.Mater.2019,14,035010.[CrossRef]

10. Prueller,J.;Mannhardt,I.;Eschenhagen,T.;Zammit,P.S.;Figeac,N.Satellitecellsdeliveredintheirniche

efficientlygeneratefunctionalmyotubesinthree-dimensionalcellculture.PLoSONE2018,13,e0202574.

[CrossRef]

11. Gilbert,P.M.;Havenstrite,K.L.;Magnusson,K.E.G.;Sacco,A.;Leonardi,N.A.;Kraft,P.;Nguyen,N.K.;

Thrun,S.;Lutolf,M.P.;Blau,H.M.Substrateelasticityregulatesskeletalmusclestemsellself-renewalin

culture.Science2010,329,1078–1081.[CrossRef]

12. Mori,R.;Kamei,N.;Okawa,S.;Nakabayashi,A.;Yokota,K.;Higashi,Y.;Ochi,M.Promotionofskeletal

musclerepairinaratskeletalmuscleinjurymodelbylocalinjectionofhumanadiposetissue-derived

regenerativecells.J.TissueEng.Regen.Med.2012,9,1150–1160.[CrossRef][PubMed]

13. Berebichez-Fridman,R.;Montero-Olvera,P.R.SourcesandClinicalApplicationsofMesenchymalStemCells.

SultanQaboosUniv.Med.J.2018,18,264–277.[CrossRef][PubMed]

14. Jacobs,S.A.;Roobrouck,V.D.;Verfaillie,C.M.;VanGool,S.W.Immunologicalcharacteristicsofhuman

mesenchymalstemcellsandmultipotentadultprogenitorcells.Immunol.CellBiol.2013,91,32–39.[CrossRef]

[PubMed]

15. Kodaka,Y.;Rabu,G.;Asakura,A.SkeletalMuscleCellInductionfromPluripotentStemCells.StemCellsInt.

2017,2017,1–16.[CrossRef][PubMed]

http://dx.doi.org/10.1682/JRRD.2014.07.0165
http://www.ncbi.nlm.nih.gov/pubmed/26745661
http://dx.doi.org/10.1002/jor.22730
http://www.ncbi.nlm.nih.gov/pubmed/25231205
http://dx.doi.org/10.1159/000443925
http://dx.doi.org/10.1097/01.prs.0000260595.85557.41
http://dx.doi.org/10.1038/npjregenmed.2016.8
http://www.ncbi.nlm.nih.gov/pubmed/29302336
http://dx.doi.org/10.1038/cddiscovery.2017.3
http://dx.doi.org/10.1089/ten.teb.2017.0451
http://dx.doi.org/10.1016/j.actbio.2018.11.030
http://dx.doi.org/10.1088/1748-605X/ab0b06
http://dx.doi.org/10.1371/journal.pone.0202574
http://dx.doi.org/10.1126/science.1191035
http://dx.doi.org/10.1002/term.1659
http://www.ncbi.nlm.nih.gov/pubmed/23239611
http://dx.doi.org/10.18295/squmj.2018.18.03.002
http://www.ncbi.nlm.nih.gov/pubmed/30607265
http://dx.doi.org/10.1038/icb.2012.64
http://www.ncbi.nlm.nih.gov/pubmed/23295415
http://dx.doi.org/10.1155/2017/1376151
http://www.ncbi.nlm.nih.gov/pubmed/28529527


Bioengineering2020,7,97 12of14

16. delCarmenOrtuño-Costela,M.;García-López,M.;Cerrada,V.;Gallardo,M.E.iPSCs:Apowerfultoolfor

skeletalmuscletissueengineering.J.Cell.Mol.Med.2019,23,3784–3794.[CrossRef][PubMed]

17. Rao,L.;Qian,Y.;Khodabukus,A.;Ribar,T.;Bursac,N.Engineeringhumanpluripotentstemcellsintoa

functionalskeletalmuscletissue.Nat.Commun.2018,9,126.[CrossRef][PubMed]

18. De Micheli,A.J.;Laurilliard,E.J.;Heinke,C.L.;Ravichandran,H.;Fraczek,P.;Soueid-Baumgarten,S.;

DeVlaminck,I.;Elemento,O.;Cosgrove,B.D.Single-CellAnalysisoftheMuscleStemCellHierarchy

IdentifiesHeterotypicCommunicationSignalsInvolvedinSkeletalMuscleRegeneration.CellRep.2020,30,

3583–3595.e5.[CrossRef][PubMed]

19. Dunn,A.;Talovic,M.;Patel,K.;Patel,A.;Marcinczyk,M.;Garg,K.Biomaterialandstemcell-basedstrategies

forskeletalmuscleregeneration.J.Orthop.Res.2019,37,1246–1262.[CrossRef][PubMed]

20. Yin,H.;Price,F.;Rudnicki,M.A.SatelliteCellsandtheMuscleStemCellNiche.Physiol.Rev.2013,93,23–67.

[CrossRef]

21. Zheng,B.;Cao,B.;Crisan,M.;Sun,B.;Li,G.;Logar,A.;Yap,S.;Pollett,J.B.;Drowley,L.;Cassino,T.;etal.

Prospectiveidentificationofmyogenicendothelialcellsinhumanskeletalmuscle.Nat.Biotechnol.2007,25,

1025–1034.[CrossRef][PubMed]

22. Sirabella,D.; DeAngelis,L.;Berghella,L.Sourcesforskeletal musclerepair:Fromsatellitecellsto

reprogramming.J.CachexiaSarcopeniaMuscle2013,4,125–136.[CrossRef]

23. Torrente,Y.;Belicchi,M.;Marchesi,C.;D’Antona,G.;Cogiamanian,F.;Pisati,F.;Gavina,M.;Giordano,R.;

Tonlorenzi,R.;Fagiolari,G.;etal.Autologoustransplantationofmuscle-derivedCD133+stemcellsin

Duchennemusclepatients.CellTransplant.2007,16,563–577.[CrossRef]

24. Asakura,A.;Seale,P.;Girgis-Gabardo,A.;Rudnicki,M.A.Myogenicspecificationofsidepopulationcellsin

skeletalmuscle.J.CellBoil.2002,159,123–134.[CrossRef][PubMed]

25. Joe,A.W.B.;Yi,L.;Natarajan,A.;LeGrand,F.;So,L.;Wang,J.;Rudnicki,M.A.;Rossi,F.M.Muscleinjury

activatesresidentfibro/adipogenicprogenitorsthatfacilitatemyogenesis.Nature2010,12,153–163.[CrossRef]

[PubMed]

26. Wosczyna,M.N.;Rando,T.A.AMuscleStemCellSupportGroup:CoordinatedCellularResponsesinMuscle

Regeneration.Dev.Cell2018,46,135–143.[CrossRef]

27. Ostrovidov,S.;Ahadian,S.;Ramon-Azcon,J.;Hosseini,V.;Fujie,T.;Parthiban,S.P.;Shiku,H.;Matsue,T.;

Kaji,H.;Ramalingam,M.Three-dimensionalco-cultureofC2C12/PC12cellsimprovesskeletalmuscletissue

formationandfunction.J.TissueEng.Regen.Med.2017,11,582–595.[CrossRef]

28. Biferali,B.;Proietti,D.;Mozzetta,C.;Madaro,L.Fibro–AdipogenicProgenitorsCross-TalkinSkeletalMuscle:

TheSocialNetwork.Front.Physiol.2019,10,10.[CrossRef]

29. Gao,F.;Chiu,S.M.;Motan,D.A.L.;Zhang,Z.;Chen,L.;Ji,H.-L.;Tse,H.-F.;Fu,Q.-L.;Lian,Q.Mesenchymal

stemcellsandimmunomodulation:Currentstatusandfutureprospects.CellDeathDis.2016,7,2062.

[CrossRef]

30. Kim,J.H.;Kim,I.;Seol,Y.-J.;Ko,I.K.;Yoo,J.J.;Atala,A.;Lee,S.J.Neuralcellintegrationinto3Dbioprinted

skeletalmuscleconstructsacceleratesrestorationofmusclefunction.Nat.Commun.2020,11,1–12.[CrossRef]

31. Laternser,S.;Keller,H.;Leupin,O.;Rausch,M.;Graf-Hausner,U.;Rimann,M.ANovelMicroplate3D

BioprintingPlatformfortheEngineeringofMuscleandTendonTissues.SLASTechnol.Transl.LifeSci.Innov.

2018,23,599–613.[CrossRef][PubMed]

32. Latroche,C.;Weiss-Gayet,M.;Muller,L.;Gitiaux,C.;Leblanc,P.;Liot,S.;Ben-Larbi,S.;Abou-Khalil,R.;

Verger,N.;Bardot,P.;etal. CouplingbetweenMyogenesisandAngiogenesisduringSkeletalMuscle

RegenerationisStimulatedbyRestorativeMacrophages.StemCellRep.2017,9,2018–2033.[CrossRef]

[PubMed]

33. Sarrafian,T.L.;Bodine,S.C.; Murphy,B.;Grayson,J.K.;Stover,S.M.Extracellularmatrixscaffoldsfor

treatmentoflargevolumemuscleinjuries:Areview.Veter.Surg.2018,47,524–535.[CrossRef][PubMed]

34. Anderson,S.E.;Han,W.M.;Srinivasa,V.;Mohiuddin,M.;Ruehle,M.A.;Moon,J.Y.;Shin,E.;Emeterio,C.L.S.;

Ogle,M.E.;Botchwey,E.A.;etal.DeterminationofaCriticalSizeThresholdforVolumetricMuscleLossin

theMouseQuadriceps.TissueEng.PartCMethods2019,25,59–70.[CrossRef]

35. Skuk,D.;Caron,N.J.;Goulet,M.;Roy,B.;Tremblay,J.P.ResettingtheProblemofCellDeathFollowing

Muscle-DerivedCellTransplantation:Detection,DynamicsandMechanisms.J.Neuropathol.Exp.Neurol.

2003,62,951–967.[CrossRef]

http://dx.doi.org/10.1111/jcmm.14292
http://www.ncbi.nlm.nih.gov/pubmed/30933431
http://dx.doi.org/10.1038/s41467-017-02636-4
http://www.ncbi.nlm.nih.gov/pubmed/29317646
http://dx.doi.org/10.1016/j.celrep.2020.02.067
http://www.ncbi.nlm.nih.gov/pubmed/32160558
http://dx.doi.org/10.1002/jor.24212
http://www.ncbi.nlm.nih.gov/pubmed/30604468
http://dx.doi.org/10.1152/physrev.00043.2011
http://dx.doi.org/10.1038/nbt1334
http://www.ncbi.nlm.nih.gov/pubmed/17767154
http://dx.doi.org/10.1007/s13539-012-0098-y
http://dx.doi.org/10.3727/000000007783465064
http://dx.doi.org/10.1083/jcb.200202092
http://www.ncbi.nlm.nih.gov/pubmed/12379804
http://dx.doi.org/10.1038/ncb2015
http://www.ncbi.nlm.nih.gov/pubmed/20081841
http://dx.doi.org/10.1016/j.devcel.2018.06.018
http://dx.doi.org/10.1002/term.1956
http://dx.doi.org/10.3389/fphys.2019.01074
http://dx.doi.org/10.1038/cddis.2015.327
http://dx.doi.org/10.1038/s41467-020-14930-9
http://dx.doi.org/10.1177/2472630318776594
http://www.ncbi.nlm.nih.gov/pubmed/29895208
http://dx.doi.org/10.1016/j.stemcr.2017.10.027
http://www.ncbi.nlm.nih.gov/pubmed/29198825
http://dx.doi.org/10.1111/vsu.12787
http://www.ncbi.nlm.nih.gov/pubmed/29603757
http://dx.doi.org/10.1089/ten.tec.2018.0324
http://dx.doi.org/10.1093/jnen/62.9.951


Bioengineering2020,7,97 13of14

36. Wolf,M.T.;Dearth,C.L.;Sonnenberg,S.B.;Loboa,E.G.;Badylak,S.F.Naturallyderivedandsynthetic

scaffoldsforskeletalmusclereconstruction.Adv.DrugDeliv.Rev.2015,84,208–221.[CrossRef]

37. Corona,B.T.;Ward,C.L.;Baker,H.B.;Walters,J.T.R.;Christ,G.J.ImplantationofInVitroTissueEngineered

MuscleRepairConstructsandBladderAcellularMatricesPartiallyRestoreInVivoSkeletalMuscleFunction

inaRatModelofVolumetricMuscleLossInjury.TissueEng.PartA2013,20,705–715.[CrossRef]

38. Nakayama,K.H.;Quarta, M.;Paine,P.;Alcazar,C.;Karakikes,I.;Garcia,V.;Abilez,O.;Calvo,N.S.;

Simmons,C.S.;Rando,T.A.;etal.Treatmentofvolumetricmusclelossinmiceusingnanofibrillarscaffolds

enhancesvascularorganizationandintegration.Commun.Biol.2019,2,170.[CrossRef]

39. Borselli,C.;Cezar,C.A.;Shvartsman,D.;VanDenburgh,H.H.;Mooney,D.J.Theroleofmultifunctional

deliveryscaffoldintheabilityofculturedmyoblaststopromotemuscleregeneration.Biomaterials2011,32,

8905–8914.[CrossRef]

40. Grasman,J.;Zayas,M.J.;Page,R.L.;Pins,G.D.Biomimeticscaffoldsforregenerationofvolumetricmuscle

lossinskeletalmuscleinjuries.ActaBiomater.2015,25,2–15.[CrossRef]

41. Matthias,N.;Hunt,S.D.;Wu,J.;Lo,J.;Callahan,L.A.S.;Li,Y.;Huard,J.;Darabi,R.Volumetricmuscleloss

injuryrepairusinginsitufibringelcastseededwithmuscle-derivedstemcells(MDSCs).StemCellRes.2018,

27,65–73.[CrossRef]

42. Quarta,M.;Cromie,M.;Chacon,R.;Blonigan,J.;Garcia,V.;Akimenko,I.;Hamer,M.;Paine,P.;Stok,M.;

Shrager,J.B.;etal.Bioengineeredconstructscombinedwithexerciseenhancestemcell-mediatedtreatment

ofvolumetricmuscleloss.Nat.Commun.2017,8,15613.[CrossRef]

43. Passipieri,J.A.;Baker,H.;Siriwardane,M.;Ellenburg,M.D.;Vadhavkar,M.;Saul,J.M.;Tomblyn,S.;Burnett,L.;

Christ,G.J.KeratinHydrogelEnhancesInVivoSkeletalMuscleFunctioninaRatModelofVolumetric

MuscleLoss.TissueEng.PartA2017,23,556–571.[CrossRef][PubMed]

44. Li, M.-T.;Ruehle, M.A.;Stevens,H.Y.;Servies,N.; Willett,N.J.;Karthikeyakannan,S.; Warren,G.L.;

Guldberg,R.E.;Krishnan,L.SkeletalMyoblast-SeededVascularizedTissueScaffoldsintheTreatmentofa

LargeVolumetricMuscleDefectintheRatBicepsFemorisMuscle.TissueEng.PartA2017,23,989–1000.

[CrossRef][PubMed]

45. Kesireddy,V.Evaluationofadipose-derivedstemcellsfortissue-engineeredmusclerepairconstruct-mediated

repairofamurinemodelofvolumetricmusclelossinjury.Int.J.Nanomed.2016,11,1461–1473.[CrossRef]

[PubMed]

46. Qiu,X.;Liu,S.;Zhang,H.;Zhu,B.;Su,Y.;Zheng,C.;Tian,R.; Wang, M.;Kuang,H.;Zhao,X.;etal.

Mesenchymalstemcellsandextracellularmatrixscaffoldpromotemuscleregenerationbysynergistically

regulatingmacrophagepolarizationtowardtheM2phenotype.StemCellRes.Ther.2018,9,88.[CrossRef]

47. Lalegül-Ülker,Ö.;̧Seker,̧S.;Elçin,A.E.;Elçin,Y.M.Encapsulationofbonemarrow-MSCsinPRP-derived

fibrinmicrobeadsandpreliminaryevaluationinavolumetricmusclelossinjuryratmodel: Modularmuscle

tissueengineering.Artif.CellsNanomed.Biotechnol.2018,47,10–21.[CrossRef]

48. Huang,H.;Liu,J.;Hao,H.;Chen,D.;Zhizhong,L.;Li,M.;Song,H.;Xiang,R.;Jiang,C.;Fu,X.;etal.Preferred

M2PolarizationbyASC-BasedHydrogelAcceleratedAngiogenesisandMyogenesisinVolumetricMuscle

LossRats.StemCellsInt.2017,2017,1–13.[CrossRef]

49. Gilbert-Honick,J.;Ginn,B.;Zhang,Y.;Salehi,S.;Wagner,K.R.;Mao,H.-Q.;Grayson,W.L.Adipose-derived

Stem/StromalCellsonElectrospunFibrinMicrofiberBundlesEnableModerateMuscleReconstructionina

VolumetricMuscleLossModel.CellTransplant.2018,27,1644–1656.[CrossRef]

50. Zhang,D.;Yan,K.;Zhou,J.;Xu,T.;Xu,M.;Lin,J.;Bai,J.;Ge,G.;Hu,D.;Si,W.;etal.Myogenicdifferentiation

ofhumanamnioticmesenchymalcellsanditstissuerepaircapacityonvolumetricmuscleloss.J.TissueEng.

2019,10,2041731419887100.[CrossRef]

51. Choi,Y.-J.;Jun,Y.-J.;Kim,D.Y.;Yi,H.-G.;Chae,S.-H.;Kang,J.;Lee,J.;Gao,G.;Kong,J.-S.;Jang,J.;etal.

A3Dcellprintedmuscleconstructwithtissue-derivedbioinkforthetreatmentofvolumetricmuscleloss.

Biomaterials2019,206,160–169.[CrossRef]

52. Boldrin,L.; Malerba,A.;Vitiello,L.;Cimetta,E.;Piccoli, M.; Messina,C.;Gamba,P.;Elvassore,N.;

DeCoppi,P.Efficientdeliveryofhumansinglefiber-derivedmuscleprecursorcellsviabiocompatible

scaffold.CellTransplant.2008,17,577–584.[CrossRef]

53. Baker,H.;Passipieri,J.A.;Siriwardane,M.;Ellenburg,M.D.;Vadhavkar,M.;Bergman,C.R.;Saul,J.M.;

Tomblyn,S.;Burnett,L.;Christ,G.J.CellandGrowthFactor-LoadedKeratinHydrogelsforTreatmentof

VolumetricMuscleLossinaMouseModel.TissueEng.PartA2017,23,572–584.[CrossRef]

http://dx.doi.org/10.1016/j.addr.2014.08.011
http://dx.doi.org/10.1089/ten.tea.2012.0761
http://dx.doi.org/10.1038/s42003-019-0416-4
http://dx.doi.org/10.1016/j.biomaterials.2011.08.019
http://dx.doi.org/10.1016/j.actbio.2015.07.038
http://dx.doi.org/10.1016/j.scr.2018.01.008
http://dx.doi.org/10.1038/ncomms15613
http://dx.doi.org/10.1089/ten.tea.2016.0458
http://www.ncbi.nlm.nih.gov/pubmed/28169594
http://dx.doi.org/10.1089/ten.tea.2016.0523
http://www.ncbi.nlm.nih.gov/pubmed/28372522
http://dx.doi.org/10.2147/IJN.S101955
http://www.ncbi.nlm.nih.gov/pubmed/27114706
http://dx.doi.org/10.1186/s13287-018-0821-5
http://dx.doi.org/10.1080/21691401.2018.1540426
http://dx.doi.org/10.1155/2017/2896874
http://dx.doi.org/10.1177/0963689718805370
http://dx.doi.org/10.1177/2041731419887100
http://dx.doi.org/10.1016/j.biomaterials.2019.03.036
http://dx.doi.org/10.3727/096368908785095980
http://dx.doi.org/10.1089/ten.tea.2016.0457


Bioengineering2020,7,97 14of14

54. Rodriques,S.G.;Stickels,R.R.;Goeva,A.;Martin,C.A.;Murray,E.;Vanderburg,C.R.;Welch,J.;Chen,L.M.;

Chen,F.;Macosko,E.Z.Slide-seq:Ascalabletechnologyformeasuringgenome-wideexpressionathigh

spatialresolution.Science2019,363,1463–1467.[CrossRef]

55. Wang,J.;Khodabukus,A.;Rao,L.;VanDusen,K.;Abutaleb,N.;Bursac,N.Engineeredskeletalmusclesfor

diseasemodelinganddrugdiscovery.Biomaterials2019,221,119416.[CrossRef]

©2020bytheauthors.LicenseeMDPI,Basel,Switzerland.Thisarticleisanopenaccess

articledistributedunderthetermsandconditionsoftheCreativeCommonsAttribution

(CCBY)license(http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1126/science.aaw1219
http://dx.doi.org/10.1016/j.biomaterials.2019.119416
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Main Myogenic Cell Sources 
	Non-Myogenic Cells 
	Preclinical VML Treatment Studies 
	Animal Models of VML 
	Cell-Seeded Scaffolds for Preclinical Treatment of VML 
	MuSC-Based Therapies for Preclinical Treatment of VML 
	MSC-Based Therapies for Preclinical Treatment of VML 

	Conclusions and Future Perspectives 
	References

