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Foot-and-mouthdisease(FMD)isahighlycontagiousdisease

susceptibletocloven-hoofedanimalssuchascattle,pigs,goats,

etc.affecting livestockindustry.Inthisaspect,FMDV subunit

vaccineshavebeendevelopedtopreventthespreadofthisfatal

animalepidemic,becausetheyprovideseveraladvantagessuch

as no need for attenuation and serologicaltests that can

differentiateinfectedanimalsfrom vaccinatedonesandtheycan

beproducedwithepitopesandhavelesssideeffectsthanlive

attenuated/inactivated vaccine although FMDV is continuously

evolving and mutating,making itdifficultto develop FMDV

vaccine(mainlyliveattenuatedorinactivatedvaccines)toprotect

animalsfrom disease.

However,thereareseverallimitationssuch asforpractical

application ofsubunit vaccines the low stability of subunit

vaccine, easy degradation by enzyme and physiological

environment.Inaddition,theirlow immunogenicitycomparedto

liveattenuatedvaccineslimitstheefficacyofsubunitvaccine.Th

erefore,enhancementofstabilityandimmunogenicityofsubunit

vaccinesismainbottleneckinvaccinedevelopment.

Toovercometheselimitations,polymericadjuvantshavebeen



- II -

introduced toenhancetheimmunogenicity ofsubunitvaccines

becausetheyintroduceimmunomodulatorypropertiesandprovide

theflexibilityintherouteofvaccinedeliverydependingonthe

vaccination strategies.Furthermore,immune response can be

greatly regulated by single factororcombination ofmultiple

factorsbymodificationofthepolymericadjuvantssuchassize

ofpolymeric particle,surface charge,hydrophilicity,molecular

weightandchemicalproperties.

In chapterI,pH-sensitive and mucoadhesive thiolated CAP

(T-CAP)as a polymeric carrier was developed for efficient

deliveryofmucosalsubunitvaccineM5BT throughoralroute.In

thisstudy,celluloseacetatephthalate(CAP),the pH-sensitive

polymerthatdissolveat> pH 6.2wasmodifiedbythiolationto

introducemucoadhesiveproperty and todissolveatileum pH.

FMDV recombinant antigen M5BT was encapsulated into

thiolated CAP microparticles (T-CAP MPs) using double

emulsionsolventevaporationmethod.Asaresult,T-CAPMPs

showedsustainedreleaseofencapsulatedM5BTfrom theMPsat

intestinalpH (pH 7.4),whilereleasinglessM5BT atgastricpH

(pH 2)duetoitspH-sensitiveproperty.Also,porcinemucosa

assay showed 1.4-fold enhanced mucoadhesiveness ofT-CAP

MPsthannon-modifiedCAPMPsinvitroduetotheformation

ofdisulfide bond between thiolgroup in T-CAP and mucin

glycoproteins in mucus layer by thiol/disulfide exchange

reactions.Finally,M5BTdeliveredbyT-CAPMPselicitedhigher

IgA productionthanonlyM5BT ininvivomouseexperiment.

Therefore,this study represents an effective mucosalsubunit
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vaccinedeliverythroughoralroute.

InchapterII,mannan-decoratedinulinacetate(M-INAC)MPs

asan immunostimulatory polymericcarrierweredeveloped for

efficientdeliveryofsubunitvaccineM5BT.Inthisstudy,inulin

was modified by acetylation to introduce hydrophobic moiety.

AndvaccineFMDVrecombinantantigenM5BTwasencapsulated

into INAC MPs and decorated with mannan using double

emulsionsolventevaporationmethod.Asaresult,M-INACMPs

showedreleasedmorethan90% ofloadedantigenfor6days,

whilelessthan50% ofM5BTwasreleasedfrom INACMPs.

Asaresultofinvivoimmunizationinmurinemodel,after4

weeksofimmunization,M5BT/M-INAC MPsandM5BT/INAC

MPsshowedsimilarlevelofFMDV serotypeOspecificantibody

with the M5BT group coinjected with conventionaladjuvant

CFA.AndM5BT encapsulatedinM-INAC MPselicitedhigher

IgG titerthanM5BT/INAC MPsgroupsexhibitingsimilarlevel

ofIgG titerwithM5BT groupcoinjectedwithCFA.Itindicates

thatantigen-loaded INAC MPs can enhance antigen specific

immuneresponsecomparabletotheconventionalgroupimplying

the potentialpolymeric adjuvantsystem for subunitvaccine.

Therefore,thisstudyrepresentsaneffectivesubunitvaccinefor

thebetterenhancementofadaptiveimmuneresponse.

Keywords:FMD subunitvaccine,polymericadjuvant,thiolated

CAP,mannan-decoration,inulinacetate,oraldelivery

Studentnumber:2014-20711



- IV -

Contents

Abstract I

Contents IV

ListofTablesandFigures VIII

ListofAbbreviations XI

GeneralIntroduction 1

Review ofLiterature 4

1.Foot-and-Mouthdiseasevirussubunitvaccine 4

1)FMD 4

2)FMDVvaccine 4

2.Subunitvaccinedeliverystrategy 7

1)Conventionaladjuvant 7

2)Polymericadjuvant 8

3.PolymericadjuvantcarrierforFMDV subunitvaccine11

1-1)MucosalimmunityandM cells 11

1-2)Passiveimmunization 12

1-3)Mucoadhesivepolymericcarrierfororalvaccination 13

2)Immunostimulatorypolymericcarrier 16

ChapterI.DevelopmentofpH-sensitiveand mucoadhesive

T-CAPMPsforefficientdeliveryofsubunitvaccineM5BT

throughoralvaccination 19

1.Introduction 19

2.MaterialsandMethods 22

1)SynthesisofthiolatedCAP 22

2)QuantificationofthiolgroupcontentinT-CAP 22

3)PreparationofM5BTprotein 23

4)PreparationofT-CAPMPs 25



- V -

5)MorphologybyFE-SEM 27

6) Determination of loading content and encapsulation

efficiency 27

7)Invitroreleasebehaviortest 28

8)StructuralintegrityoftheM5BTprotein 28

9)Exvivoporcinemucosaassay 28

10)Invivooralimmunizationinmurinemodel 28

11)Bloodandfecalsampling 29

12)Anti-M5BTantibodydetectionbyELISA 30

13)Flow cytometricdetectionofMHC classII-expressing

cellsinPeyer’spatches 31

14)Statisticalanalysis 32

3.Resultsanddiscussion 33

1)PreparationandcharacterizationofT-CAP 33

2)PreparationandcharacterizationofM5BT/T-CAPMPs

34

2-1)IsolationandpurificationofM5BTprotein 34

2-2)PreparationandcharacterizationofM5BT/T-CAPMPs

35

3)MorphologyofM5BT/CAPandM5BT/T-CAPMPs 36

4)Loadingcontentandencapsulationefficiency 37

5)In vitro release behavior ofM5BT from CAP and

T-CAPMPs 39

6)MucoadhesivepropertyofT-CAPMPs 41

7)Flow cytometricdetectionofMHC classII-expressing

cellsinPeyer’spatchesinileum 43

8) M5BT-specific antibody production after oral

immunizationwithMPs 45



- VI -

4.Summary 49

Chapter II. Development of mannan-decorated inulin

microparticlesforenhancingtheimmunogenicityofsubunit

vaccine 50

1.Introduction 50

2.MaterialsandMethods 52

1)SynthesisofINAC 52

2) Preparation of M5BT-loaded INAC MPs and

M5BT-loadedM-INACMPs 52

3)MorphologyandsizedistributionofMPs 53

4)Identificationofmannan-decorationintoMPs 53

5) Determination of loading content and encapsulation

efficiency 54

6)Invitroreleasebehaviortest 55

7)Invivoimmunizationinmurinemodel 55

8)Bloodandfecalsampling 56

9)FMDVserotypeOspecificantibodyproduction 57

10)Anti-M5BTantibodydetectionbyELISA 57

11)Statisticalanalysis 58

3.Resultsanddiscussion 59

1)PreparationandcharacterizationINAC 59

2)PreparationandcharacterizationofM5BT-loadedINAC

MPsandM5BT-loadedM-INACMPs 61

3)MorphologyofMPs 62

4)Confirmationofmannan-decorationinINACMPs 62

5)Loadingcontentandencapsulationefficiency 63

6)InvitroreleasebehaviorofM-INACMPs 64

7)FMDVserotypeOspecificantibodyproduction 65



- VII -

8)M5BT-specificimmuneresponseafterimmunizationwith

MPs 67

4.Summary 69

ConclusionandFurtherProspects 70

LiteratureCited 73

SummaryinKorean 79



- VIII -

ListofTablesandFigures

<Figure>

Figure1.Experimentalflow chartofthisstudy 3

Figure 2. Polymeric adjuvant strategies for substituting

conventionaladjuvants 9

Figure3.GraphicalabstractofchapterI 21

Figure4.CompositionofM5BTprotein 24

Figure 5.Equation for encapsulation efficiency and loading

content 27

Figure6.Invivooralimmunizationschemeinmurinemodel 29

Figure7.SynthesisschemeofthiolatedCAP 33

Figure8.1H 600MHzNMR spectraof(a)CAPand(b)T-CAP

MorphologybyFE-SEM 34

Figure 9. M5BT protein purification by his-tag affinity

chromatography 35

Figure10.ProcedureofM5BT-loadedT-CAP MPsby double

emulsionmethod 36

Figure11.AnalysisofmorphologyofMPsbyFE-SEM 37

Figure12.EvaluationofproteinstructureofM5BTreleasedfrom

M5BT/CAPMPsandM5BT/T-CAPMPsbySDS-PAGE 39

Figure 13.In vitro release profile of M5BT protein from

M5BT/CAPandM5BT/T-CAPMPsatsimulatedgastrointestinal

pH 41

Figure14.AnalysisofmucoadhesivepropertyofMPsinsmall

intestine 42

Figure15.Flow cytometricdetectionofMHCclassII-expressing



- IX -

cellsinPeyer'spatchesfrom immunizedmice 44

Figure 16. M5BT-specific immune response after oral

immunizationwithMPs 47

Figure17.Anti-M5BT IgA levelinfecesafteroralimmunization

withMPs 48

Figure18.Calculationequationforencapsulationefficiency and

loadingcontent 54

Figure19.Invivoimmunizationexperimentscheduleinmurine

model 56

Figure20.Schematicdiagram ofFMDV typeO antigenblocking

ELISA 57

Figure21.ChemicalreactionschemeforsynthesisofINAC 59

Figure22.600MHz1H-NMRspectraof(a)inulinand(b)inulin

acetate 60

Figure 23. Graphical illustration of microparticle formation

protocolofM-INACMPsbydoubleemulsionmethod 61

Figure24.ThemorphologyofM5BT-loadedINACandM-INAC

MPsanalyzedbyFE-SEM 62

Figure25.Confirmationofmannan-decorationofINAC MPsby

CLSM 63

Figure 26.In vitro release profile of M5BT protein from

M5BT/INACorM-INACMPsatPBS(pH7.4) 65

Figure27.ELISA forin vitro detection ofantibodiesagainst

FMDVserotypeinserum from immunizedmice 66

Figure28.Antigen-specificimmuneresponseafterimmunization

withMPs 68

Figure29.Schemeoftheconclusionandfurtherprospect 72



- X -

<Table>

Table 1.Parameters ofpolymeric particles affecting immune

response 10

Table2.Characteristicsofthiomers 18

Table3.His-tagaffinitychromatographybuffercomposition 25

Table4.LoadingcontentandencapsulationefficiencyofM5BT-loaded

MPs 38

Table5.LoadingcharacteristicsofMPs. 63



- XI -

ListofAbbreviations

Ab:antibody

Ag:antigen

APCs:antigenpresentingcells

BSA:bovineserum albumin

BCAassay:bicinchoninicacidassay

CAP:celluloseacetatephthalate

CMFHBSS:calcium-andmagnesium-freeHank’sbalancedsalt

solution

DCs:dendriticcells

DCC:N,N’-dicyclohexylcarbodiimide

DCM :dichloromethane

DMF:dimethylformamide

DMSO:dimethylsulfoxide

DTNB:5,5-dithio-bis-(2-nitrobenzoicacid)

E.coli:Escherichiacoli

EDTA:ethylenediaminetetraaceticacid

ELISA:enzyme-linkedimmunosorbentassay

FACS:fluorescence-activatedcellsorting

FBS:fetalbovineserum

FDA :fluoresceindiacetate

FE-SEM :fieldemissionscanningelectronmicroscope

FMDV:foot-and-mouthdiseasevirus

HRP:horseradishperoxidase

IN:inulin

INAC:inulinacetate



- XII -

IPTG:isopropylβ-D-1-thiogalactopyranoside

LB:Luria-Bertani

M-cells:microfold-cells

MPs:microparticles

NaOAc:sodium acetate

NHS:N-hydroxysuccinimide

NMR:nuclearmagneticresonance

PBS:phosphatebufferedsaline

PMSF:phenylmethanesulfonylfluoride

PPs:Peyer’spatches

PVA:polyvinylalcohol

RPMI1640:RoswellParkMemorialInstitute1640

SDS:sodium dodecylsulfate

SDS-PAGE:SDS-polyacrylamidegelelectrophoresis

T-CAP:thiolatedCAP

TMB:tetramethylbenzidine

TLR:toll-likereceptor



- 1 -

GeneralIntroduction

Foot-and-mouthdisease(FMD)isahighlycontagiousdisease

susceptibletocloven-hoofedanimalsaffectinglivestockindustry.

FMDV iscontinuouslyevolvingandmutating,makingitdifficult

todevelopFMDV vaccinetoprotectanimalsfrom disease.In

this aspect,FMDV subunitvaccines have been developed to

preventthespreadofthisfatalanimalepidemicastheyprovide

severaladvantagessuchasserologicalteststhatcandifferentiate

infectedanimalsfrom vaccinatedones.

However,there are limitations for practicalapplication of

subunitvaccinesbecausetheycanbeeasilydegradedbyenzyme

and physiological environment, and its low immunogenicity

compared to live attenuated vaccines. So, enhancement of

stability and immunogenicity of subunit vaccines is main

bottleneckinvaccinedevelopment.

To improve the efficacy ofsubunitvaccines,two vaccine

deliverystrategiesweredesignedbasedontheadjuvanteffectof

polymericcarriers.Experimentalflow chartofthisstudy was

showninFigure1.

Inthisstudy,FMDV recombinantantigenM5BT wasusedfor

modelsubunitvaccine.M5BT is consisted ofmulti-epitopes

whichcontainfiveB-cellepitopesandoneT-cellepitopefrom

viralprotein1(VP1)regionofFMDV serotypeO aswellas

M-celltargeting peptide (CKSTHPLSC)in N-terminalregion.

VP1regionisthemaintargetofsubunitvaccinedevelopment

becauseFMDV infectthehostcellsthrough binding ofRGD
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(arginine-glycine-aspartate) motif in VP1 region to integrin

receptor(Cao,Y.etal.,2012).ProvidingT-cellepitopewith

B-cellepitopecaninducedifferentiationofB-cellstoplasmacells

becauseT-cellepitopecanpresenttheprocessedantigenfrom

dendritic cells to B-cells.This subunitvaccine can protect

variousserotypeO FMDV becauseoffiveB-cellepitopesthat

areoriginatedfrom fivedifferentserotypeOFMDVstrains.

InChapterⅠ,FMDV subunitvaccineM5BT wasencapsulated

inthiolatedCAP microparticles(T-CAP MPs)forefficientoral

delivery of mucosal subunit vaccine. To overcome low

bioavailabilityandantigenuptakeoforalsubunitvaccine,thepH

sensitive and mucoadhesive T-CAP polymer was used to

encapsulate the subunit vaccine.Release of FMDV subunit

vaccine to ileum (M-cellrich region),and mucoadhesion to

mucuslayermay maximizetheantigen uptakeby M-cellsin

Payer‘spatches.

InChapterⅡ,FMDV subunitvaccineM5BT wasencapsulated

inmannan-decoratedinulinacetatemicroparticles(M-INACMPs)

forenhancingimmuneresponseagainstloadedantigen.Because

itisknownthatINACcanfunctionasavaccineadjuvantwhen

antigenwasencapsulatedintoINAC particles(DIEGO G SILVA

etal.,2014),formation ofantigen-loaded INAC particles can

enhanceimmuneresponseaboutsubunitvaccinetoovercomeits

low immunogenicity.Inaddition,mannanwhichisalsoagonist

forTLR and MR (mannose receptor)was decorated on the

surfaceofINAC MPstoenhanceantigen uptakeby immune
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cells.

Bothparticulatevaccinemayfunctionasvaccineadjuvantsby

enhancingtheuptakeoftheantigenbyantigenpresentingcells

including macrophages and dendritic cells and delivering the

encapsulated antigen to immune cells resulting in improved

immuneresponse(Adams,J.R.etal.,2014).

Figure1.Experimentalflow chartofthisstudy.
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Review ofLiterature

1.Foot-and-mouthdiseasevirussubunitvaccine

1)FMD

Foot-and-mouthdisease(FMD)isahighlycontagiousdisease

susceptibletocloven-hoofedanimalsincludingpigs,cattle,goats,

andsheepandcontinuouslyoutbreaksaffectinglivestockindustry.

Foot-and-mouthdiseaseischaracterizedbyhighfever,blisters

inmouth,tongueandhoofs,excessivesalivation,andanorexia.

Foot-and-mouth disease is caused by an aphthovirus ofthe

family Picornaviridae,which is a non-enveloped capsid virus

with icosahedralsymmetry and single strand positive RNA

(Alexandersenetal.,2003).Becauseofthedifferentserotypes(A,

O,C,SAT1,SAT2,SAT3andAsia1)anditssubtypeswithin

eachserotypes(E.Domingoetal,2002),FMDV iscontinuously

evolving and mutating,making itdifficultto develop FMDV

vaccinetoprotectanimalsfrom disease.

2)FMD vaccine

Thepurposeofvaccination istogenerateimmuneresponse

againstinfectiousagentsuchaspathogensandvirusesandto

generatememory responseby stimulating innateand adaptive

immuneresponse.Vaccinescanbecategorizedasliveattenuated

vaccines,inactivatedvaccines,recombinantvaccine,andsubunit

vaccine.

Tothisdate,manyFMDV vaccineshavebeendevelopedto
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preventthespreadofthisfatalanimalepidemic.Especially,live

attenuated vaccines have been developed and manufactured

worldwide.

But, this traditional vaccines have several disadvantages

althoughitshowedgoodprotectionabilityofFMDVinlivetstock.

The disadvantages include the possibilities of insufficient

inactivationofFMDV ofvaccinestoavirulentform ortherisk

ofthespreadoflivevirusduringvaccineproduction(T.R.Doel

etal.,2003),the differentvirus population resulted from the

adaptationstepinserialpassagestomakethevirusinfectthe

new host cells such as chicken embryo kidney cell. So,

attenuatedvirusisasimilarversionoforiginalvirusinthewild

(socalled‘field strain’)making ithard toprotectfield strain

virus.Inaddition,thiskindofvaccinecannotquicklyresponseto

therapidlyspreadingofnew virusstrainandimmunizedanimals

aredifficulttobedistinguishedfrom infectedanimalsinnatureb

ecauseofthepresenceofnon-structuralproteinsofFMDV in

thevaccine(D.K.Mackay,etal.,1988).

To overcome these limitations oftraditionalvaccines,itis

importantto design antigen (Ag)thatcan elicitneutralizing

antibodies with less orno safety concerns.In this context,

subunitvaccineisreceivingthespotlight.Thesubunitvaccineis

madewitharecombinantvirusproteinbyinsertinganantigen

gene into virus- orbacterialvector to produce recombinant

subunitvaccine.Nowadays,subunitvaccineisbeing explored

becausetheycanbeconsistedofepitopesthatcanberecognized

by antigen presenting cells (APCs) and are immunogenic.
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Vaccination with the recombinantvirus antigens can protect

theseproblemsdescribedabove,andtheseantigenscanprovide

advantagessuchasnoneedforlargescalecultureofvirusand

attenuations steps by producing antigens synthetically (Roitt’s

essentialimmunology12th,353p).

Despite ofthese advantages ofsubunitvaccine,there are

limitations of subunit vaccine in practical uses.Enzymatic

degradationinphysiologicalconditionsandlow immunogenicity

severelylimittheefficacyofsubunitvaccine.Toimprovethe

lowerimmunogenicityofsyntheticsubunitvaccinescomparedto

traditionalvaccinesaswellasbioavailability,theimportanceof

introducingsubunitvaccinecarriersisbeingaddressed.
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2.Subunitvaccinedeliverystrategy

Conventionalvaccinesusuallydonotrequireadjuvantsbecause

theyhaveenoughstructuresthatcanberecognizedbyimmune

cellsasinvader.However,theimmunogenicityofsubunitvaccine

which is composed ofproteins/polypeptides is poor.So itis

necessarytouseadjuvanttoinitiateproperimmuneresponse.

1)Conventionaladjuvant

Conventional adjuvant includes mineral salts, emulsion,

immune-stimulatorycomplexes(ISCOMs),microorganism-derived

adjuvants, virosomes and virus-like particles (VLPs), and

cytokines (Adams and Mallapragada, 2014). The action of

adjuvants can be categorized by antigen delivery and

immunostimulation.

First,adjuvantthatactsasanantigendeliveryvehiclecan

trapordispersetheantigeninsidesothatitcan deliverand

presentittotheimmunecells.Thiskind ofaction iscalled

“depoteffect”.Duetothedepoteffect,particulatevaccinecan

elicitimmuneresponsebetterthansolublevaccinebypresenting

antigenasamultimericform (Roitt’sessentialimmunology12th).

Second,adjuvantthat acts as an immunostimulants can

stimulateimmunesystem resultinginenhancedimmuneresponse.

Examplesaremicroorganism-derivedcomponents(suchasTLR

agonist,mannan,CpG,LPS,MPLA,CFA),ISCOMs,cytokines.It

isimportanttodesignimmunostimulantsinvaccinedevelopment

becauseitcan activatethedendriticcells(DCs),oneofthe

professionalAPCs,leadingtoincreasedantigenuptake,migration
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to lymph nodes followed by induction of adaptive immune

response.Manyadjuvantsincludingmineralsalts(suchasalum),

emulsions (such as CFA, IFA), liposomes, ISCOMS and

polymericcarrierscanfunctionasantigendeliveryvehicleand

immunostimulantsatthesametime(Roitt’sessentialimmunology

12th).

The most widely used adjuvants are complete freund’s

adjuvant(CFA).AntigensareemulsifiedintheCFA,whichis

composedofinactivatedmycobacterium.So,theadjuvanteffect

ofCFA resultedfrom thedepoteffectsandimmunostimulatory

effects.CFA is used in severalFMD vaccines although its

increased immune-boosting effectisrelated to thetoxicity of

CFA itself.For the safety concerns,its use in human is

forbidden by regulatory authoritiesand its usein animalsis

regulatedbytheguidelines.

2)Polymericadjuvant

Biomaterial-basedpolymericadjuvantcanfunctionasdelivery

vehiclein formsofnanoparticles(NPs),microparticles(MPs),

micelles, matrices and etc. offering more advantages than

conventionaladjuvantsthroughanumberofmechanisms.Itis

possibletoreduceimmunization doseduetoitsdepoteffects

releasingantigensinasustainedmanner.

Polymericadjuvantscanalsobedesignedinanumberofways

to introduce immunomodulatory properties and to provide the

flexibility in the route ofvaccine delivery depending on the

vaccination strategies.Thesummary ofthemultiplewaysof
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modifying and functionalizing polymersforantigen delivery is

showninFigure2.Forpolymericadjuvantdevelopment,immune

responsecanbegreatlyaffectedbysinglefactororcombination

ofmultiplefactorsbymodificationofthepolymericadjuvantsuch

a size of polymeric particle,surface charge,hydrophilicity,

molecularweightandchemicalpropertiesaslistedinTable1

(AdamsandMallapragada,2014).

Figure 2. Polymeric adjuvant strategies for substituting

conventionaladjuvants(Thisfigurewasmodifiedfrom Adams

andMallapragada,2014).
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Parameters Relatedimmuneresponse

Modification Size Tissueuptake,cellularuptake

Surfacecharge Interaction with cellmembrane and mucosal

surface

Hydrophilicity Hydrophilicity↓ =identifiedbythebodyas

foreign,enhancecelladhesionandphagocytosis

ofmacrophages.anincreaseofadjuvanteffect

Molecular

weight

Hydrolysisofpolymer

Releasepattern

Chemical

properties

Various

Functionalization Modification

withother

polymers

Stealtheffect(ex:PEGylation)

Opsonization

Bloodcirculationtime(Poloxamerand

poloxamineblockcopolymer)

Penetrationofmucosalsurface(ex:Chitosan)

Conjugationof

antibodies/carb

ohydrates

Targetingandstimulatingantigenpresenting

cells(ex:DCs,Macrophages)

Table1.Parametersofpolymericparticlesaffectingimmuneresponse

(Reference:AdamsandMallapragada,2014)
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3.PolymericadjuvantcarrierforFMDV subunitvaccine

1-1)MucosalimmunityandM cells

A numberofpathogensgainentrytothebodyviamucosal

surfacesandtheinductionofimmuneresponsesatthesesurfaces

canbecrucialinprovidingthebestprotectionagainstdisease.

Thesemayoccurbythecollectionsoflymphocytes,plasmacells

and phagocytes throughoutthe lung and the lamina propria

(connective tissue) of the intestinal wall,or as organized

mucosa-associated lymphoid tissue (MALT)with well-formed

follicles.

Gut-associatedlymphoidtissue(GALT)isseparatedfrom the

lumenby epithelium withtightjunctionsandamucouslayer.

This epithelium is scattered with microfold (M)-cells;

specializedantigen-uptakingcellswithshort,irregularmicrovilli

ontheirapicalsurfacethatendocytoseantigens.Theendocytic

vesiclescarrytheantigentobeexocytosedatthebasalsurface

fortheattentionofintraepitheliallymphocytes,dendriticcellsand

macrophages.Thecellsandtissuesinvolvedinmucosalimmunity

form an interconnected secretory system which IgA-producing

B-cells may circulate.Foreign material,including bacteria,is

takenupbyM-cellsandpassedontotheunderlyingPeyer’s

patch antigen-presenting cells, which then activate the

appropriatelymphocytes.Thus,thePeyer’spatchesconstitutethe

inductive site forimmune responses in the gut.Aftertheir

activationisinduced,thelymphocytestravelviathelymphtothe

mesenteric lymph nodes where additional activation and
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proliferationmayoccur.A specialfeatureofantigen-presenting

cells from Peyer’s patches,mesenteric lymph nodes and the

lamina propria isthatthey contain a population ofCD103 +

dendriticcells.

The“imprinted”T cellsthenmoveviathethoracicductinto

thebloodstream and finally in to thelamina propria.In this

responsivesite,theyassisttheIgA-formingB-cellsthatprotect

a wide area ofthe bowelwith protective antibody.T- and

B-cellsalsoappearinthelymphoidtissueofthelungandin

othermucosalsitesguidedbytheinteractionsofspecifichoming

receptorswithappropriateHEV addressins.Itisinterestingthat

mucosalimmunization at inductive site can be effective at

anothermucosaltractgeneratingantibodyproduction

Many ofthe adjuvants can be used as mucosaladjuvants

although there are also a number of molecules that are

particularlyeffectiveasmucosaladjuvants,mostnotablycholera

toxin (CT)andE.coliheat-stableenterotoxin (LT).Modified

formsofthetoxinsandtheirsubunitscanpowerfullystimulate

mucosal responses although their toxicity limits practical

application ofmucosaladjuvant(Roitt’s essentialimmunology

12th).

1-2)Passiveimmunization

AlthoughthemorbidityofFMDis100%,themortalityisabout

50% inpigletswhereaslessthan5% inadultanimals(Brownlie,

1985).Passiveimmunizationisthekeypointthatgivespiglets

protectionfrom FMD.Thepassiveimmunizationcanbeachieved

in the fetus by maternally derived antibodies acquired by
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placentaltransferandinthenewbornbyintestinalabsorptionof

colostral immunoglobulin (Roitt’s essential immunology 12th).

SecretoryIgA (sIgA)accountsforthemajorimmunoglobulinin

colostralmilk and itremains in the intestine instead ofthe

absorption,sothatitcanprotectbacteriaorvirusatthemucus

layers.

Moreover,oralvaccination ofmucosalsubunitvaccine has

severaladvantagesasbelows:

1)immune responses atthe site ofprimary colonization of

pathogens,2)mucosalimmuneresponsetoothersitessuchas

upperrespiratorytract,mammarygland,3)safety,efficacyand

high patient compliance rates because the vaccines are

administered by the natural route of infection,4) vaccine

formulationofhigherstabilitysuchassolidtabletsisavailable

fororaladministration(Brownlie,1985).

1-3)Mucoadhesivepolymericcarrierfororalvaccination

Mucoadhesivepolymericcarriersystemsaredesignedtoextend

theresidenttimeofpolymerintargetedregion/tissuemaximizing

theamountofabsorbed drug in desired absorption site(oral,

nasal,respiratory,gastrointestinal,vaginal,etc.)and protecting

vaccinefrom enzymaticdegradation.

Generally,mucoadhesivepolymershavecharacteristicssuchas

hydrophilicity,high molecularweight,optimum surfacetension,

hydrogen bonding capacity, sticky to mucus glycoproteins,

non-toxicity and non-allergenicity, chemical inertness and

cost-effectiveness.

Mucoadhesive polymers are categorized as synthetic
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mucoadhesivepolymersandnaturalmucoadhesivepolymers.The

syntheticmucoadhesivepolymersincludeCarbopolⓇ,polycarbophil,

poly(acrylic acid), polyacrylate, poly (methylvinylether-co-

methacrylic acid), polymethacrylate, polyalkylcyanoacrylate,

poly(hydroxyethylmethylacrylate),poly(ethyleneoxide),poly(vinyl

pyrrolidone),poly(vinylalcohol) and thiol-containing synthetic

polymers.Thenaturalmucoadhesivepolymersincludecellulose

derivatives (carboxymethyl cellulose, hydroxyethyl cellulose,

hydroxypropylcellulose,sodium carboxymethylcellulose,methyl

cellulose,methylhydroxyethylcellulose etc.),alginate,dextran,

karaya gum,guargum,xanthan gum,solublestarch,gelatin,

pectin,chitosan,tragacanth,hyaluronicacid,andthiol-containing

naturalpolymers etc.Among them,thiol-containing polymers

havepaidattentionsocalledanew generationofmucoadhesive

polymers.

Thiolated polymers,also known as ‘thiomers’,are modified

from existing polymersby introducing freethiolgroup (-SH)

given by thiolgroup donor such as cysteine,homocysteine,

cysteamine, N-acetylcysteine, glutathione, thioglycolic acid,

mercaptobenzoic acid, 4-aminothiophenol, and

mercaptophenylaceticacid(A.Bernkop-Schnurchetal.,1999;S.

Bonengel, A. Bernkop-Schnürch, 2014). Unlike other

mucoadhesive polymers that adhere to mucus layer by

non-covalentbondslikehydrogenbonds,vanderWaal’sforces

and ionic interactions,thiolated polymers areconsidered as a

promisingnew generationofmucoadhesivepolymerintheaspect

offormationofstrongcovalentbondbetweenthiolatedpolymer
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andmucusglycoproteinsviathiol/disulfideexchangereactionand

anoxidationprocess(Leitneretal.,2003).Duetotheubiquitous

cysteine-richdomaininmucuslayer,thiomersmimicthenatural

mechanism ofsecreted mucus glycoproteins,which are also

covalently anchored in the mucus layerby the formation of

disulfide bonds, the most commonly encountered bridging

structure in biologicalsystems (A.Bernkop-Schnurch etal.,

2000).Thiolatedpolymershaveseveraladvantages:(1)stability

enhancement due to the formation of inter- and/or

intra-moleculardisulfidebonds,(2)acquisitionofmucoadhesion

property,(3) controlled drug release,and (4) a permeation

enhancing effect (Bernkop-Schnurch et al.,2000).Numerous

thiolated polymers were developed including thiolated Eudragit

(Bijay Singh et al.,2015),thiolated polycarbophil,thiolated

carboxymethylcellulose(A.Bernkop-Schnurchetal.,2000b),

thiolated poly(acrylic acid) (Leitner et al., 2003), thiolated

hydroxypropylmethylcellulose(Singhetal.,2015;Lietal.,2016).

CharacteristicsofthiomersarelistedinTable2.

Thiolated polymers as peptide drug carriers have been

developedfororaldeliverysystemsinpharmaceutics,biomedical

sciences,and biomaterialsciences and so on.Oralpeptide

deliverysystem withthiolatedpolymerscanenhancetheuptake

of peptide due to the high mucoadhesive and permeation

enhancing property resulted in the significantly improved oral

bioavailability (A.Bernkop-Schnurch etal,2005;Singh etal.,

2015;Lietal.,2016).
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2)Immunostimulatorypolymericcarrier

Anidealvaccineadjuvantmustbridgethegapbetweeninnate

andadaptiveimmunity,tonotonlyinitiallyengagetheimmune

system,butalso elicita successfulmemory responseagainst

future infections. Immune cells such as macrophages and

dendritic cells recognize invading pathogens through pattern

recognitionreceptors(PRRs)whichrecognizepathogen-associated

molecular patterns (PAMPs) on viruses,bacteria,and other

pathogens.Recentdataalsosuggeststhatthecentralmechanism

ofadjuvanticitythatwasonceattributedtoantigenadsorption,a

process known as the depot effect,may be through the

engagementofPRRs.Given theincreased knowledgeofhow

pathogensandadjuvantsinteractwiththeimmunesystem,itis

now possible to design novelvaccines to train the immune

system torespondtospecificpathogens.

Polymershavebeenstudiedformanyyearsasadjuvantsas

they offerauniquesetofadvantagesovermoreconventional

adjuvants.Oneofadvantagesisthatthesize,molecularweight

andchemistryofpolymerscanbetailoredtotargetvariouscells

ofthe immune system.Polymers thathave been extensively

evaluatedasvaccineadjuvantsincludepolysaccharides,polyesters

andnon-ionicblockcopolymers.Thesepolymerscanbefurther

modified with other components including carbohydrates to

activatePRRsthatmay providean optimalimmuneresponse

againstagivenpathogen.So,itisimportanttodesignvaccine

with polymeric adjuvants so that they can improve the

effectivenessvaccines.
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Typically,vaccinesinteractwithpathogenrecognitionreceptors

(PRRs)to initiate an innate immune response mimicking the

infectionofpathogen(Roitt’sessentialimmunology 12th).Some

polymerslikeinulincanalsoactivatePRRs.

Inulinacetate(INAC)isreferstoacetylatedinulin.Typicallyat

leastabout90% ofavailablehydroxylgroupsoftheinulinare

acetylated. INAC is insoluble in water even at elevated

temperatures,butissolubleinvariousorganicsolventssuchas

acetone,chloroform,dichloromethane,ethylacetate,etc.Itis

reported thatINAC can only exertthe function ofvaccine

adjuvantwhenantigenwasco-injectedwithINAC,notamixed

form.SoantigenshouldbeencapsulatedintoINAC particlesfor

enhancing immune response against injected antigen. INAC

microparticlesandnanoparticlesmayfunctionasvaccineadjuvant

by enhancing the uptake ofthe antigen and delivering the

encapsulatedantigentoimmunecellsforactivation.INACisalso

anovelTLRagonist.So,INACcanworkasavaccineadjuvant

byencapsulatingantigensasparticleforms.
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Polymer Thiolgroupcontent Method References

PAA-Cys 402.5±58.2-776.0±
47.1 umolthiol
groups/gPAA-Cys

Ellman’s
method

Leitneretal.,2003

Chitosan-TBA 1022umol/g polymer Ellman's
method

Dünnhauptetal.,2011

PAA-Cys 955umol/g polymer

Chitosan-TBA
conjugate60

59.8±3.1umolthiol
groups/g

Ellman's
method Bernkop-Schnürchetal.,2003

Chitosan-TBA
conjugate100

95.1±9.0umolthiol
groups/g

Chitosan-Thiobutylam
idineconjugate

264umolthiol
group/g

Ellman's
method

Roldoetal.,2004

PCP-Cys 180-344umol/g
polymer

Iodometric
titration

Clausenetal.,2000

PCP-Cys 12.3umolthiol
groups/g

Iodometric
titration

Bernkop-Schnürchetal.,2000

CMC-Cys 22.3umolthiol
group/g

Chitosan-TBA 203.7±40.9
μ
mol/g Ellman's

method
Bernkop-Schnürchetal.,2004

Chitosan-TBA 100
μ
mol/g Ellman's

method
ElhassanImam etal.,2005

Eudragit L100-Cys 390.3±13.4
μ
mol/g Ellman's

method Zhangetal.,2012

HMW Chitosan-TBA 213
μ
mol/g Ellman's

method
Bravo-Osunaetal.,2006

LMW Chitosan-TBA 473
μ
mol/g

Thiolated Chitosan 320 ±50umol/g Ellman's
method

Muelleretal.,2012

Thiolated
hydroxyethylcellulose

131.58 ±11.17
umol/g

Ellman's
method

Sartietal.,2010

HA-Cys 201.3 ±18.7umol/g Ellman's
method

Kafedjiiskietal.,2007

PCP-Cys 100 ±8umol/g Iodometric
titration

Bernkop-Schnürchetal.,2000

CMC-Cys 1280 ±84umol/g Iodometric
titration

Table2.Characteristicsofthiomers
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ChapterI.DevelopmentofpH-sensitiveand

mucoadhesiveT-CAPMPsforefficient

deliveryofsubunitvaccineM5BT throughoral

vaccination

1.Introduction

Oralvaccinationisconsideredasamostconvenientandeasiest

waytovaccinatelivestockanimalsalthoughlow bioavailabilityof

orally delivered antigen (Ag) in harsh gastrointestinal

environmentseverelylimitsthewideapplicationoforalvaccine

in livestock industry.Vaccinedelivery with polymericcarriers

canprovideadvantagessuchasphysicalprotectionofvaccine

from physiologicalpH andenzymes,improvedantigenstability,

improvedimmunogenicity,controlledreleaseandfunctionalization

withfunctionalorimmune-enhancingmaterialstoovercomethese

limitations.

Here,wedevelopedapH-sensitiveandmucoadhesivethiolated

CAP (T-CAP)asapolymericcarrierforefficientdelivery of

mucosalsubunitvaccineM5BT throughoralroute.Inthisstudy,

celluloseacetatephthalate(CAP),the pH-sensitivepolymerthat

dissolveat> pH 6.2wasmodifiedby thiolation tointroduce

mucoadhesive property and to dissolve atileum pH.FMDV

recombinantantigenM5BT wasencapsulatedintothiolatedCAP

microparticles (T-CAP MPs) using double emulsion solvent

evaporation method.As a result,T-CAP MPs showed more
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releaseofM5BT from M5BT-loadedMPsatintestinalpH (pH

7.4)thanatgastricpH (pH 2)duetoitspH-sensitiveproperty.

Also, porcine mucosa assay showed 1.4-fold enhanced

mucoadhesivenessofT-CAPMPsthannon-modifiedCAPMPs

in vitroduetotheformation ofdisulfidebond between thiol

group in T-CAP and mucin glycoproteinsin mucuslayerby

thiol/disulfide exchange reactions.Finally,M5BT delivered by

T-CAPMPselicitedhigherIgA productionthanM5BT itselfin

invivomouseexperiment.Therefore,thisstudy representsan

effectivemucosalsubunitvaccinedeliverythroughoralroute.
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Figure3.GraphicalabstractofchapterI
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2.MaterialsandMethods

1)SynthesisofthiolatedCAP

The synthesis ofthiolated CAP (T-CAP)was carried out

according tothemethoddescribedpreviously(Singh,B etal.,

2015).Briefly,4gofCAPwasdissolvedin100mlofdimethyl

sulfoxide (DMSO) and the carboxylic acid moieties of the

polymerwereactivatedbyN,N’-dicyclohexylcarbodiimide(DCC)

(4.189 g)and N-hydroxylsuccinimide (NHS)(2.337 g)with

constantstirringatroom temperaturefor24hundernitrogenous

condition to avoid the oxidation of sulfhydryl groups by

atmosphericoxygen.By-productswereremovedbyfiltrationwith

buchnerfunnel(90mm)andthefiltratewasfurtherreactedwith

L-cysteinehydrochloridemonohydrate(0.355g)for18hunder

similarcondition.Thereaction mixturewasfilteredtoremove

by-productsandthefiltratewasdialyzedinitiallyagainst3Lof

DMSOtoremovetheunboundL-cysteinehydrochlorideandthen

againstdistilledwaterseveraltimestoremoveDMSO.Finally,

the polymer solution was lyophilized after dialysis and the

productwas stored at–20℃ untiluse.The conjugation of

L-cysteine was confirmed by 600MHz 1H NMR spectroscopy

(AVANCE600,Bruker,Germany).

2)QuantificationofthiolgroupcontentinT-CAP

Thedegreeofthiolgroup substitution in theT-CAP was

determinedbyEllman’smethodaccordingtothemanufacturer’s

instructions.Briefly,10gm/mlofT-CAPsolutionwasprepared
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and diluted with 0.1 M sodium phosphate buffer (pH 8)

containing 1 mM EDTA to prepare differentdilutions.50 ul

aliquotsofeachdilutionwereaddedto500ulof0.5M phosphate

buffer(pH 8.0)and10ulofEllman’sreagent(0.4mg/mlof

DTNB in0.5mol/lphosphatebuffer,pH 8.0).Controlreactions

were carried outwith non-modified CAP.The samples were

shieldedfrom lightandincubatedatroom temperaturesfor15

min.Andthen,100ulofthesupernatantwastransferredtoa

microtitrationplateandtheabsorbancewasmeasuredat412nm

usingmicroplatereader(TECAN Infinite200PRO).Theamount

ofthiolgroupswascalculatedfrom thestandardcurveprepared

by measuring the absorbance of L-cysteine hydrochloride

monohydratesolutionasdescribedabove.

3)PreparationofM5BT protein

E.coliBL21(DE3)harboringageneencodingforM5BT protein

wasseedin4mlofLB medium supplementedwithampicillin

andincubatedovernightat37℃ withshakingat200rpm.4ml

of seed culture was inoculated in 800 mlof LB medium

supplementedwithampicillinandincubatedat37℃ withshaking

at200rpm.Whentheculturereachedanopticaldensity(O.D

600)of0.5-0.6,theculturewasinducedwith0.5mM IPTG and

incubatedat37℃ withshakingat200rpm for4h.AfterIPTG

induction,thecellswereharvestedbycentrifugationat6,000rpm

for10min,washedtwicewithice-coldPBS andpelletswere

resuspendedin20mlofhis-bindingbufferper200mlculture

volume.Then,thecellsuspensionsweresonicated(10spulseon;
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5spulseoff)for8minwithablunt-endtip.Thecrudeprotein

wascollectedaftercentrifugationat17,000rpm for15minat4

℃.

Figure4.CompositionofM5BTprotein 

Thecrudeprotein waspurifiedusing histidine-tag (his-tag)

affinity chromatography.Before purification,the crude protein

wasfiltrated by 0.45um syringefiltertoremovecelldebris.

Crudeprotein solution wasloadedontohis-bindresin (6ml),

equilibratedwith3volumeofbindingbufferandchargedwith5

volume ofcharging buffer.Afterwashing with 3 volume of

binding buffertoremoveun-charged nickelions,column was

washed with washing buffers containing different imidazole

concentration(5,40,and70mM)toremovenon-specificprotein.

6histidine-tag bearing M5BT waseluted with elution buffer.

BuffercompositionsarelistedinTable3.Eachfractionswere

analyzed by SDS-PAGE tocheck thepurification quality and

purityofprotein.Thepurifiedproteinwasdialyzedagainst5L

ofdistilledwaterat4℃ for24hwithwaterchangesforthree
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Buffer Imidazole Tris-Cl NaCl NiSO4 EDTA pH Volume
Flow rate

(ml/min)

Chargingbuffer - - - 50mM

-

- 5 5

Bindingbuffer 5mM

20mM 0.5M - 7.9

3 5

Washing

buffer

1 5mM 10 1-2

2 40mM 15 1-2

3 70mM 1 1-2

Elutionbuffer 1M 6 1-2

Stripbuffer - 100mM 3 5

*1volume=resinvolume

Table3.His-tagaffinitychromatographybuffercomposition

times to remove the salts in elution buffer followed by

lyophilization.

EndotoxinwasremovedbyToxinEraser™ EndotoxinRemoval

Kit (GenScript) according to the manufacturer’s instructions.

Briefly,1.5mlofpre-packedcolumnconsistedofthematrixof

modifiedpolymyxinB(PMB)isactivatedbyadding5mlofcold

regenerationbufferandletthebufferdraincompletelyatspeed

of0.25ml/minandrepeatedtwicemore.Andthecolumnwas

equilibratedbyadding6mlofequilibrationbufferandletthe

bufferdraincompletelyatspeedof0.5ml/minandrepeatedtwice

more. After applying the sample to the column,

endotoxin-removedproteinwascollectedandendotoxinlevelin

proteinsamplewasdetectedbyToxinSensor.

4)PreparationofT-CAPMPs

4-1)PreparationofM5BT-loadedT-CAPMPs

M5BT-loaded T-CAP MPs were prepared using a
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water-in-oil-in-water (W1/O/W2) double emulsions solvent

evaporationmethoddescribedpreviouslywithalittlemodification

(Singh,B etal.,2015).200ulofaqueoussolutionofM5BT (5

mg)wasstabilizedwith100ulof10% PluronicF-127solutionto

form aninternalaqueousphase(W1).100mgofeachT-CAP

andCAP wasdissolvedin5mlofdichloromethaneandethyl

acetate:ethanol(1:1)respectively.Organicphasewasemulsified

with theaqueousphaseusing an ultrasonicprocessor(Sonics,

Vibracells™)(4outputwatts)onicefor1min30sectoform

1st W1/O emulsion.Themixtureemulsion wasaddeddropby

dropinto50mlof1% (w/v)poly(vinylalcohol)(PVA)solution

andthenhomogenizedwithUltraTurrax(T25,IKA,Germany)

at13,000rpm for1min30sectoform W1/O/W2emulsion.The

resulting double emulsion was stirred for 4 h at room

temperature to evaporate the organic solvent.After solvent

evaporation,thehardenedMPswerecollectedbycentrifugationat

6,000rpm for10min,washedwithdistilledwater,andlyophilized

undervacuum.M5BT-loadedT-CAPandCAPMPswerestored

at–20℃ untiluse.

4-2)PreparationofFDA-loadedT-CAPMPs(FDA/T-CAP

MPs)

Fluorescein diacetate (FDA)-loaded T-CAP and CAP MPs

were similarly prepared as above-mentioned M5BT-loaded

T-CAP MPs.5 mg ofFDA was dissolved into 200 ulof

dichloromethane, then added to T-CAP (100 mg) solution

dissolvedin5mlofdichloromethane,andhomogenizedwith50
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mlof1% (w/v)PVA　solutionusingUltraTurrax(T25,IKA,

Germany)at13,000rpm for1.5mintoform O/W emulsion.

5)MorphologybyFE-SEM

The surface topography was analyzed by field-emission

scanning electron microscope (FE-SEM) using SUPRA

55VP-SEM (Carl Zeiss, Oberkochen, Germany). MPs were

mounted on metalstubs with thin adhesive coppertape and

coatedwithplatinum undervacuum usingcoatingchamber(CT

1500HF,OxfordInstrumentsOxfordshire,UK).

6)Determinationofloadingcontentandloadingefficiency

Loadingcontentwasdeterminedasfollows.TheMPs(5mg)

weredispersedinto0.5mlof0.1M NaOH containing 0.5%

(w/v)SDS.Thesuspensionwasincubatedinawaterbathat60

℃ for2h.Followingcentrifugationat14,000rpm for5min,0.5

mlofthe supernatantwas withdrawn forBCA assay.The

encapsulationefficiencyoftheM5BT intoMPswasdetermined

by measuring the unloaded protein concentration in the

supernatant during the double emulsion method steps.The

loadingcontentandencapsulationefficiencywascalculatedusing

thefollowingequations(Figure5):

Figure5.Equationforencapsulationefficiencyandloadingcontent
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7)Invitroreleasebehaviortest

The in vitro release of M5BT from M5BT/CAP or

M5BT/T-CAPMPswasdeterminedasfollows.TheMPswere

placedinto1.5mltubeswith0.5mlof0.2M sodium phosphate

buffer(pH 7.4)or0.2M HCl-KClbuffer(pH 2)for24hat37

℃ with100rpm shaking.A 0.5mlaliquotwaswithdrawnand

replacedwithanequalvolumeofeachbufferatapredetermined

time,andtheamountofM5BT releasedwasmeasuredatusing

spectrophotometer(NanoPhotomter™).

8)StructuralintegrityoftheM5BT protein

TheintegrityofM5BT beforeandafterencapsulationinMPs

wasassessedbySDS-PAGE.

9)Exvivoporcinemucosaassay

MucoadhesivepropertyofMPswasinvestigatedusingporcine

intestinalmucosa.4 mg ofeach ofFDA-loaded MPs was

dispersed on a freshly excised porcineintestinalmucosa,and

incubatedat37℃ for1hwithshakingat100rpm.TheMPs

attached on the mucosa were collected, and remaining

concentration ofeach MPs was calculated by measuring the

absorbanceofFDAat490nm (n=3).

10)Invivooralimmunizationinmurinemodel

5femaleBALB/cmiceof7weeksofagewereusedpergroup

in this study.Mice were purchased from Samtako,Co.Ltd.
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(Osan,Korea)andhousedincagesprovidingadlibitum access

tofeedandwaterinaccordancewiththeguidelinesforthecare

anduseoflaboratoryanimals(SeoulNationalUniversity).After

1weekofacclimatization,micewereorallyimmunizedbyoral

gavageofMPsequivalentto200ugofM5BT proteinsuspended

in200ulofPBSviaa1mlsyringefittedwithanoralzondefor

mouse(20G,5cm).Allimmunizationgroupsreceivedatotalof

6dosesofvaccinefor2priming(day0,1)and4boosting(day7,

8,14,15)andinvivooralimmunizationschemeinmurinemodel

wasshowninFigure6.

Figure6.Invivooralimmunizationschemeinmurinemodel

11)Bloodandfecalsampling

Bloodsamplesofimmunizedmicewerecollectedat0,2,and4

weeks. Each blood collection was conducted before each

immunization.Thebloodsampleswerecollectedfrom tailvein
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usingBD microtainerfollowedbyisolationofserum from blood

bycentrifugationat14,000rpm for3minandstoredin–20℃,

andusedfordetectionofantigen-specificantibodiesbyELISA.

Fecalpelletswerehomogenizedin10volumesofresuspension

buffer(PBS containing 1mM PMSF and 1% BSA)at4℃

overnight,centrifuged at14,000 rpm for10 min,supernatants

werecollectedandanalyzedforthepresenceofantigen-specific

IgAbyELISA.

12)Anti-M5BT antibodydetectionbyELISA

Levelsofserum M5BT-specificimmunoglobulinG (totalIgG)

andlevelsofIgA inthefecalsampleswithspecificitytoM5BT

weredeterminedbyELISA.M5BTproteinantigen(1ug/ml)was

dilutedincarbonatebuffer(pH 9.6)anddilutedantigenwasused

forcoating wells (100 ul/well)of96-wellimmunoplate (SPL

32096).Theplateswereincubatedat37℃ for2handwashed

withPBS (200ul/well)for3timesandblockedwithblocking

buffer (PBS containing 1% BSA) (200 ul/well) at room

temperaturefor1h.Following blocking atroom temperature,

mouseserawitha1:100dilutioninblockingbufferwereadded

tothewells(100ul/well).Forfecalsamples,1:25diluentwere

used.Plates were incubated at37 ℃ for2 h followed by

washingthreetimeswithPBST (PBScontaining0.05% Tween

20,200ul/well).Forspecificantibodiesdetection,plateswere

incubatedfor1hatroom temperaturewithappropriatelydiluted

HRP-labeledgoatanti-mouseimmunoglobulinconjugatesspecific

forIgG (1:5000dilutions)orIgA (1:5000dilutions).Theplates
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werewashedthreetimeswithPBSTandthentreatedwithTMB

substratesolution(100ul/well)for5mininthedarkfollowedby

theadditionofstopsolution(0.16M H2SO4;100ul/well)inorder

tostoptheenzymaticreaction.Theabsorbancewasmeasuredat

450nm usingmicroplatereader(TECANInfinite200PRO).

13)Flow cytometricdetection ofMHC classII-expressing

cellsinPeyer’spatches

Afterfinalsamplingfrom theimmunizedmice,themicewere

dissectedtocollectPeyer’spatchesfrom theileum.Immunecells

werefurtherisolatedasdescribedearlier(Geem D.etal.,JVis

ExpJoVE,2012).Briefly,ashortileum fragmentwithPeyer’s

patchwascutlongitudinallyandincubatedat37℃ in2mM

EDTA in CMF HBSS buffer for three sequential15 min

incubationstoremovetheepitheliallayer.Tissuesweredigested

with1.5mg/mlTypeVIIIcollagenaseinCMFHBSS/FBS,and

theresultingsuspensionofcellswaspassedthrougha100um

cellstrainerbeforecentrifugationat1,500rpm for5minat4℃.

Thecellswerewashedtwiceinice-coldCMFPBSandblocked

with2.4G2anti-FcγRIII/IIinice-coldstainingbuffer(CMFPBS

+5% FBS)for10minonice.Followingwashingwithice-cold

stainingbuffer,cellswerestainedwithantibodystainingcocktail

(CD11candMHCclassII)for20minoniceinthedark.Finally,

cells were washed with ice-cold staining buffer twice and

resuspended in 400 ulofice-cold staining bufferforFACS

analysis.
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14)Statisticalanalysis

Allresultsareexpressedasmean±standarddeviation(SD).

Statisticalsignificancewasassessedusingt-testandaone-way

analysis ofvariance (ANOVA)and post-hoc Tukey multiple

comparison test.Allstatisticalanalysis was performed using

GraphPadPRISM software(GraphPadSoftware,Inc.)Allstatistic

alsignificanceisdenotedby*P<0.05,**P<0.01,and***P<

0.001.
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3.ResultsandDiscussion

1)PreparationandcharacterizationofT-CAP

T-CAP was prepared by conjugation with L-cysteine

hydrochloridebyDCC/NHSchemistryundernitrogenouscondition

topreventtheoxidationofsulfhydrylgroup.Thereactionscheme

forsynthesisofT-CAPisshowninFigure7.Thecouplingof

cysteineand CAP wasconfirmed by proton nuclearmagnetic

resonance(1H NMR)asshown in Figure8.Thethiolgroup

contentinT-CAPwas16.04umole/gpolymerasdeterminedby

Ellman’smethod.

Figure7.SynthesisschemeofthiolatedCAP
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Figure8.1H600MHzNMRspectraof(a)CAPand(b)T-CAP

2)PreparationandcharacterizationofM5BT/T-CAPMPs

2-1)IsolationandpurificationofM5BT protein

To prepare FMDV recombinant antigen M5BT for model

subunitvaccine,M5BT proteinwasexpressedwithE.coliBL21

(DE3)harboring a gene encoding forM5BT protein.M5BT

proteinwasinducedbyadditionof0.5mM ofIPTG followedby

sonication for isolation of crude protein and purification by

his-tag affinity chromatography.Purification quality ofpurified

proteinwascheckedbySDS-PAGEshownasinFigure9.
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Figure 9.M5BT protein purification by his-tag affinity

chromatography. Purified M5BT was identified by

SDS-PAGE.(M:Proteinmarker;S:Crudeproteinsample;

SFT: Sample flowthrough; W1-W3: Washing fraction;

E1-E3:Elutionfraction)

2-2)PreparationandcharacterizationofM5BT/T-CAPMPs

M5BT-loadedT-CAPMPswerepreparedbydoubleemulsion

solventevaporationmethod(Figure10).Briefly,M5BT solution

(W1 phase)stabilizedwith PluronicF-127wassonicatedwith

T-CAPsolutiondissolvedindichloromethane(O phase)toform

primaryW1/O emulsion.Theprimaryemulsionwasaddedinto

1% PVA solution(W2phase)followedbyhomogenizationtoform

W1/O/W2 double emulsion.After organic solventevaporation,

hardenedMPswerecollectedbycentrifugationandlyophilized.
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Figure10.ProcedureofM5BT/T-CAPMPsbydoubleemulsionmethod

(Modifiedfrom thefigurefrom Sander,Softmatter,2014)

3)MorphologyofM5BT/CAPandM5BT/T-CAPMPs

ThemorphologyofM5BT/CAPandM5BT/T-CAPMPswas

observed by FE-SEM.Both MPs had well-formed spherical

particleswithsmoothsurfaces(Figure11).MPssmallerthan10

um canbeefficientlytakenupbyM-cells(antigenuptakingcell)

ofPeyer’spatchesinileum (J.H.Eldridgeetal.,1990).Moreover,

MPswith thisrangein diametercan beinternalized through

phagocytosisbyantigen-presentingcells(APCs)playingacrucial

roleininitiatinginnateimmuneresponse.
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Figure11.AnalysisofmorphologyofMPsbyFE-SEM.(a)CAPMPs;

(b) T-CAP MPs; (c) M5BT/CAP MPs;(d) M5BT/T-CAP MPs

(Magnification:2,000X,scalebar:10μm).

4)Loadingcontentandencapsulationefficiency

TheloadingcontentandencapsulationefficienciesofM5BT in

theT-CAP MPsisshowninTable4.Theloadingcontentof

M5BT/CAP MPs and M5BT/T-CAP MPs were 4.62% (w/w)

4.97% (w/w),respectively,showing similarantigenamountper

microparticles.AndencapsulationefficiencyofM5BT/CAP MPs

and M5BT/T-CAP MPs were 82.2%(w/w)and 72.1% (w/w),

respectively.When it comes to the encapsulation efficiency,

differentsolventusedinmicroparticleformationmayaffectthe

result.
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During the loading ofvaccine into the MPs,the vaccine’s

stabilityisimportantforretaining itsimmuneactivitybecause

B-cell receptor (BCR) recognize antigen as linear or

conformationalepitopeswhereasT-cellreceptor(TCR)canonly

recognize the processed antigen by APCs. Therefore, the

structuralintegrity oftheM5BT released from M5BT/T-CAP

MPswasevaluatedbySDS-PAGE(Figure12)

Table4.Loadingcontentandencapsulationefficiency

ofM5BT-loadedMPs
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Figure 12.Evaluation ofprotein structure ofM5BT released from

M5BT/CAP MPsandM5BT/T-CAP MPsby SDS-PAGE.Lane1:

proteinmarker;Lane2-5:nativeM5BT(2.5-20ug);Lane6-7:M5BT

releasedform CAPMPs;Lane8-9:M5BTreleasedfrom T-CAPMPs;

Lane10:protein-unloadedT-CAPMPs.

5)InvitroreleasebehaviorofM5BT from CAPandT-CAP

MPs

TheinvitroreleaseprofileofM5BT from CAPandT-CAP

MPs was investigated atsimulated gastric acid (pH 2)and

simulatedintestinalfluid(pH 7.4)for24handwasshownin

Figure 13.The release profiles of M5BT from MPs were

presentedasthepercentageofamountofM5BT releasedfrom

MPswithrespecttotheamountofM5BTloadedinMPs.

The results indicated that the release of M5BT from

M5BT/T-CAP MPswashigheratpH 7.4comparedtopH 2.

ThiolationofCAPexhibitedgastro-resistantpropertyofCAPat

simulatedgastricsolution(pH 2)withreleasing18.6±1.18%
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and17.1± 1.42% from MPsat2h,respectively.Theburst

releaseeffectofM5BT/CAPMPsatpH 7.4wasobtainedwithin

1–2hduetotherapiddissolutionofCAPabovepH6.2.M5BT

releaseprofileofM5BT/T-CAPMPsatsimulatedileum pH (pH

7.4)showed 43.5± 1.63%,56.8± 1.49% at12and 24h

respectivelywhileitreleased28.8±3.68%,33.6±3.92% at12

and24hrespectivelyatpH2.ThereleasebehaviorofbothMPs

at pH 2 might be resulted from the diffusion of protein

inside/outsidetheMPs.

J.H.Eldridge etal.(1990) reported thattotalnumber of

microparticleswithinPeyer’spatcheswasincreaseduntilday4

andmicroparticleslessthan<5um accountedfor76-82% ofthe

observedmicroparticles.ThisresultimpliesthatM5BT/T-CAP

MPs can continuously release antigen from MPs after

M5BT/T-CAPMPswereinternalizedintoPeyer’spatches.
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Figure13.InvitroreleaseprofileofM5BT proteinfrom M5BT/CAP

and M5BT/T-CAP MPs atsimulated gastrointestinalpH.MPs (10

mg/ml)weresuspendedindifferentpH buffer(pH 2,pH 7.4).Protein

concentrationwasmeasuredbymicroBCA assay.Allvaluesrepresent

themeans±SD(n=3).

6)MucoadhesivepropertyofT-CAPMPs

MucoadhesivepropertyofT-CAP MPswasevaluatedbyex

vivoexperimentusingfreshlyexcisedporcineintestinalmucosa

withFDA-loadedMPsasfluorescencemarker.Theamountof

FDA-loadedMPsattachedonfreshlyexcisedporcineintestineat

37 ℃ isshown is Figure14.Theresults revealed thatthe

mucoadhesionofT-CAPMPswas1.48-foldhigherthanthatof

CAP MPs after 1 h of incubation.Due to the enhanced

mucoadhesionofT-CAPMPs,itispossiblethatM5BT/T-CAP

MPscontinuouslyreleaseM5BT from T-CAPMPsremainingon

themucuslayer.
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Figure14. Analysisofmucoadhesiveproperty ofMPsin

smallintestine.4mg ofeach ofFDA-loaded MPswas

dispersed on afreshly excised porcineintestinalmucosa,

andincubatedat37℃ for1hwithshakingat100rpm.

The MPs attached on the mucosa were collected,and

remaining concentration ofeach MPs was calculated by

measuringtheabsorbanceofFDA at490nm (n=3).(*p<0.05

byt-test)
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7)Flow cytometricdetection ofMHC class II-expressing

cellsinPeyer’spatchesinileum

Immunecellslocatedthroughouttheintestinallaminapropria,

especiallyinPeyer’spatches,playacrucialroleinsamplingand

processing luminalantigen forpresentation to B,T cells.To

determine the population of antigen-presenting cells (APCs)

interactingwiththeantigentoinitiateadaptiveimmuneresponse

invivo,immunecellsfrom Peyer’spatchesinileum wereisolated

and analyzed by flow cytometry (Figure 15).Here,APCs

populationsin Peyer’spatcheswereanalyzed using theMHC

class II surface marker. After gating, major immune cell

populationsexpressingMHC classIIwereidentified.Themice

fed with M5BT via MPs (M5BT/CAP MPs; 26.1 %,

M5BT/T-CAP MPs;26.87%)showed increased population of

MHC classII-positivecellswhencomparedtothatofmicefed

withM5BTonly(16.23%)althoughthereisnotmuchdifference

ofMHCclassII-positivecellsbetweenCAPandT-CAPMPs.

In addition, CD11c-positive cells in Peyer’s patches from

immunizedmicewithM5BT/T-CAPMPswereincreasedintotal

populations (N.T, M5BT; 0.30%, M5BT/CAP MP; 0.47%,

M5BT/T-CAPMPs;0.6%).

Increased population ofMHC class II-expressing cells (i.e.

APCs)inPeyer’spatchesmayinfluencetheproductionofIgA in

intestine.
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Figure15.Flow cytometricdetectionofMHCclassII-expressing

cellsinPeyer'spatchesfrom immunizedmice.Peyer'spatches

werecollected from themiceimmunized with M5BT/CAP or

M5BT/T-CAPMPs.IsolatedcellswerestainedwithMHCclass

IImarkerspriortodetectionbyFACS.ThepercentageofMHC

classII-positivecellsisindicated.(a)Gatingarea;(b-f)MHC

classII-positivecells.(b)N.T;(c)M5BT;(d)M5BT/CAPMPs;

(e)M5BT/T-CAPMPs.(f)ThemeanpercentageofMHCclass

II-positivecellsfrom totalpopulations(%total)(n=3).
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8) M5BT-specific antibody production after oral

immunizationwithMPs

To evaluate the immune-enhancing effectofM5BT-loaded

MPsby oralroute,micewereimmunized with M5BT alone,

M5BT/CAPMPsandM5BT/T-CAPMPsbyoralgavage.

Antigen-specificimmunoglobulin in serum and fecalsamples

from immunized with M5BT/T-CAP MPs were analyzed by

M5BT-specificELISA.M5BT-specificELISA wasconductedby

coatingimmunoplatewithM5BTrecombinantantigen.

To assess the systemic immune response after oral

immunizationwithM5BT/T-CAPMPs,anti-M5BT IgGlevelsin

serum samplesfrom immunizedmicewereanalyzedbyELISA

(Figure16).Amongtheimmunizedgroups,onlymiceimmunized

with M5BT/T-CAP MPs showed significantly higher

M5BT-specificIgGlevelscomparedtoN.Tgroup.

Asaresult,anti-M5BT IgA infecalsamplefrom immunized

micewithM5BT-loadedMPswassignificantlyhigherthanthat

ofmiceimmunizedwithM5BT onlywithoutcarrier(Figure17).

Thisresultindicatethatpolymericcarriercandeliverantigento

lymphoid tissue to induce antigen-specific immune response.

Whenitcomestotheoralvaccinecarrier,T-CAPMPsexhibited

moreIgA productioncomparedtoCAPMPsat2and4weeks

resultedfrom differentpH-sensitivepropertybymodifyingCAP

with thiolation (Figure 17 a,b).However,difference in fecal

samplingmethodbetween2and4weeksresultedinthedifferent

finalconcentrationoffecalpelletsaffectinglowerabsorbanceof

fecalsamplesat4weeks.AfternormalizationofeachIgA levels
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byIgA levelsofcontrolgroupstocompensatethefinalfecal

concentration,M5BT-specificIgA levelsweresignificantlyhigher

at4weeksonly inmiceimmunizedwithM5BT/T-CAP MPs

(Figure17c).

Becausethiolation ofCAP altered its pH-sensitive property

thatcandissolveatabovepH 6.2todissolveatileum pH (pH

7.4).Therefore,encapsulatedantigencanbereleasedfrom MPs

andresultedinminimizingexposureofantigentoharshintestinal

environmentthatcandenaturetheantigen.Thus,insteadofthe

exposure of antigen at upper intestine part,proper antigen

deliverytodistalintestinepartwhereM-cellabundantregionin

ileum maybeimportantforprotectinganddeliveringtheantigen

to elicitantigen specific immune response.IgA secreted by

plasmacellscanprotectthehostfrom infectionbypathogenor

virusatthemucosalsite.
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Figure16.M5BT-specificimmuneresponseafter

oralimmunizationwithMPs.Anti-M5BT serum

IgG levelsat4weeksafterimmunizationwere

measuredusingELISA.Allvaluesrepresentsthe

means±SD(n=5).(*P<0.05,one-wayANOVA)
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Figure17.Anti-M5BT IgA levelinfecesafteroralimmunization

withMPs.Fecalsamplesweretakenfrom miceat(a)2weeks,(b)

4 weeks.(c)Relative anti-M5BT IgA levelcompared with N.T

group.AntibodylevelswereanalyzedbyELISA.(n=5,errorbars

representstandarddeviations;*p<0.05,one-wayANOVA)
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Summary

Inthischapter,pH-sensitiveandmucoadhesiveT-CAP were

prepared for delivering FMD subunit vaccine because oral

vaccinationofmucosalsubunitvaccinehaslimitationduetoits

poorimmunogenicity and low bioavailability despite ofmany

advantagescomparedtoparenteraladministration.

AndT-CAPMPsasamucosaloralvaccineadjuvantproducing

more IgA,the mostimportantimmunoglobulin forpreventing

FMD attheearlystageofinfection,wasprepared.Itwasfound

thatT-CAP MPsresultedintheelevatedpopulationofMHC

classII+ cellsin Peyer’spatchesbecauseantigen uptaken by

M-cellsfrom lumencanbeuptakenandbetransportedtolymph

nodebyimmunecells(DCs,Macrophages,Bcells)toactiveboth

innateimmunityandadaptiveimmunity.Thisindicatethatoral

immunization of mucosalsubunit vaccine via T-CAP MPs

effectively delivered the vaccine to Peyer‘s patches eliciting

mucosal IgA response. It will make a step forward into

promisingoralsubunitvaccinedevelopmentinlivestockindustry.
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ChapterII.Developmentofmannan-decorated

inulin microparticles for enhancing the

immunogenicityofsubunitvaccine

1.Introduction

The goalofvaccination is to provide long-term protection

againstinfectionbygeneratingastrongimmuneresponsetothe

administered antigen. Conventional live attenuated vaccines

typicallydonotrequireadjuvants.However,theimmunogenicity

ofproteinsistypicallypoorandtheuseofadjuvantsisrequired.

Vaccinesoftenrequiretheadditionofimmunestimulatoryagents

called adjuvants to boost the specific immune response to

antigens.Themostwidelyusedadjuvantsarecompletefreund’s

adjuvant (CFA), which is composed of inactivated

mycobacterium.CFA isusedinseveralFMD vaccines,although

itsincreasedimmune-boostingeffectisrelatedtothetoxicityof

CFA itself.TosubstitutetheconventionaladjuvantlikeCFA,

developmentof new vaccine adjuvant is required for FMD

vaccine which can enhance the antibody response.An ideal

vaccine adjuvantshould stimulate both humoraland cellular

immuneresponsesagainstco-injectedantigens.

Inthisstudy,tocoverthelimitationofFMDsubunitvaccines,

inulin acetate microparticles decorated with mannan (M-INAC

MPs)wereusedasapolymericadjuvantandcarriersystem.

Inulin is a storage carbohydrate of a number of plants

includingJerusalem artichoke,chicory,dahlia,wheat,etc.Inulin
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exists in several forms depending on its solubility and

precipitationmethod.Recently,itwasreportedthatparticleform

ofinulincanactasanefficientadjuvantforvaccine(Kumar,S.,

& Tummala,H.,2013).So,particulationofinulin isthemain

pointfordevelopinginulinasanadjuvantforvaccine.

To develop inulin adjuvantforsubunitvaccine,INAC was

prepared to make particle form. Inulin was acetylated by

introducing acetylgroupfrom acetyanhydridetoinulin.INAC

canbeparticulatedinwaterduetoself-assembledmechanism

although itis soluble in various organic solvents including

dichloromethane.Because it is known that INAC MPs can

functionasavaccineadjuvantwhenantigenwasencapsulated

into INAC particles,antigen-loaded INAC MPs can enhance

immuneresponseofthesubunitvaccinebyovercomingitslow

immunogenicity.Particulatedadjuvantsmayfunctionasefficient

adjuvantsbyenhancing theuptakeoftheantigenby immune

cells such as macrophage,dendritic cells and delivering the

encapsulatedantigentoimmunecellsforactivation.Also,subunit

vaccineinsideINAC particlescan bereleased in asustained

mannerknown to induce long-term immune response ofthe

antigen.Besides,itwasreportedthatINAC isanovelTLR-4

agonist (Tummala,H.,& Kumar,S.,2013).Through these

benefits,INACcanworkasvaccineadjuvantandvaccinecarrier.

Double emulsion solventevaporation method was used to

develop INAC microparticles to encapsulate subunit vaccine

M5BT.Inaddition,INACMPsweredecoratedwithmannan,the

TLR-4agonist,asaspecificligandtorecognizeimmunecells.



- 52 -

2.MaterialsandMethods

1)SynthesisofINAC

Thesynthesisofinulinacetatewascarriedoutaccordingthe

methodofWuetal.(1999)withalittlemodification.Briefly,

inulin(1g)wasaddedto5mlofdimethylformamide(DMF)

and then 0.2 mlof5% aceticanhydridewasadded.Sodium

acetate (NaOAc,5% (w/v))was used as a catalystforthe

reaction.Theacetylationreactionwascarriedat40℃ for24h

undernitrogen.After24h,INACwasdialyzedagainstDMFfor

24htoremovefreeaceticacidandagainstdistilledwaterto

remove DMF and unreacted inulin.Afterdialysis,INAC was

lyophilizedandstoredat–20℃ untiluse.Theconjugationof

acetylgroupwasconfirmedby600MHz1H NMR spectroscopy

(AVANCE 600,Bruker,Germany)andacetylgroupcontentin

INACwasquantified.

2) Preparation of M5BT-loaded INAC MPs and

M5BT-loadedM-INACMPs

M5BT-loaded INAC and M5BT-loaded M-INAC MPs were

prepared by a double emulsion solvent evaporation method.

Briefly,200ulof25mg/mlM5BT solutionwasmixedwith100

ulof10% (w/v)PluronicF-127solutionasanaqueousphase

(W1). This aqueous phase was emulsified with 5 ml of

dichloromethane(DCM)asanoilphase(O)containing100mgof

INAC by sonicationfor1.5min,resulting intheformationof

primaryWl/O emulsion.Thisprimaryemulsionwasthenadded
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dropwise into another aqueous (W2) phase (50 ml water)

containing 1% (w/v)poly(vinylalcohol)(PVA)solution as a

surfactant,withcontinuousstirringat13,000rpm usingTurrax

resultingintheformationofdoubleemulsion(W1/O/W2).Incase

ofM5BT-loadedM-INAC MPs,0.75% PVA solutioncontaining

0.25% mannanwasused.Thestirringwascontinuedovernight

forcompleteevaporationoftheorganicsolvent.ResultingMPs

werecollectedviacentrifugationat6,000rpm for10minat4℃.

ThepelletedM5BT-loadedINACorM5BT-loadedM-INACMPs

werewashedwithdistilledwaterandcentrifuged.ThefinalMPs

wereresuspendedin10mlofdistilledwaterandfrozenbyliquid

nitrogenfollowedbylyophilizationundervacuum.

3)MorphologyofMPs

The surface topography was analyzed by field-emission

scanning electron microscope (FE-SEM) using SUPRA

55VP-SEM (Carl Zeiss, Oberkochen, Germany). MPs were

mountedon stubswith adhesivecoppertapeandcoatedwith

platinum undervacuum using coating chamber(CT 1500HF,

OxfordInstrumentsOxfordshire,UK).

4)Confirmationofmannan-decorationintoMPs

Toconfirm mannan-decoration in M-INAC MPs,FITC was

conjugatedwithmannan.Briefly,100mgofmannandissolvedin

1mlofdistilledwaterwasslowlymixedwith5mgofFITC

dissolved in 1mlofDMSO.Afterstirring for4h atroom

temperatureindarkconditions,thereactionproductwasdropped
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into 8 mlof ethanolto remove the unreacted FITC.The

precipitated FITC-mannan conjugatewaswashed with ethanol

andcollectedbycentrifugationat16,000rpm 3timesfor10min.

FITC-mannan-decoratedINAC MPswerevisualizedbyconfocal

laserscanningmicroscope(CarlZeissLSM710).

5) Determination of loading content and encapsulation

efficiency

Loadingcontentwasdeterminedasfollows.TheMPs(5mg)

weredispersedinto0.5mlofdimethylsulfoxide(DMSO).The

completely dissolved solution was used for measurement of

protein concentration spectrophotometer(NanoPhotomter™).The

encapsulationefficiencyoftheM5BT intoMPswasdetermined

by measuring the unloaded protein concentration in the

supernatant during the double emulsion method steps.The

loadingcontentandencapsulationefficiencywascalculatedusing

thefollowingequations(Figure18):

Figure18.Calculationequationforencapsulation

efficiencyandloadingcontent
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6)Invitroreleasebehaviortest

TheinvitroreleaseofM5BT from M5BT-loadedINAC or

M5BT-loaded M-INAC MPs was determined as follows.The

M5BT-loadedMPs(5mg)wereplacedinto1.5mltubeswith

0.5mlofPBS(pH7.4)at37℃ with100rpm shaking.A 0.5ml

aliquotwaswithdrawn andreplacedwith an equalvolumeof

PBSatapredeterminedtime,andtheamountofM5BT released

wasmeasuredusingspectrophotometer(NanoPhotomter™).

7)Invivoimmunizationinmurinemodel

5femaleBALB/cmiceof7weeksofagewereusedpergroup

in this study.Mice were purchased from Samtako,Co.Ltd.

(Osan,Korea)andhousedincagesprovidingadlibitum access

tofeedandwaterinaccordancewiththeguidelinesforthecare

anduseoflaboratoryanimals(SeoulNationalUniversity).After

1weekofacclimatization,micewereimmunizedintramuscularly

withMPsin50ulofPBS orM5BT resuspendedin50ulof

PBS and CFA (1:1)via a 0.3 mlinsulin syringe.CFA was

replacedwithIFA forboosting.Allimmunizationgroupsreceived

a totalof2 dosesofvaccinefor1 priming (day 0)and 1

boosting(day14).Invivoimmunizationexperimentschedulein

murinemodelwasshowninFigure19.
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Figure19,Invivoimmunizationexperimentscheduleinmurinemodel

8)Bloodandfecalsampling

Bloodsamplesofimmunizedmicewerecollectedat0,2and4

weeksafterimmunization.Eachbloodcollectionwasconducted

beforeeachimmunization.Thebloodsampleswerecollectedfrom

tailvein usingBD microtainerfollowedbyisolationofserum

from bloodbycentrifugationat14,000rpm for3minandstored

in–20℃,andusedfordetectionofantigen-specificantibodies

by ELISA.Fecalpelletswerehomogenized in 10volumesof

resuspensionbuffer(PBScontaining1mM PMSFand1% BSA)

at 4 ℃ overnight,centrifuged at 14,000 rpm for 10 min,

supernatants werecollected and analyzed forthe presenceof

antigen-specificIgA byELISA.
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9)FMDV serotypeO specificantibodyproduction

LevelsofFMDVtypeOspecificantibodyweremeasuredusing

PrioCHECK FMDV Type O ELISA Kit according to the

manufacturer’s instructions.Briefly,levels ofFMDV type O

specificantibodyinserum samplesfrom immunizedmicewere

determined by blocking ELISA with FMDV type O

antigen-coated plate.The reaction between FMDV type O

antigen and monoclonal antibody was blocked by specific

antibodiesthatarepresentinthetestsamples(Figure20).The

vaccinationefficacywaspresentedaspercentageinhibition(P.I).

P.Ivaluewas calculated by following equation:P.I= 100 -

(O.DSample/O.DNegative)*100.

Figure 20.Schematic diagram ofFMDV type O antigen blocking

ELISA.ThereactionbetweenAgandmAbwasblockedbyspecific

antibodiesthatarepresentinthetestsample.

10)Anti-M5BT antibodydetectionbyELISA

Levelsofserum M5BT-specificimmunoglobulinG (totalIgG)

with specificity to M5BT was determined by ELISA.M5BT

proteinantigen(1ug/ml)wasdilutedincarbonatebuffer(pH

9.6)anddilutedantigenwasusedforcoatingwells(100ul/well)

of96-wellimmunoplate.Theplateswereincubatedat37℃ for
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2handwashedwithPBS (200ul/well)3timesandblocked

withblockingbuffer(PBScontaining1% BSA)(200ul/well)at

room temperature for 1 h. Following blocking at room

temperature,mouseserawitha1:100dilutioninblockingbuffer

wereaddedtothewells(100ul/well).Plateswereincubatedat

37℃ for2hfollowedbywashing3timeswithPBST (PBS

containing0.05% Tween20,200ul/well).Forspecificantibodies

detection,plateswereincubatedfor1hatroom temperaturewith

appropriately diluted HRP-labeled goat anti-mouse

immunoglobulinconjugatesspecificforIgG(1:5000dilutions).The

plateswerewashed threetimeswith PBST and then treated

withTMB substratesolution(100ul/well)for5minunderthe

darkfollowedbytheadditionofstopsolution(0.16M H2SO4;100

ul/well)tostoptheenzymaticreaction.Finally,theabsorbance

wasrecordedat450nm usingmicroplatereader(TECANInfinite

200PRO).

11)Statisticalanalysis

Allresultsareexpressedasmean±standarddeviation(SD).

Statisticalsignificancewasassessedusingt-testoraone-way

analysis ofvariance (ANOVA)and post-hoc Tukey multiple

comparison test.Allstatisticalanalysis was performed using

GraphPad PRISM software (GraphPad Software, Inc.) All

statisticalsignificanceisdenotedby*P< 0.05,**P< 0.01,and

***P<0.001.
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3.ResultsandDiscussion

1)PreparationandcharacterizationINAC

Inulin acetate was synthesized by conjugation of acetyl

anhydridewithinulinat40℃ for24husingsodium acetateasa

catalystasshownFigure21.Theconjugationofacetylgroups

withinulinwasconfirmedandcalculatedby600MHz1H-NMR

spectroscopy(Figure22).Thepeakfrom acetylgroups(COCH3)

wasidentifiedat2ppm intheNMR spectraofINAC whereas

thereisnopeakat2ppm inthatofIN.Andthedegreeof

acetylationwas75mole%.

Figure21.ChemicalreactionschemeforsynthesisofINAC.
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Figure22.600MHz1H-NMRspectraof(a)inulinand(b)inulin

acetate.SamplesweremeasuredinDMSO-d6.
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2)PreparationandcharacterizationofM5BT-loadedINAC

andM5BT-loadedM-INACMPs

M5BT-loaded INAC and M-INAC MPs were prepared by

W/O/W emulsion method (Figure 23).Briefly,the W1 phase

containingM5BT stabilizedwithPluronicF-127wasemulsified

withorganicphase(INACinDCM)bysonicationtoform W1/O

emulsion.Themixturewasthen addedintoW2 phaseof1%

PVA solution followed by homogenization to form W1/O/W2

emulsion.Afterorganicsolventevaporation,hardenedMPswere

collectedbycentrifugation.

Figure23.Graphicalillustrationofmicroparticleformationprotocolof

M5BT-loadedM-INACMPsbydoubleemulsionmethod.
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3)MorphologyandsizedistributionofMPs

ThemorphologyofMPswasobservedbyFE-SEM.BothMPs

hadwell-formedsphericalshapeswithsmoothsurfaces(Figure

24).And mannan-decoration ofINAC MPs didn’taffectthe

microparticle formation showing similar microparticle sizes

(M5BT-loaded INAC MPs:2.84 ± 0.022 μm,M5BT-loaded

M-INACMPs:2.43±0.104μm).ItwasreportedthatonlyMPs

lessthan10 μm canbeuptakenbyPeyer’spatches(PPs)in

ileum andthetransportofMPstothelymphnodebyphagocytes

arerestrictedtotheMPslessthan5μm (J.H.Eldridgeetal.,

1990).

Figure24.Themorphologiesof(a)M5BT-loadedINAC MPsand(b)

M5BT-loaded M-INAC MPs analyzed by FE-SEM.(Magnification:

2,000X)

4)Confirmationofmannan-decorationinINACMPs

To confirm themannan-decoration on thesurfaceofINAC

MPs,FITC-mannan was used to decorate INAC MPs and

visualizedbyCLSM (Figure25).Theconfocalimagesindicated

thatFITC-mannanwasdecoratedontheINACMPssurface.
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Figure25.Confirmationofmannan-decorationofINACMPsbyCLSM.

FITC-labeledmannanwasusedtodecorateINAC MPs.(a)M-INAC

MPsand(b)FITC-M-INACMPs.

5)Loadingcontentandencapsulationefficiency

The loading efficiencies of M5BT-loaded INAC MPs and

M5BT-loadedM-INACMPsisshowninTable5.

Table5.LoadingcharacteristicsofMPs.
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6)InvitroreleasebehaviorofM-INACMPs

M5BT-loaded INAC and M5BT-loaded M-INAC MPs were

dispersedinPBS(pH 7.4)andincubatedat37℃ with100rpm

shaking.Atpredeterminedtimeintervals,tubesweretakenand

centrifugedat6,000rpm for10minat4℃.

ThisinvitroreleasestudyshowedthatreleaseofM5BT from

M5BT-loaded M-INAC MPs was faster than that of

M5BT-loaded INAC MPs.And 35.3 ± 8.03% ofM5BT was

releasedfrom M5BT-loadedM-INACMPswithin24h,whereas

8.3± 2.11% ofM5BT wasreleasedfrom M5BT-loadedINAC

MPs(Figure26).Morethan80% ofM5BT wasreleasedfrom

M-INACMPswithin5days,whilelessthan50% ofM5BT was

releasedfrom INACMPs.Theresultsmightberegardedthatma

nnan-decoration affected fast release of M5BT from

M5BT-loadedM-INAC MPsduetothehydrophilicpropertyof

themannan.
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Figure26.InvitroreleaseprofileofM5BT proteinfrom M5BT/INAC

orM-INACMPsatPBS(pH7.4).MPs(10mg/ml)weresuspendedin

PBS(pH7.4)at37℃.Allvaluesrepresentsthemeans±SD(n=3).

7)FMDV serotypeO specificantibodyproduction

ToassesstheimmunizationefficacyofMPs,anti-FMDV type

O serotypeantibodywasdetectedwithserum sample.Levelsof

FMDV type O specific antibody in serum samples from

immunizedmicewasdeterminedbyblockingELISA withFMDV

serotypeO antigen-coatedplate(PrioCHECK).Thevaccination

efficacywaspresentedaspercentageinhibitiontiter(P.I).

TheresultsindicatethatM5BT deliveredbyCFA,INAC or

M-INAC MPs showed similar levelof FMDV serotype O



- 66 -

Ag-specificAbcomparedtothatofM5BT group(Figure27).

However, among the adjuvant groups, only M5BT-loaded

M-INAC MPs showed similarP.Ivaluewith iFMDV groups

showing positive response (P.I > 50) in 3 and 4 mice,

respectively.

Itsuggeststhatantigen-loadedM-INACMPscanenhanceanti

gen-specificimmuneresponsesimilarwithconventionaladjuvant

implying the potentialofalternative polymeric adjuvant and

polymericcarrierforsubunitvaccine.

Fig 27.ELISA forin vitro detection ofantibodiesagainst

FMDV serotypeinserum from immunizedmice.Allvalues

representthemeans±SD(n=5).
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8)M5BT-specificimmuneresponseafterimmunizationwith

MPs

To evaluate the immune-enhancing effectofM5BT-loaded

MPs,micewereimmunizedwithM5BTwithCFA,M5BT-loaded

INAC MPsandM5BT-loadedM-INAC MPsby intramuscular

(i.m)injection.

Antigen-specific immunoglobulin in serum samples from

immunized mice with M5BT-loaded INAC and M5BT-loaded

M-INAC MPs were analyzed by M5BT-specific ELISA.

M5BT-specific ELISA was conducted by coating 96-well

immunoplatewithM5BTrecombinantantigen.

Toassessthesystemicimmuneresponseafterimmunization

with M5BT-loaded INAC and M5BT-loaded M-INAC MPs,

anti-M5BT IgG levelsinserum samplesfrom immunizedmice

wereanalyzed by ELISA (Figure28).Among the immunized

groups,anti-M5BT IgGtiterofM5BTwasimprovedinadjuvant

groups(CFA,INAC MP,M-INAC MPs)comparedtothatof

M5BT group.And M5BT along with the CFA group and

M5BT-loadedM-INAC MPsgroupselicitedsimilaranti-M5BT

IgG titer suggesting the immune cell activating effect of

mannan-decorationofINACMPscomparedtotheM5BT-loaded

INACMPs.M5BT-specificIgG titerincreasedby1primingand

1boostingscheduleresultinginasimilarIgG titerwithM5BT

alongwithCFA groupduetothepolymericadjuvanteffectof

M-INACMPs.
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Fig28.Antigen-specificimmuneresponseafterimmunizationwith

MPs.Anti-M5BT serum IgG levelsat0,2and4weekswere

measured using ELISA.Allvalues representthemeans± SD

(n=5).
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Summary

Despiteofanumberofadvantagesofsubunitvaccineasnext

generationvaccines,many subunitvaccineshavedifficultiesin

promotingefficientinnateandadaptiveimmuneresponseagainst

antigen due to the poor immunogenicity and low stability

althoughtheuseofadjuvantcausedsideeffectsbyvaccination

sometimes.

Here,wedeveloped M-INAC MPsasa new candidatefor

subunit vaccine adjuvant to substitute conventionaladjuvant

system withsafeandfunctionalpolymericadjuvantsystem.

Inthischapter,M5BT-loadedM-INAC MPsenhancedinnate

andadaptiveimmunityelicitinghigherantigenspecificIgG and

FMDV type O specific antibody.This resultcan suggesta

powerfulpolymericadjuvantsystem by the combination of2

TLR agonists such as inulin acetate and mannan showing

comparable immunostimulatory effect to the conventional

adjuvant.
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ConclusionandFurtherProspects

TherearemanyattemptstopreventFMD viavaccinationin

livestockindustry.Despiteofremarkableadvancementinvaccine

development,outbreaks ofFMD occurred almostevery year

havinganegativeinfluenceinthenation.Tostopthisvicious

circle,there is no doubtthatefficientFMD subunitvaccine

developmentisahugetaskinlivestockindustry.Therefore,the

aim ofthisstudyistoincreasevaccineefficacyofFMDsubunit

vaccinebyusingpolymericcarriersystem.

Toimprovetheefficacyofsubunitvaccines,wedesignedtwo

vaccine delivery strategies based on the adjuvant effect of

polymericcarriers.

InChapterⅠ,FMDV subunitvaccineM5BT inthiolatedCAP

microparticles (T-CAP MPs)was developed forefficientoral

deliveryofmucosalsubunitvaccine.T-CAPMPsgavearesult

that mucoadhesive polymeric particles can induce adaptive

immuneresponse,whichwasprovedbyproductionofhigherIgA

in intestine,by mucoadhsion to mucus layerforlongertime

maximizingtheantigenuptakebyimmunecells.

InChapterⅡ,FMDV subunitvaccineM5BT inM-INACMPs

wasdeveloped forenhancing immuneresponseagainstloaded

antigen. M5BT-loaded INAC MPs elicited antigen-specific

antibodyproductionasitisknownasimmune-boostingadjuvant

aboutTh1andTh2immuneresponse(DIEGO G SILVA etal.,

2014).WiththedecorationofmannanonthesurfaceofINAC

MPs,itispresumablethattheyhadasynergisticeffectonTLR
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signalingpathway.

Unlike conventional adjuvant, biomaterial-based polymeric

adjuvanthavebenefitsin safety,stability,biocompatibility and

etc.Two differentpolymers,INAC and T-CAP used in this

studywerederivedfrom thenaturallyoccurringcarbohydrate.By

modificatingthesolubilityinwater,eachpolymericadjuvantcan

have advantages such as the depoteffectand the enhanced

tissueorcellularuptake.Furthermore,particulatevaccineless

than10μm canbeefficientlyuptakenbyM-cellsandimmune

cells consequently resulting in the recirculation of activated

immune cells that recognized antigen.Simply encapsulating

subunitvaccineintopolymericcarriersgivesmanyopportunities

forsubunitvaccinedevelopment.

Throughthisstudy,advancedsubunitvaccinedeliverysystem

based on polymeric adjuvants provide protective immunity of

livestockanimals.Anditispossibletosubstituteconventional

adjuvantsystems for subunitvaccine with polymeric carrier

systemswith safety.Furtherinvestigationson theefficacy of

subunit vaccine using polymeric carrier systems should be

followed in various livestock animals with subunit vaccines

(Figure29).
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Figure29.Schemeoftheconclusionandfurtherprospect
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SummaryinKorean

FMD(Foot-and-MouthDisease)는 소,돼지,염소 등의 우제류에

서 발생하는 가축 전염병이다.본 가축 전염병은 전염성이 매우 강

하고 식욕부진,물집,유량감소,어린 가축의 폐사 등 축산업에 막대

한 경제적 손실을 끼치고 있다.이러한 FMD의 발생과 전파를 막기

위하여 FMD바이러스에 대한 백신의 개발이 활발히 이루어지고 있

으나,바이러스의 다양한 혈청형과 아형의 존재,돌연변이의 출현으

로 인하여 약독화/불활화백신이 주를 이루는 FMD 백신의 효능이

떨어지는 문제점을 지니고 있다.

아단위백신은 기존 백신들이 지니는 생산과정에서의 안전성 문제,

증상 유발 가능성,약독화 과정 등의 단점을 보완할 수 있어 FMD

아단위 백신이 주목받고 있다.아단위백신은 항원성을 지닌 부위의

서열만을 이용하여 생산이 가능하고 부작용이 적다는 큰 장점을 지

닌다.하지만,바이러스의 일부만을 이용하기 때문에 기존 백신에

비해 면역원성과 안정성이 낮아 면역보조제가 필요하다는 점에서

실제 산업에서 응용되기 어렵다는 한계점이 있다.

본 연구에서는 앞서 언급한 아단위백신의 한계점을 극복하기 위

하여 고분자 면역보조제를 이용하여 FMD 아단위백신의 면역반응

증진을 꾀하고자 하였다.고분자 면역보조제는 고분자의 크기,형태,

분자량,화학적 특성,기능성 부여 등의 다양한 조합을 통해 약물/백

신의 효능을 증대시킬 뿐만 아니라 약물/백신의 전달체로서도 기능

하여 기존 면역보조제를 뛰어넘는 차세대 면역보조제로서의 역할

수행이 가능하다.

먼저 제1장에서는 FMD 아단위백신의 경구투여를 통한 점막면역

활성화를 유도할 수 있도록 경구백신용 T-CAP 미립자(thiolated

CAPmicroparticles)를 개발하고자 하였다.주사백신과 달리 경구백



- 80 -

신은 점막을 통해 감염되는 병원체의 감염경로를 모방하여 항원특

이적 분비형 IgA 항체 생성을 유도할 수 있다.따라서 점막면역경

구백신은 감염의 최전방인 점막에서 FMD 바이러스의 감염을 초도

에 방어함으로써 FMD의 효과적인 예방이 가능하다.특히 면역력이

약해 폐사율이 높은 자돈의 경우,모돈의 초유에서 얻는 IgA를 통해

수동적 면역화가 중요하다.하지만 아단위백신은 생체이용률이 낮아

소화장관에서 분해되고,면역원성이 낮아 면역세포에 잘 인식되기

어렵다.

이러한 한계점을 극복하기 위하여 제1장에서는 기존 pH 민감성

고분자인 CAP를 티올화하여 점막점착성을 부여한 T-CAP미립자

를 경구백신전달체로 이용하여 M5BT(모델 FMD아단위 백신 항원

단백질)를 담지하였다.T-CAP미립자의 pH 민감성 및 점막점착성

을 통해 항원포집세포인 M 세포가 많이 분포된 회장에 백신을 전

달하고 잔류시간을 늘려 생체이용률을 향상시키고,백신의 미립자화

를 통해 M 세포에 많이 포집되어 Peyer’spatch내에서의 점막면역

반응을 유도하여 최종적으로 IgA의 생성량을 높이는 것을 목적으로

한다.

제1장에서는,T-CAP미립자에 이중 에멀젼 방법(W/O/W)을 이

용하여 M5BT를 담지하여 M5BT/T-CAP 미립자를 형성하였다.

M5BT/T-CAP 미립자는 기존 CAP 미립자와 마찬가지로 위산의

pH인 pH 2에서 약 17-18%의 적은 양의 항원을 방출하며 위산에서

견디는 능력을 보여주었다. 또한, 회장의 pH(pH 7.4)에서

M5BT/CAP미립자는 급격하게 용해되는 반면 M5BT/T-CAP미립

자는 시간에 따른 지속형 방출 양상을 보이며 24시간동안 최대

56.8%의 항원을 방출하였다.돼지 소장 점막을 이용한 점막점착성

실험을 실시한 결과,FDA/T-CAP미립자가 FDA/CAP미립자 대

비 1.48배의 높은 점막점착성을 나타내었다.최종적으로 T-CAP미
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립자의 점막면역증진효과를 살펴보기 위하여 실험 쥐를 이용하여 4

주간에 걸쳐 in vivo경구백신투여실험을 실시하였다.결과적으로

회장의 Peyer’spatch를 FACS분석을 통해 살펴보았을 때 항원 특

이적인 후천성 면역반응에 중요한 항원제시세포들이 공통적으로 발

현하는 MHC classII의 발현양이 항원을 단독 투여한 그룹(16.23

%)보다 미립자 투여그룹(M5BT/CAP MP;26.1%,M5BT/T-CAP

MPs; 26.87%)에서 높게 나타나는 것으로 관찰되었다. 또한,

M5BT/T-CAP미립자 투여 그룹이 M5BT 특이적 IgG 및 IgA 수

준이 가장 높게 나타났다.이와 같은 면역 실험 결과는 항원의 미립

자화가 궁극적으로 M 세포를 통한 포집을 증가시킴으로써 장의 점

막면역관장기관인 Peyer’spatch내에 항원을 인식한 면역세포가 증

가된 결과에서 기인했을 것이다.이러한 결과는 효과적인 점막면역

백신 면역보조제로서의 T-CAP미립자의 가능성을 제시하였다.

제2장에서는 기존의 면역보조제를 고분자 면역보조제로 대체할

수 있도록 만난(mannan)이 수식된 INAC미립자(M-INACMPs)를

개발하고자 하였다.앞서 설명한 바와 같이,아단위백신은 대부분

충분한 면역반응유도를 위해 면역보조제의 사용이 불가피하지만,면

역보조제의 경우 주사부위의 염증,독성 등의 부작용이 문제가 존재

한다.

이를 해결하기 위하여 제2장에서는 1차적으로 면역보조제 기능이

알려진 천연 유래 다당류인 inulin을 응용한 inulinacetate미립자를

형성하여 아단위백신을 담지하고 2차적으로 APC를 표적화할 수 있

는 mannan으로 표면을 수식하였다.이를 통해 백신의 미립자화 및

mannan수식을 통해 APC세포로의 포집 능력을 증진시켜 항원에

대한 면역글로불린의 양을 높이는 것을 목적으로 한다.

제2장에서는,INAC 미립자에 이중 에멀젼 방법(W/O/W)을 이용

하여 M5BT를 담지 후 mannan으로 수식하여 M5BT/M-INAC 미
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립자를 형성하였다.M5BT/M-INAC 미립자는 invitro상에서 6일

에 걸쳐 항원을 전부 방출하는 양상을 보이며 고분자 면역보조제의

특징 중 하나인 저장소 효과(depoteffect)를 보여주었다.최종적으로

M5BT/M-INAC 미립자의 면역증진효과를 살펴보기 위하여 실험

쥐를 이용하여 4주간에 걸쳐 invivo면역실험 후 혈청 분석을 진행

하였다.FMD typeO에 대한 백신화 여부를 판단하는 키트를 이용

하여 혈액을 분석한 결과,M5BT/INAC및 M5BT/M-INAC미립자

그룹이 상용 면역보조제인 CFA를 함께 주입한 M5BT 투여 그룹과

유사한 P.Ivalue를 나타내었다.또한 M5BT/M-INAC 미립자의

M5BT 특이적 IgG titer가 M5BT/INAC 미립자 그룹보다 높고

CFA를 함께 주입한 M5BT 그룹과 유사하였으며,M5BT/M-INAC

MP그룹에서 iFMDV 그룹과 더불어 가장 많은 FMDV 백신화 양

성 반응이 관찰되었다.이와 같이 mannan-decoratedINAC미립자

가 기존의 면역보조제인 CFA에 버금가는 면역반응 유도효과를 보

임에 따라 아단위백신에 대한 새로운 면역보조제로서의 가능성을

제시하였다.
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