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Cytokinesignalingisanimportantpartofthehumanbodyregulation(Johnetal.,2011).

Mostcytokinesarecell-secretedproteinsfrom glialcellsinthenervoussystem andare

necessaryforintracellularsignaling(Johnetal.,2011). Mostcytokinesarelocal

regulators thatalertand activate lymphocytes.Some cytokine-signaling pathways

involvehormonessuchasgrowthhormonesandleptin,thehormonethatcontrolsfat

storage(Johnetal.,2011).

Cytokinebiologyisnow recognizedasafundamentalcomponentofimmunologyand
theactionsofcytokinesareunderstoodtobeessentialmechanismsunderlyinghost
defense,immunoregulation,andautoimmunity(Johnetal.,2011).Moreover,cytokines
themselvesandcytokineantagonistshavebecomesomeofthemostsuccessfulnew
drugs(Johnetal.,2011)Onamorebasiclevel,thebiochemistryofcytokineactionhas
becomeaparadigm forunderstandingrapid,evolutionarilyconservedmembrane-to-
nucleussignaltransduction,offeringremarkableopportunitiesforunderstandinghow
extracellularcuesaresensedandtranslatedintothecontrolofgeneexpression.Aswe

approachthe20thanniversaryofthediscoveryoftheJak-STATpathway,itisusefulto
reconsiderthepivotalinsightsthatledtothesediscoveries,tobrieflycommentonthe
presentstatusofthisfield,andconsiderfuturechallenges(Johnetal.,2011).Members
oftheTypeI/IIcytokinereceptorsuperfamilylikeerythropoietin,growthhormone,
prolactin,andIFNwerefirstpurifiedmorethan50yearsago.Colonystimulatingfactors
begantobestudiedinthe1960sand‘70s,andthediscoveryofthefirstlymphokines
andinterleukinsfollowedquicklythereafter(Johnetal.,2011).Thus,knowledgeofthe
criticalityofcytokinesisbynomeansnew.Lessobviouswasanynotionthatthese
factorswereallstructurallyrelatedandusedcommonelementsinmediatingtheir
biologicalactions.Withmolecularcloningandstructuralanalysis,itbegantobecome



clearthatthe4-αhelicalfamilyofcytokinescomprisesaratherlargegroupofsecreted
factorswithdiversefunctionsNonetheless,thequestionremained(andremains):how
dothesediversefactorsexerttheiruniqueeffectsoncellbehavior?Duringthelate
1980s,theDarnellandStarklabsbegantotacklethisquestionbyidentifyingrapidly
inducibleIFN-stimulatedgenes(ISGs).Withtheisolationofgenomicclonesofthese
induciblegenes,itwasappreciatedthattheysharedpromoterelementsthatwere
responsibleforIFN-mediatedinduction.Twotypesofelementswereidentified:IFN-
stimulatedresponseelements(ISRE)andIFN-γ-activatedsites(GASelements)(Johnet
al.,2011)Jim Darnell,DavidLevy,ThomasDecker,andcolleaguesbegantoidentify
nuclearcomplexesinducedbyIFNsthatboundtoISREsandsoonrecognizedthatthe
ISRE-boundcomplexISGF3comprisedmultiplesubunits(Johnetal.,2011).Thecloning
oftheseconstituentsledtotheidentificationofthefirsttwosignaltransducerand
activatoroftranscription(STAT)proteins,STAT1andSTAT2.Thethirdcomponentof
thecomplexwasamemberoftheIFNresponsefactor(IRF)family,IRF-9.Complexes
boundtoGAS(GAFs)alsoturnedouttobeSTATs.Independentworkfrom otherlabs,
interestedinprolactinandIL-6signaling,identifiedsimilarcomplexes,thecloningof
whichalsodemonstratedtheexistenceofnew familymembers,STAT5andSTAT3,
respectively(Johnetal.,2011)

Manyoftheaforementioneddiscoveriesrepresentgroundbreakingwork.However,the
excitingfindingwechosetohighlightwasthediscoverythatthesenewfactorsnotonly
boundDNA,buttheywerealsotyrosinephosphorylated,makingitclearthatthisnew
transcriptionfactorfamilymightbedirectlylinkedtoasignalingpathway.Schindleretal.
analyzedthecovalentmodificationsandtraffickingoftheconstituentsoftheISGF3
complex. Using metabolic labeling, they showed IFN-dependent tyrosine
phosphorylation and translocation from the cytoplasm to the nucleus where,
presumably,activetranscriptionwasinduced.Thefigureinthepaperdepictingthe
findingsdescribedmanyofthefeatureswenow associatewithSTATs.(Johnetal.,
2011).

Thenatureofthekinaseresponsibleforsucheffectswasstillunknownbutwas
presumedtobecytoplasmicinnature.AnotherequallystrikingfeatureoftheSTATs
wasthepresenceofanSH2domain,arecognitionmotifforphosphotyrosine,which
wasfurtherevidenceoflinkagetotheactionoftyrosinekinases.Akeysubsequent
findingwasthatSTATsboundcytokinereceptors(Johnetal.,2011).ThisputSTATsin
thepositionofbeingreceptor-to-nucleusshuttles,directlyconnectingeventsfrom the
extracellular milieu to de novo transcription. The importance of tyrosine
phosphorylationasamechanism ofsignaltransductionbecamewidelyappreciated
withthediscoveryofvariousoncogenesthatwerethemselvestyrosinekinases(PTK)
andthecloningofreceptortyrosinekinasesliketheinsulinreceptorandtheepidermal
growthfactorreceptor(Johnetal.,2011).Theracewasontoidentifyothertyrosine
kinases,andinvestigatorsusedPCR-basedapproachesorlowstringencyscreeningto
identifynewmembersofthisfamily.Outofsuchscreenscametyrosinekinase2(Tyk2),
Januskinase(Jak)1andJak2,whichwererecognizedtorepresentanewclassofPTK
butatthisstagelackedaclearlyassignedphysiologicalfunction(Johnetal.,2011)



Inthemeantime,GeorgeStarkandSandraPellegriniwereengineeringmutantcellsthat
weredefectiveinIFN-α/βandIFN-γsignaling(Johnetal.,2011).Thissomaticcell
mutagenesisapproachyieldedseveralclassesofmutantlines,whichwerethenusedto
identifyacomponentthatrestoressignaling.Theapproachledtoanexplosionof
papersthatestablished thecriticalityofvariousJaksand STATsin signaling via
differentcytokines(Johnetal.,2011).ThestudybyVelazquezetal.,wasthefirstreport
showingthatdefectiveIFN-αsignalingwascomplementedbyacloneencodingaJak,in
thiscaseTyk2.ThereportlinkedtheJakswithafunctionforthefirsttime–anditwas
an importantone.Notonlywere Jaks involved in cytokine signaling,theywere
absolutelyessentialelements(Johnetal.,2011). TheapproachofPellegriniand
colleaguesinvolved theuseofdrug-sensitivecelllinesmutagenized to selectfor
insensitivitytoIFN-α.Revertantswerethenisolatedandgenomicclonesthatconferred
theIFN-sensitivephenotypewereidentifiedbyconstructionofacosmidlibraryand
transfection back into IFN-resistantcells.The cosmid responsible forphenotype
conversioncontainedthegenecodingforthetyrosinekinaseTyk2which,atthatpoint,
had unknown function but exhibited homology to Jak1.This study provided
unambiguousgeneticevidenceoftheessentialfunctionofaJakinIFNsignaling(John
etal.,2011).TheschematicmodelprovidedinthepaperinsertsTyk2asthereceptor-
associatedproximalfactorresponsibleforphosphorylationofISGF3.

Othercomplementationstudiesquicklyfilledinthegaps,placingdifferentJaksand
STATswithdifferentcytokines(Johnetal.,2011).RelatedstudiesshowedthatJaks
physicallyassociatedwithcytokinereceptors.ThenextphaseinJak/STATbiologywas
toassesswhetherdatageneratedinasinglemutantcelllinehadinvivorelevance.The
answerwasanunequivocalyes.Strikingly,invivoevidenceoftheimportanceofthe
Jak/STATpathwaycamefrom ahumanprimaryimmunodeficiency,Jak3-SCID.Within
twomonths,thesamephenotypewasrevealedinJak3-knockoutmice,andafew
monthslaterthephenotypeofSTAT1-knockoutmicewasreported(Johnetal.,2011).
STAT2,STAT3,STAT4,STAT5a,STAT5b,andSTAT6knockoutsweresoongenerated
andthemessagewasclear:theJak/STATpathwaywasfundamentallyimportantfor
thedevelopmentanddifferentiationofdiversecelltypes.KnockingoutJaksandSTATs
hadprofoundeffectsonimmunecells,hostdefense,andimmunoregulation.Thus,it
becameclearveryquicklythatGeorgeStark’smutantcelllinesreallydidpredictthe
essentialfunctionsoftheJaksinsignalingbyTypeI/IIcytokines.However,theimpact
ofJak-STATsignalingwasfarmoreextensivethanjustIFNsignaling(Johnetal.,2011)

TheattempttoelucidateIFN-induciblegeneswasacceleratedbymicroarraytechnology,
whichshowedthathundredsofgeneswereinducedbythesecytokines;however,this
technologydidnotallowonetodiscriminatedirectvs.indirectactionsofSTATs(John
etal.,2011).WhichofthegenesweretrueSTATtargetgenes?Newertechnologiesfor
mappinggenome-widetranscriptionfactorbindingincludeChIP-on-chipandChIP-seq
technology,andthesetechnologieshavequicklyexpandedourunderstandingofSTAT
action (John etal.,2011).Coupling ChIP-seq data with expression data (either
microarrayormorerecentlyRNA-seqdata),nowreadilydiscriminatesdirectandindirect
effectsofSTATs.Currently,genome-widebindingofallSTATshasbeenprofiledby
ChIP–seq,andtheoriginaldatasetsarepubliclyavailablethroughtheGeneExpression



Omnibus(GEO)repository(Johnetal.,2011).Moreover,thistechnologypermitsoneto
examinetheimpactofSTATs,notonlyontranscriptionbutalsoonepigeneticchanges
indifferentiatingcells(Johnetal.,2011)

Duringthelastdecade,moreandmoreevidencefordirectrelevanceoftheJak-STAT
pathwayinhumansisemerging.Wenow know thatgain-of-functionJAK2mutations
resultin the myelofibrosis spectrum ofdisorders,and many malignancies are
associatedwithconstitutiveactivationoftheJak-STATpathway(Johnetal.,2011).
Loss-of-functionSTAT1mutationsareassociatedwithimpairedcellularresponsesto
IFN-γandsusceptibilitytoviralandmycobacterialinfections,butconversely,gain-of-
function STAT1 mutations underlie a disorder termed chronic mucocutaneous
candidiasis(Johnetal.,2011).TheseSTAT1mutationsresultinenhancedIFNsignaling
andsuppressionofIL-17production.Dominant-negativemutationsofSTAT3inhumans
alsohaveprofoundeffectsonTh17cellgeneration.SuchSTAT3mutationsresultina
disorderknownashyper-IgEsyndrome(HIES;alsoknownasJob’ssyndrome),aclassic
primaryimmunodeficiency(Johnetal.,2011).Homozygousmissensemutationsof
STAT5b are linked to a growth hormone insensitivityphenotype associated with
autoimmunityandimpairedTregcellfunction(Johnetal.,2011)

The adventoflarge-scale genome-wide association studies has also implicated
cytokines,Jaks,andSTATsinmorecommoncomplexautoimmunediseases(Johnet
al.,2011). Forexample,polymorphismsofIL-23R,JAK2andSTAT3arelinkedto
susceptibilitytoinflammatoryboweldiseaseandankylosingspondylitis(Johnetal.,
2011).Similarly,avariantalleleofSTAT4 hasbeen found to beassociated with
rheumatoid arthritis,systemiclupuserythematosus(SLE)Sjögren’ssyndrome,and
inflammatoryboweldisease(Johnetal.,2011).SLEisassociatedwithan“interferon-
signature”andSTAT4,likeSTAT1,isactivatedbytypeIIFNs(Johnetal.,2011).
Consistentwiththisidea,polymorphismsofTYK2mayalsobeassociatedwithSLE
(Johnetal.,2011)

Finally,thecleargeneticevidenceoftheessentialfunctionsofJakshadequallyclear
implicationsforthedevelopmentofanewclassofimmunosuppressivedrugs(Johnet
al.,2011).ThediscoverythatJAK2mutationsunderliemyeloproliferativedisorders
providedalogicalrationalefortargetingthiskinaseintheclinicalsetting.Remarkable
progresshasbeenmadeinthegenerationofJakinhibitors.Tofacitinibwasthefirst
clinicallyuseful,highlyselectiveandpotent,oralJakinhibitorandisnow showing
efficacyinrheumatoidarthritis,psoriasis,Siccasyndrome,andthepreventionofrenal
transplantrejection.Ruxolitinib,a Jak1 and Jak2 inhibitor,hasshown efficacyin
myeloproliferativedisease(Johnetal.,2011).ManyotherJakinhibitorsareatdifferent
levelsofdevelopmentatthistimeinconclusion,wehaveendeavoredtoputthestudies
bySchindleretal.andVelazquezetal.inhistoricalandbiologicalcontext(Johnetal.,
2011). Whatarose from effortsto understand the rapid action ofIFN on gene
expressionwasthediscoveryofanew,linearbiochemicalpathwayofmembrane-to-
nucleussignaltransduction,whichhadimplicationsfordozensoffactorscriticalfor
humanhealthanddisease.Still,thereismuchtolearn.Recentevidencepointstoroles
ofSTATsinmitochondrialfunctionandJaksashistonemodifiers(Johnetal.,2011).



TheChIP-seqapproachhasvastlyexpandedourunderstandingofSTATaction,butthe
challenge remains to decipherhow STATs regulate transcription and controlthe
epigenomeonabiochemicalandmechanisticlevel.Inonesense,thepathwayis
remarkablysimpleandelegant,butdowereallyknow alltheelements?Hintsfrom
Drosophilasuggestthatthereismorecomplexity(Johnetal.,2011).Inaddition,STATs
workinconcertwithothertranscriptionfactors,includingNF-κB.Thiswillallneedtobe
sorted out(John etal.,2011).The challenge,ofcourse,is to reallyunderstand
specificityinsignaling;hopefully,genomicapproacheswillhelpelucidatethisaspectof
cytokineactionaswell(Johnetal.,2011)

TheRoleofChemokinesinWoundHealing

Wound healing is a multistep process with fouroverlapping butdistinctstages:

hemostasis,inflammation,proliferation,and remodeling (Anisyah etal.,2018).An

alterationatanystagemayleadtothedevelopmentofchronicnon-healingwoundsor

excessivescarformation.Impairedwoundhealingpresentsasignificanthealthand

economicburdentomillionsofindividualsworldwide,withdiabetesmellitusandaging

being majorrisk factors (Anisyah etal.,2018). Ongoing understanding ofthe

mechanismsthatunderlywoundhealingisrequiredforthedevelopmentofnew and

improvedtherapiesthatincreaserepair.Chemokinesarekeyregulatorsofthewound

healingprocess.Theyareinvolvedinthepromotionandinhibitionofangiogenesisand

therecruitmentofinflammatorycells,whichreleasegrowthfactorsandcytokinesto

facilitatethewoundhealingprocess.Preclinicalresearchstudiesinmiceshowthatthe

administrationofCCL2,CCL21,CXCL12,andaCXCR4antagonistaswellasbroad-

spectrum inhibitionoftheCC-chemokineclassimprovethewoundhealingprocess.The

focusofthisreviewistohighlightthecontributionsofchemokinesduringeachstageof

woundhealingandtodiscusstherelatedmolecularpathologiesincomplexandchronic

non-healingwounds.Weexplorethetherapeuticpotentialoftargetingchemokinesasa

novelapproachtoovercomethedebilitatingeffectsofimpairedwoundhealing(Anisyah

etal.,2018)

Chemokinesareinvolvedinallstagesofwoundhealingbutaremostabundantand

mostvariedduringtheinflammationandproliferationstagestopromoteangiogenesis

(Anisyah etal.,2018).They are,however,also presentin the hemostasis and

remodelingphaseandworktoinhibittheangiogenicprocess(Anisyahetal.,2018)

Chemokinesinearlyandlatephasesofwoundhealing.Earlywoundhealing,including

clotformation,inflammation,andproliferation.Clotformationoccurstopreventthe



lossofbloodandplateletsareactivatedandrelease,α-granules,whichinturnrelease,

CXCL4asanearlyinhibitorofangiogenesis.Oncetheclothasfullyformedother,

chemokinessuchasCXCL8,CXCL1,andCXCL2arereleasedbyα-granulestorecruit

inflammatorycells,includingneutrophilsandmacrophages.Neutrophilsareincreased

early in the healing process,then macrophages soon take overas the primary

inflammatory cell(Anisyah etal.,2018).Neutrophils and macrophages release

chemokinessuchasCCL2,CCL3,andCCL5intothewoundtopromotetherecruitment

ofmoreinflammatorycellsthatreleasepro-angiogenicgrowthfactorsthatincrease

neovesselformationinthewound(Anisyahetal.,2018).Latewoundhealingisthe

remodelingstage.Inthisstage,thewoundisfullyhealedand(1)ascarhasformed.

Type3collagenconvertstotype1collagentopromotescarformationandcreatea

more stable wound seal.During the remodeling process,angiostatic chemokines

(CXCL10,CXCL11)promotetheregressionofneovessels,asthereisnolongera

requirementforenhancedbloodflow ortherecruitmentofimmunologicalcellstothe

site.↓:indicatesdecrease:indicatesdecrease.

ChemokinesinHemostasisStageofWoundHealing

Thehemostasisstageisanessentialstepthatpreventsfurtherbloodlossfrom the

woundsite.Thisinvolvesimmediateactivationofthecoagulationcascadetoallowfor

clotformation(Anisyahetal.,2018).Duringplateletactivation,CXCL4(alsoknownas

Plateletfactor4,PF4)isreleasedfrom α-granulestoinhibitangiogenesis.Otherthan

beingangiostatic,CXCL4hasbeenshowntoinhibithematopoiesisandcollagenase

activity(Anisyahetal.,2018).CXCL4inhibitsangiogenesisthroughbindingtovascular

endothelialgrowthfactor(VEGF)andbasicfibroblastgrowthfactor(bFGF,alsoknown

asFGF-2),bothpotentpromotersofangiogenesis,andthroughbindingtoitsreceptor

CXCR3.WhenCXCL4bindstoVEGFandbFGF,itpreventsbindingtoitsreceptorsby

disrupting cellsurface heparin sulfates and is found to inhibit VEGF-induced

proliferation ofvascularendothelialcells(Anisyah etal.,2018).Tubuleformation,

inducedbyVEGF,isfoundtobeinhibitedinthepresenceofCXCL4indermalhuman

microvascularendothelialcellsandinahumanmicrovascularendothelialcellline.

Similarly,theCXCL4variant,CXCL4L1,inhibitedtubuleformationinthepresenceof

VEGFandbFGF.CXCL4L1wasalsomoreeffectivethanCXCL4ininhibitingbFGF-

inducedangiogenesisinratcorneas,andbothformsinhibitbFGF-inducedbovineaortic

endothelialcell(BAOEC)proliferationandhumanumbilicalveinendothelialcell(HUVEC)

motility,withCXCL4L1foundtobe20timesmorepotentthanCXCL4(Anisyahetal.,
2018).Additionally,throughbindingtothereceptorCXCR3,theCXCL4L1variantwas

found to disrupttargeted cellmigrationtowardsCCL5 whencompared to CXCL4

(Anisyahetal.,2018).Interestingly,CCL5andCXCL4havebeenshowntohavea

heterophilicinteractionthatblocksCCL5-directedchemotaxisofmonocytesonthe



endothelium (Anisyahetal.,2018).

Furthermore,CXCL4andCXCL4L1werefoundtobepoorlychemotactictoTcellsand

monocyticTHP-1cells.BindingofCXCL4totheCXCR3-Breceptorvariantwasshownto

upregulatehumanmicrovascularendothelialcell(HMEC-1)apoptosis[25]byactivation

ofp38 and μ-calpaincleavageofintegrins(Anisyahetal.,2018).Thisisanother

endothelialcellfunction thatcausesinhibition ofwound angiogenesisearlypost-

wounding(Anisyahetal.,2018).WhilstCXCL4isthepredominantchemokinereleased

byplateletα-granules,CXCL1,CXCL4,CXCL5,CXCL7,CXCL8,CXCL12,CCL2,CCL3,and

CCL5 are also released to a lesserextent(Anisyah etal.,2018).This becomes

importantoncethefibrinclothasformed,allowingtherecruitmentofinflammatory

cellstoinitiatethenextphaseofwoundhealing(Anisyahetal.,2018)

ChemokinesintheInflammatoryStageofWoundHealing

Theinflammatoryphaseischaracterizedbyaninfluxofinflammatorycellsandan

increaseofpro-angiogenicmoleculesinthewound(Anisyahetal.,2018).Themain

objectiveofchemokinesinthisphaseistorecruittheseinflammatorycellstoremove

deadcells,debris,andforeignbodiesfrom thewoundandtopromotethereleaseofpro

-angiogenicmoleculestofacilitatethemigration,proliferation,anddifferentiationof

endothelialcells,endothelialprogenitorcells(EPCs),andkeratinocyteswhicheventually

closethewound(Anisyahetal.,2018)

TheinitialwaveofinflammatorycellsisrecruitedbyCXCL8,CXCL1,andCXCL2thatare

releasedbyplateletα-granules(Anisyahetal.,2018).CXCL8isapotentneutrophil

attractant,withneutrophilsconstitutingnearly50% ofcellsintheearlystagesofthe

wound(Anisyahetal.,2018).Inagedrats,theinfluxofneutrophilswasdramatically

reducedcomparedtoyoungratsinthefirst4dayspost-wounding,causingdelayed

healing in olderrats,indicating the importance oftheirearly recruitment[27].

Neutrophilsbeginthephagocytosisofdebrisinthewoundandreleasechemokines

includingCCL2,CCL3,andCCL5,whichrecruitmacrophagestothewound(Anisyahet
al.,2018).Similarly,endothelialcellsandkeratinocytesalreadypresentinthewound

borderreleasechemokinestorecruitmacrophagestothewoundsitetofurtherpromote

angiogenesisinthewound(Anisyahetal.,2018).Macrophagesquicklytakeoverthis

process,targetingthedyingcells,apoptoticneutrophils,andforeignbodies.Thelarge

influxofneutrophilsandmacrophagesoccursquicklytopreventtheriskofwound

infection(Anisyahetal.,2018).

Afterday2–4post-wounding,neutrophilsaremarkedlyreducedinthewound,leaving

macrophages as the dominantinflammatory cells in the wound,persisting for

approximately 14 days post-wounding (Anisyah etal.,2018).Macrophages are

importantinthewoundnotonlytokeepthewoundfreefrom invadingmicroorganisms

butalsotopromotetherepairofthewound.Macrophagesreleasegrowthfactors,

cytokines,andchemokinessuchasVEGF,bFGF,plateletderivedgrowthfactor(PDGF),



tumornecrosisfactor-α(TNF-α),andinterferon-γ(IFN-γ)thatstimulateangiogenesis.

Additionally,macrophagesreleasechemokinessuchasCCL2andCCL5topromotethe

migrationofmoremacrophagestothewound(Anisyahetal.,2018)

Chemokinesfoundintheinflammatoryphaseareresponsiblefortherecruitmentof

macrophagesandthepromotionofangiogenesis.CC-chemokinesfoundinthefirst

weekaftertheinitialwoundingeventincludeCCL1,CCL2,CCL3,CCL4,CCL5,andCCL7,

whichareallabletochemoattractmacrophages,therebysuggestingahighcontentof

macrophagesinthewound(Anisyahetal.,2018).CXCchemokinesarealsopresentin

thewound,includingCXCL1,CXCL2,CXCL5,CXCL7,CXCL8,andCXCL12,andare

knowntodirectlypromoteangiogenesis[13].CXCL1,CXCL2,CXCL5,andCXCL12are

alsoreleasedbymacrophages.Angiogenesisisessentialinthisphasetofacilitatethe

migrationofcellsintothewoundandtomeetthemetabolicneedsoftheproliferating

woundcells(Anisyahetal.,2018).

ChemokinesintheProliferationStageofWoundHealing

Thethirdphaseofwoundhealingoccurswithinthe3–10-dayperiodaftertheinitial

woundingevent.Thisphaseischaracterizedbyincreasednumbersofendothelialcells,

keratinocytes,fibroblasts,andcollageninthewoundarea,whichcontributetothe

formationofatemporaryextracellularmatrix(ECM)(Anisyahetal.,2018).Thereisalso

areductioninthenumberofinflammatorycellstopromotethere-epithelialization

processthatclosesthewound.Inthefirstfew daysoftheproliferationphase,many

neovessels are presentto supportthe rapid increase in cellularproliferation and

migrationinthewound.Thisismediatedthroughpro-angiogenicchemokinesCXCL1,

CXCL2,CXCL3,CXCL5,CXCL6,CXCL7,andCXCL8andtheirreceptorsCXCR1and

CXCR2(Anisyahetal.,2018).HighexpressionlevelsofCXCL1andCXCL8havebeen

associatedwithearlywoundneoangiogenesisinhumanwounds(Anisyahetal.,2018).

Additionally,CXCR2knockoutmiceexhibitreducedneutrophilrecruitment,reduced

keratinocytemigration,reducedproliferation,andreducedneovascularizationduringre-

epithelialization.Chemokines also playan indirectrole in the proliferation stage,

facilitatingtherecruitmentofmacrophagesthatsecretegrowthfactorstopromote

angiogenesis.ChemokinesCCL2andCCL3arehighlyexpressedinwoundsatthis

stageandcoincidewithanincreasedpresenceofmacrophages(Anisyahetal.,2018).

Duringthere-epithelializationphase,basalkeratinocytesexpressCXCL10andCXCL11,

suggesting an importantroleofthesechemokines(Anisyah etal.,2018).Thisis

highlightedinCXCR3knockoutmice,thereceptorforCXCL10andCXCL11,inwhich

woundre-epithelizationandbasementmembraneregenerationisdelayedinbothpartial

and fullthickness wounds (Anisyah etal.,2018).These mice also had reduced

epidermalmaturation compared to wild-type wounds. Conversely,keratinocyte



migration,woundclosure,andgranulationtissueweresignificantlyincreasedinthe

presenceoffibrinfunctionalizedwithfibronectinandCXCL11in10-dayfullthickness

mousewounds(Anisyahetal.,2018).Additionally,CCL27hasbeenreportedtopromote

themigrationofbone-marrow-derivedkeratinocytestem cellsinfullthicknesswounds,

resultinginfasterwoundhealing(Anisyahetal.,2018).

CXCL12 promotes the recruitment of bone-marrow-derived stem cells which

differentiate into endothelialcells and fibroblasts to form the granulation tissue

(Anisyahetal.,2018).Thegranulationtissuefillsthewoundfrom thebaseuptoform a

new ECM readyforthedepositionofcollagen.Whilethisoccurs,keratinocytesand

endothelialcellsatthewoundedgeproliferateandmigratetoclosethewoundsurface

(Anisyahetal.,2018).ThisisstimulatedbythereleaseofTGF-βfrom M2macrophages.

Additionally,TGF-βincreasesendothelial,fibroblast,andkeratinocytecellproliferation

andmigration(Anisyahetal.,2018).TGF-βisalsoimportantforcollagenformation,

remodelingoftheextracellularmatrix,andtheinitiationofgranulationtissueformation

thatstimulatesthecontractionoffibroblasts,whichisimportantforwoundclosure

(Anisyahetal.,2018).

ChemokinesintheRemodelingStageofWoundHealing

Theremodelingphaseisthelongestphaseoccurringforseveralmonthsoryearsafter

wounding.Theprocessesofangiogenesisandproliferationcease,excesscellseither

leavethewoundorundergoapoptosis,andneovesselsundergoregression,leaving

mostlycollagenandECM proteinsinthewound.Duringthisprocess,theECM isbroken

downbymatrixmetalloproteinases(MMPs)andmetalloproteinasetissueinhibitors

(TIMPs),allowing forneovesselregression and the deposition oftype Icollagen

(Anisyahetal.,2018).ThetypeIIIcollagendepositedduringtheproliferationphaseis

degradedandreplacedwithstronger,thicker,morepermanenttypeIcollagenforming

thefinalscar(Anisyahetal.,2018).InvitroCCL2wasfoundtopromoteexpressionof

MMP-1andTIMP-1inhumandermalfibroblasts,indicatingaprofibroticandcollagen

degradativerole(Anisyahetal.,2018).Additionally,CCL3,CCL4,andCCL5upregulated

thesecretionofMMP-9bylymphocytesinvitro,andCCL2increasedthesecretionof

MMP-12from macrophagesinvitro,suggestingarolefortheseCC-chemokinesinECM

degradation(Anisyahetal.,2018).

Chemokinesarealsoinvolvedinpromotingtheregressionofneovessels,formedinthe

previousphases.Whilstthisprocessisnotfullyunderstood,itisthoughttobedueto

the expression of two angiostatic chemokines,CXCL10 and CXCL11. These

chemokinesbindtotheirreceptorCXCR3,whichisthesameanti-angiogenicreceptor

thatbindstoCXCL4intheearlyhemostasisphase.BindingofCXCL10toCXCR3

preventsVEGF-inducedendothelialcelltubulogenesis(Anisyahetal.,2018).Similarly,

activationofμ-calpainbyCXCL10cleavesβ3integrin,leadingtothedissociationof

endothelialcellsanddeath(Anisyahetal.,2018).Furthermore,knockoutoftheCXCR3

receptorinmicewasfoundtoproducewoundswithaweakenedhealeddermiscaused



byinsufficientremodelingandreorganizationofcollageninthewound(Anisyahetal.,
2018)

Chemokinesincomplexwounds

Woundsarenotonlysimpleopencutsorlacerationsbutalsooccurinseveralother
formsandbyvariousmethods,includingsurgicalincisions,combat,burns,andskin
grafts.The type ofwound and environmentcan also determine the presence of
chemokinesandrateofwoundhealing.

1. CombatWounds

Onetypeofcomplexwoundisthecombatwoundorblast-relatedwound.Woundssuch

asthesearecharacterizedbylargeinjuryzonesaffectingsofttissue,bone,andmuscle

andlargelyresultinamputation.Thehealingofcombatwoundsishighlydependenton

the regulation of the inflammatory response,whereby prolonged inflammation

promotesprolongedwoundhealingtimes(Anisyahetal.,2018).Combatwoundsare

alsopronetobacterialinfection,whichmaylengthenthehealingprocessevenfurther.

Wounds which have been sutured closed mayalso experience wound rupture or

dehiscence.Studieshavediscoveredthepresenceofseveralchemokineswhichmay

playaroleintheprolongationofcombatwoundhealing(Anisyahetal.,2018)

2.Burns

Thewoundhealingphaseinresponsetoburninjuryissimilartothatofanormalwound,

consistingofinflammation,proliferation,andremodeling.However,inburns,thereisa

higherdegreeofinflammation,resultinginincreasedcapillarypermeability,persistent

vasodilation,andedema(Anisyahetal.,2018).Cellularly,neutrophilsandmacrophages

areresponsibleforremovalofnecroticdebris,removaloftoxins,andpreventionof

infectionoftheburn(Anisyahetal.,2018)

Chemokinesareessentialtoorchestratethisinflammatoryresponse.Inmice,serum

CCL2,CXCL1,CCL3,andCCL11arefoundtobesignificantlyhigheratday1post-burn

injurycomparedtounwoundedcontrols(Anisyahetal.,2018).Thisreflectsasignificant

increaseinmonocytesatday3post-burninjury,suggestinganearlyacutemacrophage

inflammatoryresponse(Anisyahetal.,2018).Interestingly,neutrophilsarefoundtobe

strikinglyincreasedinburnwoundsatday7,whichmayberelatedtotheelevated

CXCL1(neutrophilchemoattractant)atday1(Anisyahetal.,2018)

3.SkinGrafts

Skingraftsmayberequiredafterinjuriessuchasburns,largeopenwounds,bedsores,

skininfections,orskincancersurgery.Therearetwomaintypesofskingrafts:split



thicknessandfullthicknessgrafts.Inasplitthicknessgraft,theepidermisandsomeof

thedermisarereplaced,andthistypeofgraftisusuallyusedtocoverlargerareas.

(Anisyahetal.,2018).However,inafullthicknessgraft,thewholeepidermisanddermis

isreplaced.Thesegraftstendtocoversmallerareasandcloselymatchtherecipient

skinastheycovervisiblepartsofthebody,forexample,thefaceorarms(Anisyahetal.,
2018)

The immunological response to skin grafts is controlled by the use of

immunosuppressantstopreventtherejectionofthegraft.Thisisparticularlypertinent

inanallograft,whenthedonorandrecipientarenotthesameperson.Followingaskin

graft,thereisahighinfiltrationofneutrophilsandmacrophages.Asnew connections

areestablished,dendriticcellsfrom thedonortissuemigratethroughlymphaticvessels

tothelymphnodes(Anisyahetal.,2018)

Cytokinesinchronicnon-healingwounds

Non-healingorchronicwoundsoccurwhennormalhealingisimpairedduetoeithera
metabolic disease such as diabetes orthrough age-related decline in repairand
regeneration.These wounds are characterized by prolonged inflammation and
inadequateorweakwoundclosure.Withanincreasingageingpopulationandthe
elevatedincidenceofdiabetesworldwide,thereisasignificantpopulationthatdevelops
footulcers,resultinginasignificanthealthimpacttotheindividualandthatmayleadto
lower-limb amputation,as very few treatments have proven therapeutic efficacy.
Chronicwoundstypicallyhaveanincreasedchemokinemilieu.

1.DiabeticWounds

Diabetesmellitusisametabolicdiseasecharacterizedbyhighbloodglucoselevels,

sustainedinflammation,andendothelialdysfunction.Thesecharacteristicscontribute

toaprolongedwoundhealingprocess.Whenthewounddoeseventuallyheal,the

woundareaisweakandpronetoreinjury(Anisyahetal.,2018).Severalkeychemokines

havebeenstudiedindiabeticwounds,includingCCL2,CXCL2,andCXCL12.These

chemokineshavebeentargetedfortheirroleinsustainedinflammation,formationof

granulationtissue,andeffectsonre-epithelialization(Anisyahetal.,2018)

2.AgeingWounds

Theagedpopulationsuffersfrom non-healingwoundssuchaschronicvenousleg

ulcers,pressureulcers,anddiabeticfootulcers.Althoughtheelderlycanhealmost

wounds,thewoundhealingprocessisoftendelayedcomparedtowoundsinyounger

individuals(Anisyahetal.,2018).Thereisevidenceshowingthatthereareage-related



alterationsinangiogenesis,keratinocyteproliferationdelayedsynthesisofnew ECM,

reducedmacrophagefunction,reducedneutrophilinfiltration,andreductioninVEGF,

bFGF,andTGF-β(Anisyahetal.,2018)

Inagedwounds,followingtheinitialwoundingevent,thereisamarkedlyreduced

inflammatoryinfiltrate compared to young wounds.In wounds from young mice,

neutrophilsarefoundtopeakatday3,howeveroldermicedonotexperiencethissame

peakdespitethesignificantincreaseofCXCL1atday1inoldermicecomparedto

youngermice(Anisyahetal.,2018)

Thetherapeutictargetingofchemokinestoimproveswoundhealing

Duetotheirextensiveinvolvementinthewoundhealingprocessofboth“normal”and

complexwounds,chemokineshavebeenconsideredaspotentialtherapeutictargetsto

improvewoundhealing(Anisyahetal.,2018).Severalstudieshaveeithertargetedkey

individualchemokines and chemokine receptors or performed broad-spectrum

chemokine inhibition approaches.To date,studies have reported varied levels of

success.Furtherstudies are stillrequired to determine the beststrategy for

manipulatingchemokinestoimprovewoundhealing(Anisyahetal.,2018)

1. SingleChemokineTargeting

Thereareseveralkeychemokineswhichhavebeentargetedtoimprovewoundhealing

(Anisyah etal.,2018).These include CXCL8,CCL2,CCL5,and CXCL12.Studies

inhibitingsingleCC-chemokineshaveshownvariedeffectiveness.CCL2knockoutmice

exhibitdelayedre-epithelializationandreducedangiogenesisearlyinthewoundrepair

process,whilstCCL3knockoutmicefollow anormalwoundhealingpatternwhen

comparedtowild-typelittermatemice(Anisyahetal.,2018).Recentstudieshave

reportedthatthereisanimprovementinhealingwithasingleadministrationofCCL2

ontodiabeticwounds(Anisyahetal.,2018).CCR1knockoutmousemodelsdisplayno

alterationinwoundhealing,whileintraperitonealinfusionoftheCCL5antagonistMet-

CCL5wasshowntoimproveliverfibrosisinmiceandaccelerateregressionoffibrosis

(Anisyahetal.,2018).

2.BroadSpectrum ChemokineTargeting

Severalstudies thathave focused on targeting a single chemokine have been

ineffective.Dueto someredundancyin thechemokinesystem,abroad-spectrum

approachtochemokineinhibitionmayhavethepotentialtobemoreeffectiveforthe

improvementofwoundhealing(Anisyahetal.,2018).Twobroad-spectrum chemokine

inhibitors have thus farbeen tested in wound healing models.There is the CC-

chemokineclassinhibitor“35K”andNR58-3.14,whichinhibitsanumberofbothCCand



CXCchemokines(Anisyahetal.,2018)

35KisproducedbytheVacciniavirusanduniquelyinhibitstheentireCC-chemokine

class(Anisyahetal.,2018).Topicalapplicationof35Kproteintosubcutaneouswounds

placed on the sub flanks ofmice was found to enhance wound closure and

neovascularizationearlypost-wounding(Anisyahetal.,2018).35KalsoincreasedTGF-

β,apro-angiogenicandpro-repaircytokine,andtheexpressionoftheinflammatory

transcriptionfactorNF-κB.Duringthelaterremodelingphaseofwoundhealing,35K

reducedthedepositionofcollagen,suggestingareductioninscarformation.Taken

together,broad-spectrum CC-chemokineinhibitionwith35Kmaythereforepresentasa

therapeutic strategyto enhance the healing ofchronic wounds and reduce scar

formation(Anisyahetal.,2018)

Conclusion

Inconclusion,chemokinesplaykeyrolesateachstageofthewoundhealingprocessto

helpcoordinatetheinteractionofcellswithinthewound.Whilstchemokinesdoplayan

importantbeneficialroleearlypost-wounding,aprolongedinflammatoryresponsethat

isexacerbatedbychemokinescanleadtotheformationofchronicnon-healingwounds.

Thissuggeststhatapproachestochemokineinhibitioninwhichthestageofwound

healingisconsideredmaypresentasapossibletherapeuticstrategytoimprovewound

healing(Anisyahetal.,2018).

WHEN IS WOUND HEALING REFERRED TO AS
'IMPAIRED'?ANDWHY?

In wounds whereoxygenationisnotrestored, healing is impaired(GuoS and DiPietro
L.A 2010)Temporaryhypoxia after injury triggers wound healing,butprolonged or
chronichypoxiadelays woundhealing (GuoS and DiPietroL.A2010)Inacute wounds,
hypoxiaservesasasignalthatstimulatesmanyaspectsofthe wound-healing process
(GuoS and DiPietroL.A2010)

Becausethereisinadequateoxygensupply(GuoS and DiPietroL.A2010)

EXAMINETHEROLEOFOXIDATIVESTRESSINTHE



DEVELOPMENTANDPROGRESSIONOFIMPAIRED
WOUNDHEALING.

1.Oxidativestresswasaconditionwhichwastheimbalanceofprooxidantand
antioxidants,abnormallyhigh levels offree radicals and/orthe decline of
antioxidantdefensemechanisms(Yangetal.,2007).Excessiveoxidativestress
could lead to damage oftissue,which played an importantrole in the
developmentofmanykindsofdiseases.

2. Freeradicalrelativelyincreasedduringoxidativestress.Normallyfreeradical
wasnecessaryfordefenseoforganism andtherewasabalancebetweenits
produceandscavenge(Yangetal.,2007)

Oxidativestresswascloselyassociatedwithreactiveoxygenspecies.Reactive
oxygenspeciescouldplayanimportantroleinphysiologyinsomeextent,alsoit
ledtodamageoftissueorcellswhenorganism couldnotdefendexcessive
reactiveoxygenspecies(Yangetal.,2007)

3. Excessivereactiveoxygenspeciesanditsdegradationproductgeneratedduring

thehealingofcutaneouswound.Oxidationincreasedinacuteandchronicwound.

Afterwoundoxidativestressgenerates,antioxidationincreasedinchronicwound,

whichindirectlyreflectedtheincreasingofoxidativestressandcompensation

anddefenseoftissuetooxidativestress(Yangetal.,2007)

4.The generation of oxidative stress in wound maybe closely relate to

inflammatoryreaction.Intheinflammatorystageofwoundhealing,oxidative

stressinducedthedamageoftissuebecauseoftheimbalanceofprooxidantand

antioxidant. Conclusion: Oxidative stress should be considered in the

inflammatoryprocessesofwoundhealingandtreatmentofchronicwound(Yang

etal.,2007).Thetreatmentofantioxidationisagoodstrategy.Ifitisusedin

woundhealingintime,itcanbegoodtowoundhealing(Yangetal.,2007)
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