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Abstract!

Chlamydia)trachomatis!is!the!most!common!bacterial!sexually!transmitted!disease!in!man!and!despite!decades!of!

effort,! there! is! still! no! protective! vaccine.! Left! untreated,! genital! infection! can! lead! to! pelvic! inflammatory!

disease,! ectopic! pregnancy,! and! infertility.! However,! infection.induced! immunity! in! both! animal! models! and!

humans! indicates! a! strong! role! for! CD4+! Th1.biased! immune! responses.! Using! a! multi.component! vaccine!

approach!we!assessed!the!immunogenicity!and!protective!efficacy!of!novel!plasmid!DNA,!Adenovirus!5!(HuAd5)!

and! modified! vaccinia! Ankara! (MVA)! vectors! each! containing! a! major! outer! membrane! protein! (MOMP)!

transgene!and!recombinant!MOMP!protein!in!various!heterologous!prime.boost!regimens!in!BALB/c!and!B6C3F1!

mice.!!

During! the! course! of! the! prime.boost! regimens,! serum! and! vaginal! MOMP.specific! antibody! titres,!

subtypes,!avidities!and!neutralisation!abilities!were!assessed,!alongside!IFN.γ ELISpot!and!CD4+!and!CD8+!T!cell!

polyfunctionality! (IFN.γ,! TNF.α,! and! IL.2).! Regimens! were! grouped! on! the! distinct! MOMP.specific! immune!

environments!they!elicited,!with!these!regimens!taken!through! into!C.)trachomatis!vaginal!challenge!studies! in!

two!mouse!models!to!shed!light!on!the!relative!contribution!of!each!environment!to!protective!immunity.!!!!

The! DNA.HuAd5.MVA.Protein! (D.A.M.P.)! vaccine! regimen! resulted! in! a! significant! reduction! in! C.)

trachomatis!vaginal!shedding!at!day!3!post.infection!in!both!BALB/c!and!B6C3F1!mouse!strains.!This!significant!

reduction! was! lost! when! D.A.M.P.! vaccinated! mice! were! depleted! of! their! CD4+! T! cells! prior! to! challenge,!

indicating! the!protection! is!CD4+!T!cell!mediated.!C.) trachomatis! EB! serum!neutralisation!profiles!were! similar!

between!protective!and!non.protective!vaccine!regimens!and!combined!with!passive!transfer!experiments! into!

naïve!C57BL/6!mice!and!IFN.γ!knock.out!C57BL/6!mice!we!concluded!that!the!antibody!response!did!not!play!a!

significant!role!in!this!vaccine.induced!protection.!! !

As!well!as!infecting!the!genital!tract,!Chlamydia)trachomatis! is!also!the!causal!agent!of!trachoma,!the!

leading! cause!of! infectious!blindness! in! the!world.!Recently,! Kari!et) al.! revealed! serum!anti.MOMP!antibodies!

correlated!with! the! reduction! in! chlamydial! ocular! burden! in! non.human!primates,!while! anti.PmpD!and! anti.

Pgp3!serum!antibodies!correlated!with!chlamydial!eradication.!We!therefore!investigated!if!we!could!induce!such!

anti.chlamydial!antibodies!on!the!murine!eye!through!heterologous!prime.boost!vaccinations.!We!uncovered!a!

vaccination!regimen!that!induced!significantly!greater!anti.MOMP!ocular!antibodies,!and!employed!this!regimen!

for!the!additional!chlamydial!antigens,!of!which!all!induced!ocular!antigen.specific!IgG!antibodies.!This!is!the!first!

investigation!into!such!vaccination!regimens!to!induce!chlamydial!specific!ocular!antibodies!and!provides!a!new!

model!for!the!screening!of!future!potential!trachoma!vaccines.!!
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MHC! Major!histocompatibility!complex!

min! Minutes!

MPLA! Monophosphoryl!lipid!A!

MVA! Modified!vaccinia!virus!Ankara!

NLR! NOD.like!receptors!

OD! Optical!density!

OVA! Ovalbumin!

PAMP! Pathogen!associated!molecular!patterns!!

PBMC! Peripheral!blood!mononuclear!cells!

PBS! Phosphate!buffered!saline!

PBST! 0.05%!Tween.20!in!phosphate!buffered!saline!

PCR! Polymerase!chain!reaction!

PFU! Plaque!forming!units!

RB! Reticulate!body!

RLR! Rig.like!receptor!

RNA! Ribonucleic!acid!

RT! Room!temperature!

s.c.! Subcutaneous!

SFU! Spot!forming!unit!

TCR! T.cell!receptor!

Th! T!helper!cell!

TLR! Toll.like!receptor!

TNF! Tumour!necrosis!factor!

WT! Wild!type!

αα! Amino!acid!

!

!

!

!
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1 Introduction!

1.1 The!importance!of!vaccines!

The! use! of! vaccines! has! been! instrumental! in! the! prevention! and! control! of!

infectious! disease! and! remains! one! of! the! most! cost.effective! public! health!

interventions.! ! In! the! 1790s,! Edward! Jenner! was! the! first! to! demonstrate! that!

inoculation!with!cowpox!virus!could!confer!protection!against!smallpox! in!man![1].!

To! date! smallpox! is! the! only! human! infectious! disease! to! be! eradicated! through!

vaccination,! closely! followed!by!poliomyelitis!which!has!had! it’s! incidence! reduced!

by!>99%![2].!Though!not!eradicated,!vaccination!still!controls!and!reduces!the!global!

morbidity! and! mortality! associated! with! several! other! infectious! diseases! such! as!

diphtheria,!measles!and!rubella![3].!

!

1.2 !Vaccine!immunology!

Vaccine.mediated!protection!requires!activation!of!the!human!immune!system,!with!

the! establishment! of! an! effective! immune! response! requiring! both! the! innate! and!

adaptive!arms!of! the! immune! system.!Most! current! licensed!vaccines! (Hepatitis!B,!

measles,! pertussis,! rabies)! mediate! protection! through! the! induction! of!

immunoglobulin!(Ig)!G!serum!antibodies![4].!However!the!partially!effective!Bacillus!

Calmette.Guerin!(BCG)!vaccine!appears!to!use!T!cells!producing!interferon!(IFN).γ!as!

the!main!effector!mechanism![5].!It!is!becoming!apparent!that!for!diseases!including!

malaria! and! HIV,! it! is! likely! that! vaccine! induced! protection!may! require! effective!
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engagement! of! both! the! humoral! and! cellular! arms! of! the! immune! system.! In!

addition! to! the! humoral! and! cellular! arms! of! immune! responses! the! system! has!

traditionally! been! further! sub.divided! into! the! innate! (inherited)! and! the! adaptive!

(learned)!immune!system.!!

!

1.2.1 Innate!Immune!System!

Once!barrier! immunity! is!breached,! the! innate! immune!system! is! the! first!point!of!

contact! of! vaccines!with! the! human! immune! system.! ! The! innate! immune! system!

acts!to!clear!or!control!pathogens!as!well!as!activate!the!adaptive!immune!system,!

however!it!does!not!confer!immunological!memory.!

!

1.2.1.1 Innate!Immune!Cells!

Natural!killer!(NK)!cells,!basophils,!eosinophils,!yδ!T!cells!and!mast!cells!are!the!non.

phagocytic!leukocytes!of!the!innate!immune!system.!!NK!cells!are!cytotoxic,!releasing!

perforin!and!granzyme!upon!activation!following!their!encounter!with!damaged!cells!

or! cells! downregulating! their! major! histocompatibility! complex! (MHC)! class! I!

molecule! expression! due! to! viral! infection! [6].! Basophils! and! eosinophils! release!

histamine!upon!pathogen!encounter,! contributing! to!defence!against!parasites!but!

pushing!the!immune!response!towards!allergic!and!inflammatory!responses![7].!yδ!T!

cells!are!innate.like!cells,!with!characteristics!similar!to!lymphocytes!of!the!adaptive!

immune! system,! such!as!gene!arrangement!of! their!T! cell! receptor! (TCR).! ! Though!
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they!do!not! recognise!MHC!presented!antigens,! they!do! release! cytokines! such!as!

IFN.γ![8].!!

Dendritic!cells,!macrophages!and!neutrophils!are!the!phagocytic!cells!of! the! innate!

immune! system.! Upon! interaction! with! various! cell! surface! receptors! (CD205,!

macrophage! mannose! receptor,! scavenger! receptors)! they! internalise! pathogens,!

forming! a! phagolysosome! which! results! in! the! destruction! of! the! phagocytosed!

pathogen!via!antimicrobial!peptides,!proteases!and!reactive!oxygen!species![9].!!

!

1.2.1.2 Innate!responsive!molecules!

Pathogen.associated!molecular!patterns! (PAMPs)!and!common!structural!motifs!of!

pathogens!are! recognised!by!pathogen!recognition!receptors! (PRRs),!which! lead!to!

the! activation! of! the! innate! immune! system! through! distinct! signaling! pathways.!

Several! PRRs! are! expressed!by! innate! immune! cells! such! as! the! Toll.like! receptors!

(TLRs),!NOD.like!receptors!(NLRs),!and!RIG.like!receptors!(RLRs)![10].!Nine!functional!

TLRs! have! been! discovered! in! humans! (and! 11! in!mice)! and! are! broadly! classified!

according!to!their!ligands![11].!TLRs!1,!2,!4!&!6!recognise!lipids!and!are!expressed!on!

the! cell! surface! of! many! cells! of! the! immune! system,! whereas! TLRs! 3,! 7,! 8! &! 9!

recognise!nucleic!acid!and!are!expressed!in!endosomal!compartments.!TLR!agonists!

have! been! extensively! used! in! adjuvant! development! [12]! and! are! discussed! in!

1.3.4.1.!!

NLRs! are! a! recently! identified! family! of! intracellular! PRRs,! with! 22! identified! in!

humans!to!date.!The!ligands!and!functions!of!many!of!these!receptors!are!not!known,!
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but!their!primary!role!of!those!that!have!been!more!fully!described! is!to!recognise!

cytoplasmic!PAMPs!and!endogenous!danger!signals![13].!RLRs!are!cytoplasmic!RNA!

helicases! critical! for! host! antiviral! responses,! and! when! activated! lead! to! the!

transcription!of!interferons!and!other!pro.inflammatory!cytokines![14].!!

!!!!

1.2.1.3 Dendritic!Cells!!!

Dendritic! cells! (DCs)! are! professional! antigen! presenting! cells! (APCs)! that! act! as!

messengers! between! the! innate! and! the! adaptive! immune! systems.! Therefore! the!

activation! of! these! cells! is! essential! in! generating! a! protective! immune! response.!!

DCs! circulate! in! peripheral! tissues! including! the! dermis! and! epidermis!where! they!

endocytose! antigen,! process! it! for! display! on!MHC!molecules! before!migrating! to!

secondary!lymphoid!organs!where!they!display!antigen!to!T!cells![15].!!DCs!can!also!

present!antigen!to!B!cells!in!high!endothelial!venules!(HEVs)![16].!Once!activated!by!

PAMPs,! DCs! mature! and! secrete! cytokines! such! as! IL.12! and! IL.23,! further!

modulating!the!immune!response!induced![17].!Pattern!recognition!receptors!(PRRs)!

expressed!on!DCs! include!Toll.like!receptors! (TLRs),!NOD.like!receptors! (NLRs),!and!

RIG.like!receptors!(RLRs)![10].!

Plasmacytoid! dendritic! cells! (pDC)! are! a! subset! of! dendritic! cells,! constituting! 0.2.

0.8%!of!the!peripheral!cell!blood!population!in!humans![18].!These!cells!express!TLR7!

and! TLR9! and! play! a! major! role! in! antiviral! immunity! by! rapidly! producing! large!

amounts! of! type.1! interferon! (mainly! IFN.α and! IFN.β)! after! viral! stimulation!

through!the!induction!of!the!TLR!pathway![19].!!!!!!
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!

1.2.2 Adaptive!Immune!System!

If!the!innate!immune!system!fails!to!clear!or!neutralise!a!pathogen!then!the!adaptive!

arm!of!the!immune!system!is!the!next!line!of!defence!and!if!activated!appropriately,!

can!create!a!pathogen.specific!and!potential!effective!response!and!establish!a!long.

lasting!memory! immune!response.!This!adaptive!arm!of! the! immune!system! is! the!

target!of!vaccination.!!

!

1.2.2.1 T!cells!

T!lymphocytes!play!a!central!role!in!cell.mediated!immunity,!and!recognise!antigen!

presented! by! APCs! (B! cells! and! DCs)! on! MHC! molecules! in! the! presence! of! co.

stimulatory!signals.!They!are!distinguished!from!other!lymphocytes!by!the!presence!

of! a! T.cell! receptor! (TCR),! and! are! named! as! such! due! to! their! development! and!

maturation! in! the! thymus.! CD4+! T! cells! recognise! exogenous! antigen!displayed!on!

MHC!class!II!molecules!of!the!APC,!while!CD8+!T!cells!recognise!endogenous!antigen!

degraded! in! the!cells!cytoplasm!which! is! then!displayed!on!MHC!class! I!molecules.!

However,! there! is!also! the!phenomenon!of! cross.presentation! in!which!exogenous!

antigen! is! loaded!onto!MHC!class! I!molecules! resulting! in! the!activation!of!CD8+!T!

cells!by! this! alternative!mechanism,!a! function!generally! carried!out!by! specialised!

DC!populations.!

!
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1.2.2.2 CD4+!T!cells!

CD4+! T! cells! act! through! the! recruitment! and! activation! of! target! cells! mainly!

through!the!secretion!of!cytokines!and!chemokines.!!Naïve!conventional!CD4+!T!cells!

have!at!least!4!distinct!fates!depending!on!the!pattern!of!signals!they!receive!during!

their! initial! interaction!with!antigen:!Th1,!Th2,!Th17,!and!T! regulatory!cells.!Within!

the! scope!of! this! thesis! and! relevancy! to! chlamydia! vaccination,! only! Th1!and!Th2!

induction!has!been!measured!and!investigated.!

Under! the! stimulation! of! IFN.γ! and! IL.2,! naïve! CD4+! differentiate! into! Th1! T! cells!

through! the! expression! of! the! transcription! factor! T.bet! [20].! Th1! cells! mediate!

immune! responses! against! intracellular! pathogens.! They! principally! secrete! IFN.γ!

and! tumor! necrosis! factor! (TNF).α,! with! IFN.γ! being! important! in! activating!

macrophages! to! increase! their!microbicidal! activity,! recruiting! NK! cells,! as! well! as!

promoting!opsonising!antibody!protection!and!isotype!class!switching!of!B!cells![21].!

Th2.type! cells! are! differentiated! in! the!presence!of! IL.4! through! the! expression!of!

the! transcription! factor! GATA.3! [22].! Th2! cells! mediate! the! activation! and!

maintenance!of!the!humoral!immune!response!by!secreting!IL.4,!IL.5,!IL.9,!IL.10,!IL.

13! and! IL.25,! which! are! responsible! for! strong! antibody! production,! eosinophil!

activation,!and!the!inhibition!of!several!macrophage!functions![23].!These!cytokines!

counteract!the!Th1!responses,!with!IL.4!being!a!positive!feedback!cytokine!and!the!

major!mediator!of!IgE!class!switching!in!B!cells![24].!!

!
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1.2.2.3 CD8+!T!cells!!

CD8+!T!cell’s!major!role!is!to!directly!kill! infected!cells.!Upon!recognition!of!antigen!

displayed! on! MHC! class! I! of! an! infected! cell,! CD8+! T! cells! secrete! the! pro.

inflammatory! cytokines! IFN.γ! and! TNF.α,! recruiting! phagocytes! to! the! site! of!

infection.! !Furthermore,!CD8+!T!cells! induce!the!death!of!their! target!cells! through!

the! direct! release! of! perforin! and! granzymes.! Perforin! mediated! membrane! pore!

formation!allows!granzymes!to!enter!the!target!cell’s!cytoplasm!where!they!trigger!

the! caspase! cascade! eventually! leading! to! apoptosis.! Another! way! apoptosis! is!

induced! is! through! the! activation! of! FasL! on! CD8+! T! cells! that! binds! to! the! death!

receptor!Fas!on!the!target!cells![25].!!

!

1.2.2.4 B!cells!and!Antibodies!

B!cells!are!lymphocytes,!distinguishable!by!the!presence!of!the!B!cell!receptor!(BCR)!

on!their!outer!surface.!This!specialised!receptor,!unique!to!each!B!cell,!allows!a!B!cell!

to! bind! a! specific! antigen.! The! principle! function! of! B! cells! is! to! make! antibodies!

through!VDJ!recombination,!which!constitute!the!secreted!form!of!the!BCR!and!can!

provide!systemic!humoral!immunity!throughout!the!body.!!There!are!three!types!of!

B!cells:!B1!B!cells,!marginal!zone!(MZ)!B!cells!and!follicular!B!cells.!!B1!and!MZ!B!cells!

have! innate.like! properties,! not! circulating! through! lymph! nodes,! and! can! be!

activated!without!T!cell!help.!Follicular!B!cells! require!T!cell!help! from!Tfh!cells! for!

activation,!resulting!in!clonal!expansion!and!differentiation!of!these!cells.!All!B!cells!

make!IgM!and!IgD,!but!through!signals!received!from!the!T!cell!help!and!the!resulting!
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cytokine!environment,! the!B! cells! can!undergo!class! switching! to!produce! isotypes!

IgG,!IgA!and!IgE.!!

!

B! cells! can! further! undergo! somatic! hypermutation! and! clonal! selection! in! an!

organised! germinal! centre! to! produce! high! affinity! antibodies.! Following! contact!

with!antigen!in!secondary!lymphoid!organs,!B!cells!migrate!to!the!interface!of!the!T!

cell! zone!within! the!B! cell! follicle.!Here!antigen!bound! to! the!BCR! is! taken!up!and!

processed!before!being!presented!to!T!cells!on!MHC!class!II![26].!T!cells!recognising!

this! peptide.MHC! complex! secrete! IL.6! and! IL.21! and! synthesise! CD40L,! which!

interacts! with! CD40! on! the! B! cell! to! initiate! B! cell! proliferation! and! affinity!

maturation,!and!finally!to!effect!maturation!of!the!activated!B!cell!into!an!antibody!

secreting! cell.! !Activated!B! cells! can!produce!either! short.lived!plasma!cells!or! can!

enter!the!germinal!centre!reaction!to!produce!long.lived!plasma!cells!and!memory!B!

cells! (mBCs).! These!mBCs! can! redifferentiate! back! into! antibody! secreting! plasma!

cells! after! re.encountering! antigen! and! thus! make! up! humoral! immunological!

memory!that!provides!long.term!immunity.!

The!circulation!of!B!cells!and!their!entry!and!retention!in!secondary!lymphoid!organs!

is! dependent! upon! adhesion! molecules! and! chemokine! receptors! [27]! [28].! The!

expression! of! LFA.1! and! VLA.4! permit! entry! into! the! lymphoid! tissue,! with! the!

chemokine!receptors!CXCR5!and!CCR7!directing!localisation!within!the!tissue.!CXCR5!

is! expressed!on! all!mature!B! cells! and!mediates! the!B! cell!migration! to! follicles! in!

response!to!CXCL13.! If! the!B!cell!does!not!encounter!a!cognate!antigen! it!exits!the!
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lymphoid!organ!in!response!to!the!sphingosine.1.phosphate!(S1P)!molecule,!but!on!

antigenic! encounter! the! B! cells! are! retained! in! the! lymphoid! organ! due! to! the! up!

regulation! of! CCR7! [29].! The! ligands! for! CCR7! (CCL19! and! CCL21)! attract! antigen.

activated!B!cells!to!the!T!cell!zone!where!cognate!T!cell.B!cell!interactions!occur,!and!

later! the! chemokine! CXCL12! promotes! the!migration! of! plasmablasts! to! the! bone!

marrow!where!they!develop!into!long.lived!plasma!cells![30].!!

Antibodies! have! a! variety! of! effector! functions.! These! include! neutralisation,!

complement! activation,! as! well! as! initiating! phagocytosis! in! macrophages! and!

neutrophils! and! inducing! NK! cell! antibody! dependent! cellular! cytotoxicity! through!

interactions!with!Fc!receptors!(FcRs)![26].!!

!

1.2.3 Mucosal!Immunology!

Mucosal! surfaces! are! a! major! site! of! entry! for! pathogens,! with! mucosal! surfaces!

having!the!largest!area!of!contact!of!the!immune!system!with!the!environment.!The!

mucosal!compartment!of!the!immune!system!displays!functional!independence!from!

the!systemic!compartment,!with!lymphoid!tissues!in!the!mucosae!as!opposed!to!the!

spleen,! lymph! nodes! and! bone! marrow! of! the! systemic! system! [31].! ! Mucosal!

epithelial! cells! provide! both! a! physical! barrier! and! a! site! for! innate! immunity.!

Physical!barriers!include!the!presence!of!mucus!secreted!from!goblets!cells!and!the!

expulsion! of! particles! via! beating! ciliated! epithelial! cells! [32].! Intraepithelial!

lymphocytes!constitute!a!major!component!of!the!mucosal!epithelium,!consisting!of!
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various!T!cell!subsets!with!CD8+!T!cells!predominating!over!CD4+!T!cells![33]. 

The!mucosal!immune!system!can!be!separated!into!inductive!and!effector!sites.!The!

cellular!basis!of! immune!responses! in! the!gastrointestinal!and! female! reproductive!

tracts! involves! the!migration!of! lymphocytes! from!these!mucosal! inductive!sites! to!

the! effector! tissues! via! the! lymphatic! system.! The! mucosa.associated! lymphoid!

tissue! (MALT)! network! including! the! gut.associated! lymphoid! tissues! (GALT)! and!

nasopharyngeal.associated!lymphoid!tissues!(NALT)!provides!the!source!of!memory!

T!and!B!cells!which!then!move!onto!effector!sites![34].!The!MALT!also!contains!APCs,!

including! DCs,! which! can! carry! antigen! to! mesenteric! lymph! nodes! to! initiate!

mucosal!T!and!B!cell!responses,!while!mucosal!homing!receptors!on!activated!T!cells!

direct!these!migrating!cells!to!the!mucosal!lamina!propria![35].!!

The! lamina! propria! regions! of! female! reproductive! tract! contain! antigen.specific!

effector! cells! including! IgA.producing!plasma!cells,! and!alongside!CD4+!T! cell! help,!

these!support!the!production!of!IgA!antibodies![36].! !Polymeric!IgA!(pIgA)!from!the!

lamina!propria!binds!the!polymeric!Ig!receptor!(pIgR)!on!epithelial!cells,!upon!which!

pIgA!is!internalized!and!transported!across!the!epithelia.!The!released!pIgA!results!in!

secretory! IgA! (sIgA)! antibodies! [37].! An! overwhelming! majority! of! mucosal!

antibodies!in!humans!are!produced!in!the!mucosal!tissues,!with!only!a!fraction!of!the!

antibodies!deriving!from!circulation![38].!Accordingly,!protection!against!respiratory!

and!intestinal!diseases!including!influenza!and!cholera!correlate!more!strongly!with!

external!secretion!antibodies!than!serum!antibodies![39].!!



!

26!

1.3 !Vaccine!Delivery!Platforms!

Issues!with! the!safety!profile!of! live!vaccines,! the!weak! immunogenicity!of! subunit!

vaccines!and!immunisation!failure!due!to!poor!patient!compliance!to!booster!doses!

are!a!few!of!the!reasons!which!necessitated!the!development!of!a!new!generation!of!

vaccines! to! promote! effective! immunisation.! Attempts! have! been!made! to! deliver!

vaccines! through! carriers! such! as! liposomes! or! nanoparticles! or! ISCOMs,! as! they!

spatially! and! temporally! control! antigen! presentation! to! the! immune! system.! This!

allows!reduced!doses!of!weak!immunogens!to!still!stimulate!immune!responses![40].!

!

In! some! instances! the! immunologically! protective! immunity! may! be! complex! and!

necessitate!the!induction!of!strong!cellular!immunity!rather!than!a!threshold!titre!of!

neutralising! antibodies.! To! that! end,! replication.deficient! viral! vectored! vaccines,!

such! as! adenoviruses! and! poxviruses,! and! DNA.based! vaccines! have! emerged! as!

promising!delivery!platforms!particularly!aimed!at!facilitating!the!induction!of!strong!

T!cell!responses![41]![42]![43].!

!

There! has! also! been! increasing! recognition! that! such! delivery! platforms! pose!

numerous!advantages,! including! relative!ease!of! generation,! genetic!manipulation,!

scale.up! and! manufacture;! capacity! for! relatively! large! inserts! and! potential! for!

multiantigen! in) vivo! delivery;! stability;! as! well! as! circumventing! the! need! for!

recombinant!protein!production!and!coadministration!of!reactogenic!adjuvants![44]!
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[45]![46].!

!

1.3.1 DNA!based!vaccines!

A!significant!advantage!of!DNA!vaccines! is! their!ability! to!evoke!both!humoral!and!

cell.mediated! immune! responses.! Following! transfection! of! DNA! vaccine! into!

myocytes!and!antigen!presenting!cells,!the!host.synthesised!antigen!is!presented!to!

both!major!histocompatibility!complex!class!I!(MHC!I)!and!MHC!II!proteins.!Antigen.

loaded!APCs!travel!to!the!draining!lymph!node!where!they!present!peptide!antigens!

to! naive! T! cells.! Here,! activated! antigen.presenting! CD4+! T.helper! cells! activate! B!

cells,! resulting! in!both!arms!of! the! immune! system! targeting! the!plasmid.encoded!

antigen! [47].! The! vaccine! protein! can! also! be! taken! up! by! scavenger! cells! such! as!

macrophages!and!DCs!and!presented!without!cross.presentation!on!the!exogenous!

Class! II! pathway.! DNA! vaccines! can! encode! multiple! immunogenic! epitopes,! and!

their! construction! can! be! rapid,! cheap! and! large.scale,! making! them! a! serious!

alternative!vaccine!platform.!!!!

!

The! intramuscular! route! is! the! most! common! route! of! immunisation! for! DNA!

vaccines,! with! myocytes! being! the! predominant! cell! type! transfected! [48].!

Electroporation! is! among! the! most! effective! preclinical! delivery! systems! for! DNA!

vaccines! to! increase! the! transfection!efficiency!of! target!cells.! !Electroporation!can!

involve! delivering! an! electric! current! at! the! same! time! as! the! DNA! injection,! or!
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involve!penetrating!probes! that! target! the!muscle! to!deliver! an!electric!pulse.! The!

current!hypothesis! is! that!electroporation! forms! transient!membrane!pores!due! to!

the! transmembrane! voltage,! and! this! membrane! destabilisation! facilitates! the!

movement!of!macromolecules!in!the!extracellular!medium!to!the!intracellular!milieu,!

though! the! exact! mechanism! of! DNA! translocation! (electrophoretic! facilitation!

versus!passive!diffusion)!is!debated![49].!In)vivo!expression!levels!improve!markedly!

using!electroporation!and!can!improve!both!cellular!and!humoral!responses![50]![51]!

[52].!!

A! few! potential! concerns! of! DNA! vaccination! include! the! theoretical! risks! of!

integrating! into! cellular! DNA! resulting! in! insertional! mutagenesis/chromosomal!

instability,!the!development!of!autoimmune!disorders!against!patient!DNA,!and!the!

risk!of!transfer!of!antibiotic!resistance!conferred!by!the!plasmid!gene![53]![54]![55].!

The!low!immunogenicity!of!DNA!vaccines!along!with!the!low!levels!of!T!cell!and!B!cell!

memory!elicited!in!humans!are!being!addressed!with!the!use!of!novel!formulations,!

delivery!systems!and!their!use!in!prime.boost!strategies![47].!

!!!!

1.3.2 Adenovirus!Vectored!Vaccines!

Recombinant! viral! vectors! have! also! been! explored! as! vaccine! delivery! platforms,!

particularly!aimed!at! inducing!strong!T!cell!responses!through!their!direct! infection!

of! cells! leading! to! the! loading! of! target! antigens! onto! MHC! class! I! molecules! or!

through!the!induction!of!cross.presentation!of!secreted!antigens![56].!!
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!

Adenoviruses! are! dsDNA! viruses! (34.43! kb)! belonging! to! the! Adenoviridae! family.!

They!are!an!attractive!vaccine!platform!due!to!their! thorough!characterisation!and!

ease! of!manipulation! [57].! For! vaccine! vector! use,! Adenoviruses! have! been!made!

replication.defective! for! human! cells! by! deleting! the! E1! and! E3! regions.! The! E1!

region! codes! for! viral! proteins! essential! for! the! initiation!of! viral! replication,!while!

the!E3! region! is! involved! in! immunomodulation! [58]! [59],! and! such!deletions!have!

allowed!for!the!insertion!of!up!to!~6!kb!of!foreign!DNA!into!the!viral!vector.!

!

The! majority! of! Adenovirus! vectored! vaccines! have! been! based! on! the! human!

serotype!5!adenovirus! (HuAd5),!with! this!vector!able! to! induce!strong!B!and!T!cell!

responses!against!multiple!different!antigens![60]![61]![62]![63].!HuAd5!has!a!broad!

tropism,! infecting! a! variety! of! dividing! and! non.dividing! cells! through! the!

Coxsackievirus! and! adenovirus! receptor! (CAR),! and! can! be! applied! systemically! as!

well!as!through!mucosal!surfaces.!Their!thermostability!and!ability!to!be!produced!to!

high! titres! under! GMP! conditions! has! facilitated! their! clinical! use! and! they! have!

already! been! used! in! 5! independent! HIV! vaccine! trials,! proving! to! be! safe! and!

immunogenic! in! humans! [64]! [65]! [66]! [67].! The! vector’s! safety! was! thrown! into!

doubt! following! an! HIV! trial! in!which! a! non.significant! trend! for! an! increased! HIV!

infection! rate! in! immunised! volunteers! who! were! seropositive! for! HuAd5! before!

vaccination!was!found![68].!Further!analyses!have!revealed!no!durable!relationship!

between! vaccination! and! increased! HIV! infection,! yet! the! claims! have! however!
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damaged!the!reputation!of!this!promising!vaccine!delivery!platform.!!

!

HuAd5! has! been! an! invaluable! tool! in! pre.clinical! vaccine! screenings,! yet! the! high!

prevalence! of! pre.existing! immunity! to! HuAd5! within! the! human! population! has!

reduced! their! immunogenicity! and! thus! their! use! clinically! [69].! To! overcome! this,!

rare!human!adenovirus!serotypes!(HuAd35)!have!been!explored,!as!well!as!the!use!

of!Chimpanzee!adenoviruses,!which!are!not!neutralised!by!human!sera![70],![71].!!

!

1.3.3 Poxvirus!Vectored!Vaccines!

Orthopox! viruses! are! large,! enveloped! dsDNA! viruses,! which! replicate! in! the!

cytoplasm.!They!can!accommodate!>25!kb!of!foreign!DNA,!making!them!attractive!as!

vaccine!vectors.!As!mentioned!previously,!smallpox!remains!the!only!human!disease!

to!date!that!has!been!eradicated,!and!the!cross.reactivity!within!the!Orthopoxvirus!

genus!allowed! the!vaccinia! virus! to!be!used! to! vaccinate!millions!of!people!during!

the!WHO’s! smallpox!eradication!campaign! [72].!However,!as! vaccinia! is! replication!

competent,!safety!concerns!resulted!in!the!development!of!replication!incompetent!

vaccinia!virus.!The!virus’!570!passages! through!chick!embryo! fibroblast! cells! (CEFs)!

resulted! in! a! loss! of! over! 15%! of! the! vaccinia! genome,! resulting! in! a! highly!

attenuated!version!of!the!vaccinia!virus.!This!attenuated!strain,!unable!to!replicate!in!

almost!all!mammalian!cells,!was!named!modified!vaccinia!virus!Ankara!(MVA)![73].!

MVA’s!use!as!a!vaccine!against!smallpox!in!over!120,000!people!reveals!an!excellent!
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safety!profile!and!strengthens!its!potential!as!a!vaccine!vector!for!other!diseases.!!!!

!

MVA! has! conserved! the! ability! to! activate! robust! cellular! MHC! class! I.! and! II.

restricted! CD8+! and! CD4+! T! cell! responses! against! recombinant! antigens.! MVA!

vectors! have! never! been! used! for! vaccination! against!Chlamydia) trachomatis,! but!

have!been!successfully!used!to!target!infectious!diseases!including!malaria,!HIV!and!

TB! [74],! [75],! [76].! MVA! expressing! the! Mycobacterium! tuberculosis! antigen! 85A!

(MVA85A)!has!been!used!in!Phase!I/II!clinical!trials!as!a!boost!to!the!BCG!prime,!with!

the!MVA85A!vaccine! inducing!potent!CD4+!T!cell! responses! [77],!and!MVA!vectors!

used!in!malaria!vaccines!have!induced!high!frequencies!of!CD8+!T!cells![78].!!

!

1.3.4 Recombinant!Protein!Vaccines!

Recombinant! protein! vaccines! typically! consist! of! protein! antigens! produced! in! a!

heterologous! expression! system,! such! as! bacteria,! yeast! or! eukaryotic! cells.!

Recombinant! protein! vaccines! are! based! on! the! concept! that! humoral! immune!

responses! mounted! towards! an! infection! are! often! targeted! to! regions! on! the!

surface! of! protein! antigens,! known! as! epitopes.! These! immunogenic! proteins! are!

then! expressed! using! heterologous! expression! systems.! Vaccinating! with! just! the!

most! immunogenic! protein(s)! induces! a! more! targeted! immune! response! and!

eliminates! the! risk! of! active! infection! that! may! occur! with! live! attenuated! or!

incomplete!inactivated!vaccines![79].!
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!

Based! on! their! composition,! recombinant! protein! vaccines! predominately! invoke!

humoral! immune! responses!and!antibody.based! immunity.! There!are!a!number!of!

successful,! commercial! recombinant! protein! vaccines! where! antibody! based!

immunity! is! paramount,! including! the! recombinant! cholera! toxin! B! in! the! vaccine!

Dukoral®,!and!the!recombinant!hepatitis!B!surface!antigen!produced!in!yeast!in!the!

vaccine!RECOMBIVAX!HB®. !

!!

1.3.4.1 Adjuvants!

Adjuvants,! or! “the! immunologist’s! dirty! little! secret”! [80],! are! formulations! of!

chemical! compounds! or! molecules! added! to! recombinant! protein! vaccines! to!

enhance!their! immunogenicity!or!to!alter!their! immunogenic!profile.!Adjuvants!are!

added! to! recombinant! proteins! as! they! lack! the! intrinsic! immunogenic! properties!

found!in!live,!attenuated,!killed!whole!organism!or!even!virally!vectored!vaccines.!In!

addition! to! directing! immune! responses! against! target! antigens,! adjuvants! can!

prolong!vaccine! induced! immune! responses,! as!well! as! increasing! the!breadth!and!

quality!of!immune!responses!they!induce![81],![82],![83].!!

!

Two! specific! adjuvants! are! used! in! this! thesis:!MF59! and!monophosphoryl! lipid! A!

(MPLA).!MF59!is!the!only!purely!emulsion.based!adjuvant!currently!licensed!for!use!

in! humans! and! is! an! oil.in.water! emulsion! consisting! of! squalene,! produced! by!
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Novartis,!and!used!in!Europe!in!an!influenza!vaccine![84].!!It!has!been!shown!to!lead!

to! a! broader! more! balanced! IgG1/IgG2a! response! in! mice! and! when! used! as! the!

adjuvant!in!a!Phase!1!H5N1!influenza!vaccine!trial!resulted!in!the!persistence!of!the!

protective!antibody!response![85].!MF59!was!thought!to!function!through!an!antigen!

depot! effect! like! alum,! however! recent! microarray! data! have! shown! MF59! up.

regulates!genes!associated!with!antigen!presentation!and!leukocyte!migration![86],!

and!acts!in!an!inflammasome.independent!manner![87].!!

!

Monophosphoryl! lipid!A! (MPLA)! is! the!only! toll.like! receptor! (TLR)!agonist! licensed!

for! use! in! humans.!MPLA! is! an! agonist! for! TLR4,! and! is! a! part! of! the! Fendrix!HBV!

vaccine! produced! by! GSK.! All! TLRs! apart! from! TLR! 3! signal! through! the! adaptor!

molecule!MyD88,!whereas!TLR3!signals!through!TRIF.!TLR!4!is!unique!in!its!ability!to!

signal!through!both!adaptor!molecules.!MPLA!is!a!modified!analogue!of!the!Lipid!A!

moiety!of! Lipopolysaccharide! (LPS)!which! is! itself! too! toxic! for!use! in!humans,!and!

has! been! shown! to! induce! potent! antibody! and! Th1.type! immune! responses! [88]!

[89].!!!!!

!

1.3.5 !PrimeWBoost!Regimes!

Single! immunisations!or! sequential! immunisations!utilising! the! same! vaccine!often!

do! not! induce! protective! immune! responses! against! pathogens! that! may! require!

both!a!cellular!and!humoral! immune!response.!Owing!to!this,!prime.boost!regimes!
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can!be!undertaken!in!which!multiple!vaccine!vectors!expressing!the!same!transgene!

are! administered! sequentially! [90].! The! prime.boost! strategy! has! mainly! been!

employed!to!enhance!T!and!B!cell!responses!induced!by!viral!vectored!vaccines!in!an!

attempt!to!avoid!anti.vector!immunity!induced!against!the!priming!or!prior!boosting!

vector.!!Studies!have!revealed!a!differential!ability!of!viral!vectors!to!prime!and!boost!

humoral!and!cellular! immune! responses.! In!particular!MVA! fails! to!prime!antibody!

responses!but!can!efficiently!boost!adenovirus!primed!antibody!responses,!whereas!

adenovirus!can!both!prime!and!boost!antibody!responses![91].!!

!

1.4 !Chlamydia!

The! obligate! intracellular! Gram.negative! bacteria! of! the! genus! Chlamydia) cause!

ocular,!genital!and!respiratory!infections.!Human!ocular!infections!of!C.)trachomatis)

cause!trachoma,! the!world’s!most!common!preventable!blinding!disease! [92],!with!

an!estimated!150!million!people!infected!worldwide!and!6!million!visually!impaired!

or!blinded! [93].!Genital! infections!by!C.) trachomatis)are!of!notable!global!concern.!

The!WHO!rates!genital!chlamydial!infections!as!the!most!common!bacterial!sexually!

transmitted!disease! (STD)!worldwide,!with!over! 90!million!of! the! 500!million! total!

yearly!global!cases!of!STDs!being!C.)trachomatis![94].!Economically,!in!the!USA,!over!

$3! billion! is! spent! each! year! on! an! estimated! 4! million! reported! clinical! cases! of!

genital!chlamydial!infections![95].!!

!
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C.) trachomatis! infects! the! single.cell! columnar! epithelial! cells! of! the! endocervix! of!

women!and!the!urethra!of!men.!Within!these!epithelial!cells,!Chlamydia!undergoes!a!

unique!biphasic!developmental! cycle! (Figure!1.1).! ! The! infectious!elementary!body!

(EB)! is! endocytosed! by! mucosal! epithelial! cells! before! being! surrounded! by!

endosomal! membranes! to! form! an! inclusion.! Within! this! inclusion,! the! EB!

differentiates! into! the!more!metabolically! active! reticulate! body! (RB),! which! then!

divides! by! binary! fission.!Within! 40.48! hours! the! RBs! redifferentiate! into! infective!

EBs,! before! inclusion! exocytosis! releases! the! EBs! to! infect! neighbouring! cells.!

Intracellular!RBs!can!form!a!non.replicating!persistent!state!if!under!stresses!such!as!

penicillin!exposure,!but!revert!after!the!removal!of!the!stress.!

Sexually!transmitted!C.)trachomatis! infection! is!an! important!public!health!concern!

due!to!its!adverse!effects!on!reproduction.!Pelvic!inflammatory!disease!(PID),!ectopic!

pregnancy! and! tubal! factor! infertility! (TFI)! are! major! complications! of! untreated!

female!genital!chlamydial!infection,!with!these!complications!due!to!scarring!of!the!

fallopian!tubes!and!ovaries!caused!by!the!infecting!Chlamydia.!PID!is!the!infection!of!

the!upper!female!genital!tract,!including!the!uterus,!fallopian!tubes!and!ovaries![96].!

Furthermore,!C.)trachomatis!infection!facilitates!HIV!transmission![97],!and!may!be!a!

co.factor!in!human!papilloma!virus!induced!cervical!neoplasia![98].!!

!!!!!!

!

!
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Figure!1.1.!Chlamydia)trachomatis’!biphasic!developmental!cycle.!!!

Adapted! from!Robert!C.!Brunham!&! J.!Rey.Ladino! [99].! !C.) trachomatis! resides!within!a! specialised!

vacuole! termed! an! ‘inclusion’! which! provides! a! permissive! environment! for! the! replication! of! C.)

trachomatis.!Within! the! inclusion,! the! EB! differentiates! into! the! RB!which! divides! by! binary! fission!

before! dedifferentiating! back! into! EBs.! These! EBs! are! released! from! the! inclusion! to! infecting!

neighbouring!cells!

!
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Although! early! detection! of! infection! can! lead! to! successful! treatment! with!

antibacterial! agents! (in! particular! doxycyclines),! the! high! proportion! of!

asymptomatic! infections! (70.90%! in! women,! and! 30.50%! in! men)! often! result! in!

severe!and!sometimes!irreversible!complications!presenting!as!the!first!symptoms!of!

an!infection![100]![101].!Up!to!40%!of!untreated!chlamydial!genital!infections!lead!to!

PID,! and! overall! 11%! of! women! with! PID! develop! TFI! and! 9%! develop! ectopic!

pregnancies![102].!C.)trachomatis)screening!and!treatment!programs!have!been!set!

up!in!the!United!Kingdom,!the!United!States,!Australia,!Canada,!Finland,!Norway!and!

Sweden,!yet! in!all!of!these!countries!Chlamydia)rates!have!appeared!to! increase! in!

the! face! of! these! programs! [103].! These! increased! rates! could! be! due! to!

improvements! in!Chlamydia) testing! technology,! but! another! hypothesis! is! that! by!

identifying!and!treating!chlamydial!infections!early,!the!infected!individuals!may!not!

develop! protective! immunity! to! re.infection.! This! “arrested! immunity! hypothesis”!

suspects! that! those! treated! are! still! susceptible! to! subsequent! infection,! and! they!

likely!rejoin!their!previous!sexual!networks!and!become!reinfected![103].!Therefore,!

of! the! different! prevention! and! control! strategies! being! developed! against!

Chlamydia,!the!current!medical!opinion!is!that!immunisation!is!likely!to!be!the!most!

reliable,!effective!and!economical!approach! in! controlling!chlamydial! infections,! its!

transmission!and!its!associated!complications![92].!

!

!
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1.4.1 Chlamydia!and!the!immune!system!!

Both!human!and!animal!studies!have!been!conducted!to!study!the!type!of!immunity!

required! for! protection! against! Chlamydia.! To! analyse! the! innate! and! adaptive!

responses! to! infection!with!C.) trachomatis,! the!mouse!model! of! vaginal! infection,!

using!the!murine!chlamydial!strain!C.)muridarum,!has!often!been!used.!C.)muridarum)

is! commonly! used! as! an! analogue! to! C.) trachomatis,! though! there! are! notable!

differences!in!their!pathology.!C.)muridarum)is!naturally!a!gut!pathogen!of!mice,!not!

typically! a! genital! infection,! and!mice! usually! clear! experimental! genital! infections!

with! this! strain!within! 4!weeks,! whereas!C.) trachomatis) infections! in! humans! can!

persist!for!months!or!years![104].!Due!to!these!pathological!differences,!we!will!use!

C.) trachomatis) in! the!mouse!model! as!demonstrated!by!Olsen!et)al.,! (2010)! [105],!

Peterson!et!al.,!(1999)![106]!and!Ramsey!et!al.,!(1999)![107].!Oculogenital!serovars!of!

C.) trachomatis) can! successfully! infect! the! murine! genital! tract,! with! the! resulting!

infection! closely! mimicking! the! features! of! the! uncomplicated! and! self.limiting!

infection!that!occurs!in!most!women![108].!!

!

Immunity!to!C.)trachomatis)likely!involves!protective!T!cell!and!B!cell!immunity!in!the!

genital! tract! mucosa! [99].! T! cells! are! known! to! be! key! mediators! of! protection!

against! Chlamydia) infection.! Nude! mice! were! shown! to! be! unable! to! control!

infection,! indicating! the! need! for! T! cell! mediated! immunity! [109].! Furthermore,!

depletion! of! either! CD4+! or! CD8+! T! cells! leads! to!more! severe! primary!Chlamydia)

infections! [110].! The! adoptive! transfer! of! CD4+! T! cells! from! C.) muridarum) pre.
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infected!mice!resulted!in!the!protection!of!naive!mice!from!C.)muridarum)challenge!

[111],!with!CD4+!Th1!clones!specific!for!Chlamydia)resulting!in!protective!immunity!

in! nude! mice! while! CD4+! Th2! clones! did! not! induce! protection! [112],! [113].! The!

adoptive! transfer! of! Chlamydia) specific! CD8+! T! cells! also! conferred! protection!

against! Chlamydia) challenge,! although! it! was! not! as! effective! as! CD4+! T! cells,!

indicating!a!stronger!role!for!CD4+!T!cells.!Th1!cytokines,!specifically!IFN.γ!and!IL.12!

are! essential! to! induce! a! protective! response.! IFN.γ! knockout!mice! exhibit! greater!

dissemination!of!infection!and!for!longer!periods,!with!a!proportion!failing!to!resolve!

their!genital!tract!disease![114],!while!IL.12!depleted!mice!display!minimal!bacterial!

clearance!for!a!month!post.infection![115].!!

!

The! role!of!humoral! immunity! in!C.) trachomatis)protection! is! less!clear.! Infected!B!

cell! deficient! mice! develop! immunity! to! Chlamydia) genital! infection! normally,!

indicating!B!cells!are!not!necessary!for!the!generation!of!protective!immunity![116].!

However! C.) muridarum) pre.infected!mice! depleted! of! CD4+! and! CD8+! T! cells! are!

resistant! to! secondary! Chlamydia) genital! infection,! suggesting! that! optimally!

matured!B!cells!and!antibodies!can!be!protective!against!a!secondary!infection![117].!

In! addition,! passive! immunisation! of! Chlamydia) infected! mouse! serum! to! B! cell!

deficient!mice!depleted!of!CD4+!T!cells!yielded!protection! to!C.)muridarum)genital!

infection![118].!Taking!these!data!into!account,!it!is!currently!believed!that!humoral!

immunity! can! provide! protection! against! Chlamydia) reinfection,! but! this! effect! is!

often!masked!by!the!superior!protection!afforded!by!cell.mediated!immunity.!
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!

1.4.2 Animal!models!for!Chlamydial!disease!

Mice! are! the!most! commonly! used! animals! in! genital! chlamydia! infection! studies.!

They! are! commonly! adopted! due! to! their! ease! of! handling,! low! cost,! and! the!

availability! of! genetic! knockout! strains! [119].!With! the! female!mouse! genital! tract!

being!susceptible!to!infection!with!both!C.)trachomatis!and!C.)muridarum,!there!are!

two!established!mouse!models!for!genital!Chlamydial!infection![120]![121].! 

Intravaginal!inoculation!with!C.)muridarum!in!mice!results!in!a!genital!tract!infection!

closely! resembling! an! acute! genital! C.) trachomatis! infection! in! women! [120].! The!

infection! ascends! to! the! uterine! horns! and! oviducts! resulting! in! hydrosalpinx! and!

infertility,!which!are!also!usual!post.infection!pathologies! in!women![122]! [123].! In!

contrast,!intravaginal!inoculation!with!C.)trachomatis!in!mice!results!in!a!mild!genital!

tract! infection! that! resolves! quickly! and! is! unable! to! ascend! the! genital! tract.!

Hydrosalpinx! or! infertility! is! only! induced! when! high! C.) trachomatis! doses! are!

administered!directly!into!the!uterus!or!uterine!horns![124].!!

These!pathological!differences!between!the!C.)muridarum)and!C.)trachomatis!mouse!

models!make!it!difficult!to!define!which!model!best!represents!chlamydial!infection!

and! pathogenesis! in! women! [125].! The! similarity! in! pathogenesis! following! C.)

muridarum! infection! and! women! with! post.chlamydial! sequelae! makes! the! C.)

muridarum!model!useful!for!the!study!of!Chlamydia!pathogenesis,!but!as!it!doesn’t!

mimic! the! chronic! stages! which! are! responsible! for! disease! in! humans! it’s!

appropriateness!for!the!study!of!C.)trachomatis!infections!in!women!is!debated![126]!
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[127].!Murine C.)trachomatis)genital!infection!mimics!in!many!ways!both!the!course!

and! the!outcome!of! infection! in! the!majority! of!women!–! the! asymptomatic,! self.

limiting! infection! only! rarely! resulting! in! severe! sequelae! [128].! The! choice! of!

infectious!agent!therefore!strongly!depends!on!which!aspect!of!Chlamydia!infection!

one!wishes!to!investigate!or!mitigate!against.!!

!!! 

Guinea! pig! inclusion! conjunctivitis! (GPIC)! infection! of! the! guinea! pig! genital! tract!

closely!resembles!a!genital!C.)trachomatis!infection![129],)infecting!epithelial!cells!of!

the!cervix!yet!frequently!ascending!and!resulting!in!endometritis!or!salpingitis![130].!

This!genital!infection!can!also!be!transmitted!sexually!and!perinatally,!like!in!human!

C.)trachomatis!infections![131]![129],!and!the!immunity!to!reinfection!is!only!short.

lived;! again! analogous! to! humans! [132].! However,! the! lack! of! Guinea! pig! specific!

reagents! makes! studying! Guinea! pig! immunology! difficult! and! restrictive! in!

comparison!to!the!murine!models.!! 

 

The! pig! has! been! investigated! as! a! large! animal! model! for! the! studying! of! C.)

trachomatis! genital! infections.! The!majority! of! genes! expressed! in! porcine! female!

reproductive!tissues!have!been!found!to!be!expressed!in!human!genital!tissues![133],)

with!pigs!furthermore!naturally!susceptible!to!four!Chlamydial!species!(though!not!C.)

trachomatis).!Chlamydia) suis) is! used! as! an! alternative! to!C.) trachomatis) in! the!pig!

model,!yet!C.)suis!causes!only!vulval!discharge!as!opposed!to!PID!or!tubal!infertility!

pathologies!and!thus!isn’t!the!best!model!for!human!C.)trachomatis!infection![134].!! 
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!!!!!!!!!

Pig.tailed!macaques!are!prime!models!for!genital!chlamydial!infections,!with!similar!

genital! reproductive! tract! anatomies! and!physiologies! to!human!women,! including!

the!vaginal!microflora!and!their!28.30!day!menstrual!cycle![135]. Furthermore,!pig.

tailed! macaques! are! naturally! susceptible! to! genital! tract! infections! with! human!

strains!of!C.)trachomatis,!not!requiring!any!hormonal!pretreatment![136].!Repeated!

C.)trachomatis!infections!can!cause!tubal!scarring!and!tubal!obstruction!in!pig.tailed!

macaques,! similar! to! pelvic! inflammatory! disease! in! women,! and! thus! are! an!

appealing!animal!model!for!the!treatment!of!C.)trachomatis.induced!PID![137]![138].!

The!practical!disadvantages!including!the!high!costs,!the!required!expertise,!and!the!

required!housing!facilities!for!primates!have!limited!the!use!of!pig.tailed!macaques!

as!an!animal!model!for!chlamydial!diseases.!!

!

1.5 Chlamydia!vaccines!!

Chlamydia)vaccine!development!has!been!on!going!for!more!than!50!years.!The!first!

attempts!at!human!and!animal!Chlamydia)vaccines!began!with!the!use!of!inactivated!

or! live,! attenuated! whole! organism! preparations.! Though! offering! a! degree! of!

protection,!their!high!cost!and!complexity!of!production!along!with!the!presence!of!

immunopathological! antigens! have! hampered! their! clinical! use.! These! first!

generation! C.) trachomatis! vaccines! were! subsequently! superseded! by! second.

generation,!subunit.based!vaccines!against!C.)trachomatis.!
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!

1.5.1 Live!attenuated!vaccines!

The! first! vaccines! used! against! Chlamydiaceae! were! live! attenuated.! Strains! were!

attenuated! by! the! passaging! of! a! wild.type! strain! in! different! cell! types! or! by!

chemical!mutagenesis,!inducing!mutations!resulting!in!avirulent!Chlamydia.!The!live!

attenuated! vaccines! could! elicit! both! humoral! and! cellular! immunity! as! they!were!

replication!competent,!thus!processing!and!presenting!antigens!in!a!very!similar!way!

to!the!natural!infection![139].!However,!the!potential!reversion!to!the!virulent!wild.

type!strain!resulting!in!disease!or!persistent!infection,!as!well!as!the!possible!spread!

of! live! Chlamydia! in! the! environment! makes! live! attenuated! Chlamydia! vaccines!

unlikely!to!be!allowed!for!use!in!humans.!!

!

Though!unsuccessful!in!trials!in!the!1960s,!there!has!been!a!recent!re.exploration!in!

the!use!of! live!attenuated!chlamydia!against!genital!C.) trachomatis! infection.!Mice!

intranasally!immunised!with!viable!C.)trachomatis!serovar!E!exhibited!significant,!but!

not!complete!protection!upon!a!vaginal!challenge![106].!In!addition,!mice!vaccinated!

intranasally! with! live! C.) muridarum! elicited! widely! disparate! levels! of! protective!

immunity!to!genital!tract!challenge![140].!

!

1.5.2 Inactivated/Killed!vaccines!

Following!live!vaccine!attempts,!research!switched!towards!the!use!of!inactivated!or!
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killed!Chlamydia,!with! inactivation!by!heat!or! chemical! (formalin)! treatment.! Their!

major!disadvantage!is!their!inability!to!replicate,!thus!requiring!revaccination!and!the!

use!of!adjuvants.!Their!replication!deficiency!also!makes!them!poor!inducers!of!cell.

mediated! immunity!though!capable!of! inducing!humoral! immunity![141].! ! In!a!rare!

study! on! inactivated/killed! chlamydia! vaccines! against! genital! C.) trachomatis!

infection,!neither! intranasal!nor! intraperitoneal! immunisation!with!1x10
6
! IFU!of!UV!

inactivated! C.) trachomatis! serovar! E! elicited! protection! against! genital! infection!

[106].!!!

The! 1960s! saw! unsuccessful! attempts! to! develop! inactivated! and! live! vaccines!

against!trachoma!in!both!human!and!nonhuman!primates!models![142]![143]![144].!

Although!these!vaccines!were!capable!of!reducing!disease!in!some!individuals,!they!

did! enhance! disease! in! others! resulting! from! an! enhanced! delayed.type!

hypersensitivity! (DTH)! response.! Following! these! studies,! the! use! of! whole!

chlamydial! organisms! for! developing! human! vaccines! was! essentially! abandoned!

[145].!!

!

1.5.3 Subunit!vaccines!

Subunit! vaccines! are! safer,!with! the! inability! to! revert! to! a! virulent! form,! and! can!

avoid! the! presence! of! undesirable,! immunopathological! antigens.! However,! like!

inactivated!vaccines,!they!are!poor!inducers!of!cell.mediated!immunity,!and!the!use!

of!adjuvants!is!required.!!!
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Subunit!vaccine!research!has!mainly!focused!on!the!major!outer!membrane!protein!

(MOMP)!following! its! identification!as!a!structurally!and! immunologically!dominant!

protein!accounting! for!60%!of! the!chlamydial!outer!membrane! [146].! !However! its!

efficacy! as! a! vaccine! candidate! is! chequered! throughout! the! literature.! Chlamydial!

outer! membrane! complex! (COMC)! preparations! of! C.) muridarum! induced!

significantly!protective! immunity! in!mice!against!a!genital! challenge,!while!purified!

MOMP! alone! preparations! did! not! [147].! However,! the! same! research! group!

subsequently! immunised! with! a! purified! and! refolded! preparation! of! MOMP!

adjuvanted!with! Freund’s! that! did! provide! a! significant! level! of! protection! in!mice!

against!genital! challenge! [148].! ! Studies!have! revealed! that! some!preparations!can!

induce!more!protection! than!others,! probably!due! to! the!differences! in! extraction!

methods,!which!may!influence!conformationally!important!epitopes!of!MOMP.!Due!

to! their! high! expense! and! the! difficulty! in! growing! chlamydia! in! bulk,! purified!

chlamydial!proteins!are!not!commercially!viable!vaccine!candidates.!!This!has!lead!to!

interest! in! recombinant! MOMP! (rMOMP)! preparations! made! in! prokaryotic!

expression! systems.! Transcutaneous! immunisation! with! rMOMP! adjuvanted! with!

cholera! toxin! and! CpG! resulted! in! enhanced! clearance! of! C.) muridarum) in! mice!

following!genital!challenge![149].!In!addition!C.)muridarum!rMOMP!adjuvanted!with!

Borrelia)burgdorferi!Outer!surface!protein! (Osp)!A! induced!significant!protection! in!

mice!against!C.!muridarum!genital!infection![150].!!

Though! most! recombinant! vaccines! have! been! based! on! MOMP,! other! novel!

vaccination! strategies! have! used! the! secreted! protein,! chlamydial! protease.like!

activity!factor!(CPAF).!!rCPAF!and!IL.12!intranasally!administered!to!mice!resulted!in!
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significantly! reduced!chlamydial! shedding! following!genital!C.)muridarum! challenge!

as!well!as!protection!against!hydrosalpinx!(distally!blocked!fallopian!tube!filled!with!

serous! fluid)! [151].! In! 2011,! Finco! et) al.! (Novartis! Vaccines)! screened! 120! C.)

trachomatis) proteins! for! their! immunogenicity! to! induce! both! CD4+/IFN.γ+! and!

antibodies! [152].! Using! protein! arrays! screened! with! sera! from! C.) trachomatis.

infected!patients!to!identify!antibody.inducing!antigens,!and!stimulating!splenocytes!

from!C.) trachomatis.infected!mice! to! identify! CD4+/IFN.γ+! inducing! antigens,! they!

revealed!five!antigens!eliciting!both!types!of!responses.!These!antigens!were!MOMP,!

IncA,!OmcB,!HtrA!and!a!hypothetical!protein!(CT372).!

!

1.5.4 Third!Generation!Chlamydia!vaccines!

Third! generation! Chlamydia! vaccines! can! include! the! use! of! DNA,! Adenovirus! and!

MVA!based! vaccines.! The!MVA! vector! has! not! been!used! as! vaccine!platforms! for!

genital! C.) trachomatis! infections! to! date,! and! neither! has! DNA! vaccination!

adjuvanted!with! electroporation.!Only! one!Adenovirus! vectored! vaccine! against!C.)

muridarum! has! been! published! to! date,! and! conferred! significant! protection! as! a!

prime!to!a!CPAF!protein!boost! [153],!but!has!yet! to!be!used!for!C.) trachomatis.! !A!

MOMP.based!DNA!vaccine!encoding!the!MOMP!gene!of!C.)muridarum!elicited!only!

modest! immune!responses,!and!no!protection!was!established!against! infection!or!

disease!in!the!mouse!model![154].!Recently!a!DNA!vaccine!based!on!C.)trachomatis!

MOMP! administered! to! the! vaginal! mucosa! of! pigs! induced! cellular! immune!

responses,! and! resulted! in! significant! protection! although! infection! was! not!
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completely!cleared![155].!As!previously!discussed,!DNA,!Adenovirus!and!MVA!based!

vaccines!are!currently!being!utilised!against!malaria![90]![91],!tuberculosis![76]![77]!

and! HIV.1! [156]! [157]! and! are! some! of! the! most! promising! recently! developed!

vaccine!platforms.!!!!!!!

!

1.6 Thesis!aims!and!outlines!

An!efficacious!vaccine!for!C.)trachomatis! is!still! lacking.!However,! infection.induced!

immunity! in!both!animal!models!and!humans!indicates!a!strong!role!for!CD4+!Th1.

biased!immune!responses.!It!is!of!timely!interest!to!explore!whether!the!use!of!third!

generation!vaccines,!which!include!DNA,!Adenovirus!and!MVA!based!vaccines,!used!

in! heterologous! prime.boost! regimens! can! induce! such! CD4+! Th1! biased! immune!

responses!against!Chlamydia.!

!

Hypothesis:!Heterologous)primeAboost)regimens)utilising)MOMPAbased)vaccines)will)

induce)a)protective)response)against)Chlamydia)trachomatis)infection.!!!

!

!

!

!
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1.6.1 Aims!

• To!computationally!encompass!the!amino!acid!variability!within!the!

Chlamydial!antigen!MOMP!by!a!consensus!and!a!mosaic!based!vaccine!

approach.!

• To!induce!humoral!and!cellular!immunity!against!the!MOMP!antigen!

following!heterologous!prime.boost!vaccinations!with!DNA,!Adenovirus,!MVA!

and!recombinant!protein!based!vaccines.!

• To!elucidate!MOMP.based!heterologous!prime.boost!vaccine!regimens!that!

protect!against!vaginal!C.)trachomatis!infection!in!two!alternate!mouse!

models.!!

• To!reveal!the!mechanism!by!which!the!protective!vaccine!regimen(s)!induce!

the!C.)trachomatis!infection!protection.!

• To!assess!whether!the!heterologous!prime.boost!vaccine!regimens!utilising!

these!third!generation!vaccines!can!induce!Chlamydial!specific!antibody!

responses!on!the!murine!ocular!mucosa.!!

!

!

!

!

!

!
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1.6.2 Outline!

Chapter!2!describes!the!materials!and!methods!used!throughout!this!study.!

!

Chapter! 3! describes! and! assesses! the! consensus! approach! versus! the! mosaic!

approach! to! the! MOMP! antigen! design,! and! details! vaccine! construction! and!

expression!alongside!the!in)vivo!titration!of!the!DNA,!Adenovirus!and!MVA!vaccines.!

!

Chapter!4!investigates!the!humoral!and!cellular!immunogenicity!of!the!four!vaccines!

in! heterologous! prime.boost! vaccine! regimens,! as! well! as! the! immunogenicity!

following!mucosal!immunisation!with!recombinant!protein,!Adenovirus!and!MVA.!

!

Chapter!5! investigates!the!protective!ability!of!the!vaccines! in!heterologous!prime.

boost!regimens!against!genital!Chlamydia)trachomatis!infection!in!two!mouse!strains.!

The!mechanism!of!protection!is!investigated.!

!

Chapter!6! investigates!the!optimal!vaccine!regimen!for!the! induction!of!chlamydial!

specific! antibodies! on! the! murine! eye.! The! induction! of! potentially! trachoma!

relevant!antibodies!on!the!murine!eye!is!investigated.!!

!

Chapter!7!summarises!the!results!of!the!thesis!and!discusses!future!directions!!

!
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!

!

!

!

!

!

Chapter!2!

!

Materials!and!Methods!

!

!

!

!

!

!

!
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2 Materials!and!Methods!

2.1 Materials!

2.1.1 Reagents!

Table!2.1!details!all!commercially!available!reagents!used!in!this!study!

!

Material! Supplier! Catalogue!No.!

0.45!μm!syringe!filter! Sartorius!Stedim! 16555!

100!μm!cell!strainers! Becton!Dickinson!Ltd! 340638!

15!ml!centrifuge!tubes! Corning! 734.0452!

3!mm!glass!Beads! Merck! 1.04015.0500!

50!ml!centrifuge!tubes! Corning! 734.0453!

60!mm!petri!dishes! Jencons! 391.1917!

70!μm!cell!strainer! Becton!Dickinson!Ltd! 352350!

ACK!lysing!buffer! Lonza! 10.548E!

Agarose! Sigma!Aldrich! A9539!

Amersham!ECL!Western!Blotting!System! GE!Healthcare! RPN2108!

Ampicillin! Sigma!Aldrich! A0166!

Anti.adenovirus!polyclonal!antibody! Millipore! AB1056!

Anti.Chlamydia!trachomatis!MOMP.HRP!! ABcam! Ab68509!

Anti.mouse!CD3e!PE! eBioscience! 12.0031.85!

Anti.mouse!CD4!APC! eBioscience! 17.0041.83!

Anti.mouse!CD8a!eFluor!605NC! eBioscience! 93.0081!
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Anti.mouse!IFN.γ!PeCy7! eBioscience! 25.7311.82!

Anti.mouse!IgA.HRP! Southern!Biotech! 1165.05!

Anti.mouse!IgG.HRP! Southern!Biotech! 1030.05!

Anti.mouse!IgG1.HRP! Southern!Biotech! 1144.05!

Anti.mouse!IgG2a.HRP! Southern!Biotech! 1155.05!

Anti.mouse!IL.2!perCP!Cy5.5! eBioscience! 45.7021.82!

Anti.mouse!Kappa!light!chain! AbD!serotec! 105001!

Anti.mouse!Lambda!light!chain! AbD!serotec! 106001!

Anti.mouse!TNF.α!FITC! eBioscience! 11.7321.82!

Anti.rabbit!IgG!(H+L)!Alexa!Fluor!594! Invitrogen! A11012!

BioMix!Red! Bioline! BIO.25006!

Bovin!Serum!Albumin!(BSA)! Sigma!Aldrich! A7906!

Caesium!Chloride! Melford!Laboratories!Ltd! MB1006!

CHO!cells! ATCC! CCL.61!

Coomassie!brilliant!blue!R.250!solution! Bio.Rad! 161.0436!

Cytofix/Cytoperm!

fixation/permeabilisation!kit!

Becton!Dickinson!Ltd! 555028!

DAB!Peroxidase!(HRP)!substrate!kit! Vector!Laboratories! SK.4100!

Depo!Provera! Pfizer! NHS!Pharmacy!

Dibasic!sodium!phosphate! Sigma!Aldrich! S3264!

Dimethyl!sulfoxide!(DMSO)! Sigma!Aldrich! D8418!

Dried!milk!powder! AppliChem,!Inc.! A0830!

Dulbecco’s!Modified!Eagles!Medium!(DMEM)! Sigma!Aldrich! D6546!

Endofree!Plasmid!Giga.Kit! QIAgen! 12391!

Endotoxin!free!water! QIAgen! 1039498!
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Ethanol! Sigma!Aldrich! E7023!

Expand!High!Fidelity!PCR!System! Roche! 11.732.641.001!

Fine!tip!rayon!Dryswab! MWE!Co.!Ltd.! MW113!

Flat.bottom!tissue!culture!plates,!6.well! Becton!Dickinson!Ltd! 35.3046!

Flat.bottom!tissue!culture!plates,!96.well! Corning! 353072!

GelPilot!DNA!loading!dye,!5x! QIAgen! 239901!

Gentamicin!solution![10!mg/ml]! Gibco! 15710.049!

GSTrap!4B! GE!Healthcare! 28.4017.45!

Heat!Inactivated!Foetal!Bovine!Serum!(FBS)! Gibco! 10500!

IPTG! Melford!Laboratories!Ltd! MB1008!

Isoflurane.Vet! Merial! Imperial!CBS!

Kanamycin!monosulphate! Melford!Laboratories!Ltd! K0126!

L.glutamic!acid! Duchefa!Biochemie! G0707!

L.glutamine!(200!mM)! Gibco! 25030.024!

Lipofectamine! Invitrogen! 11668.019!

Luria!Bertani!broth!powder! Sigma!Aldrich! L3022!

McCoy!cells! ATCC! CRL.1696!

Methanol! Sigma!Aldrich! 42105!

MinElute!gel!extraction!kit! QIAgen! 28606!

Monobasic!sodium!phosphate! Sigma!Aldrich! S3139!

Mouse!IFN.γ!ELISpot!plus!Kit!(ALP)! Mabtech! 3321.4APT.4!

Mouse!IgA!kappa! Sigma!Aldrich! M1421!

Mouse!IgG!! Southern!Biotech! 0107.01!

Mouse!IgG1!kappa! Sigma!Aldrich! M9269!

Mouse!IgG2a!kappa! Sigma!Aldrich! M9144!
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Myjector!U.100!Insulin!needles,!0.3!ml! Terumo! BS30M2913!

Novex!4.12%!Tris.Glycine!Protein!Gels! Invitrogen! WT4121!

Novex!Sharp!PreStained!Protein!standard! Invitrogen! LC5800!

Novex! Tris.Glycine! SDS! Running! buffer,!

10x!

Invitrogen! LC2675!

NUNC!Maxisorp!96.well!plates! Thermo!Scientific! 439454!

One!Shot!TOP10!chemically!competent!E.coli! Invitrogen! C4040!

Pen/strep![100U!penicillin!100!μg!strep]! Gibco! 15140.122!

Phosphate!Buffered!Saline!(PBS)! Gibco! 14190.094!

Plasmid!Midi!kit! QIAgen! 12145!

PreScission!Protease! GE!Healthcare! 270843!

Protease!Inhibitor!Cocktail!Set! Calbiochem! 539131!

Proteinase!K! QIAgen! 1017738!

PVA!foam!(2!mm!x!20!mm)! HUNT! HMD536!

QIAprep!Spin!Miniprep!kit! QIAgen! 27104!

Restriction!enzymes! New!England!Biolabs! Various!

RPMI.1640!medium! Sigma!Aldrich! R0883!

S.O.C.!medium! Invitrogen! 15544.034!

Sucrose! Sigma!Aldrich! S.0389!

SureBlue!TMB!peroxidase!substrate! KPL! 52.00.00!

SYBR!Safe! Invitrogen! S33102!

T.Rex.293!cells! Invitrogen! R710.07!

T4!DNA!Ligase! New!England!Biolabs! M02025!

TMB!Stop!solution! KPL! 50.85.06!

TrackIt!DNA!ladder! Invitrogen! 10488.058!
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Tris.acetate.EDTA,!10x! Fisher!Scientific! BP1335.1!

Tris.Glycine!SDS!protein!loading!buffer! Invitrogen! LC2676!

Tween.20! Fisher!Scientific! 337.500!

U!bottom!plates,!96!well! Jencons! 734.0027!

Urea! Sigma!Aldrich! U4883!

Table!2.1.!Reagents!used!throughout!the!study!

!

2.1.2 Solutions!

2x!Adenovirus!storage!Buffer:)10!mM!Tris,!pH8.0,!100!mM!NaCl,!0.1%!BSA!and!50%!

glycerol.!!

Complete! Medium:! 500! ml! Dulbecco’s! Minimal! Essential! Media! (DMEM)! was!

supplemented!with!5!ml!pen/strep! (100!U!penicillin,!100!μg!streptomycin),!5!ml!L.

glutamine!(200!mM)!and!50ml!of!heat!inactivated!foetal!calf!serum!(FCS)!(10%).!!

Complete!Chlamydia!Medium:!500!ml!Dulbecco’s!Minimal!Essential!Media!(DMEM)!

was! supplemented!with! 5!ml! gentamycin! (10!mg/ml),! 5!ml! L.glutamine! (200!mM)!

and!50!ml!of!heat!inactivated!foetal!calf!serum!(FCS)!(10%).!!

FACS!buffer:!2.5!g!(0.5%)!Bovine!Serum!Albumin!(BSA)!added!to!500!ml!PBS.!!

PBS/Tween!(PBST):!250!μL!(0.05%)!Tween.20!added!to!500!ml!PBS.!!

SPG! buffer:! 75! g! sucrose,! 87! ml! 0.2! M! dibasic! sodium! phosphate,! 13! ml! 0.2! M!

monobasic!sodium!phosphate,!0.72!g!L.glutamic!acid,!adjusted!to!1!L!with!dH20!and!

pH!adjusted!to!7.4.!
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TrisWacetateWEDTA!(TAE)!buffer:!Made!up!from!50x!concentrate!with!dH20!

Vaginal/Ocular!Extraction!buffer:!1.5!g!sodium!chloride,!20!μL!of!10%!sodium!azide!

solution!in!100!ml!Dulbecco’s!Phosphate!Buffered!Saline!(DPBS).!!

!

2.2 Methods!–!Molecular!Biology!

2.2.1 Agarose!gels!

DNA!products!were!separated!by!1.5%!agarose!gel!electrophoresis!(100!V,!45!min)!in!

1x!Tris.acetate.EDTA!(TAE)!buffer.!The!agarose!gel!was!stained!with!SYBR!Safe,!and!a!

DNA!ladder!was!loaded!and!5!μL!of!6x!loading!dye!was!added!to!each!sample!before!

loading! on! the! gel.! DNA! was! visualised! on! a! transilluminator! and! the! band! size!

compared!against!the!DNA!ladder.!

!

2.2.2 Restriction!Digests!

DNA! restriction! digests! were! carried! out! as! per! restriction! enzyme!manufacturers!

instructions,!with! incubations!of!1!hr! at!37°C.! ! 20!μL! reactions!were!performed!as!

below,!yet!double!digests!were!performed!with!2!μL!of!each!enzyme:!

!

2!μL! Total!NEB!Restriction!enzyme!(10!000!U/ml)!

2!μL! NEB!restriction!buffer!(10x)!

X)μL! Plasmid!DNA!(~1!μg)!

upto!20!μL! dH2O!
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! !

2.2.3 Ligation!Reactions!

DNA!fragments!were!excised!from!agarose!gels!and!purified!using!Qiagen!MinElute!

gel!extraction!kits.!Ligations!were!carried!out! into!TOPO!vectors,!at! r.t.! for!20!min.!

Ligation!reactions!were!performed!as:!

1!μL! Plasmid!DNA!(TOPO!vector)!

!

X)μL! Insert!DNA!(5!ng)!

1!μL! Salt!solution!

3!μL! dH20!

!

!

2.2.4 Cloning!into!DNA!vaccine!plasmid!pcDNA3.1!

Antigen!sequence!was!amplified!directly!from!the!GeneArt!plasmid!by!PCR.!The!PCR!

program!was!98°C!for!30!s,!with!35!cycles!of!(98°C!for!10!s,!54°C!for!30!s,!and!72°C!

for!45! s),! followed!by!72°C! for!10!min.!This!PCR!product!was! separated!on!a!1.5%!

agarose!gel!and!the!DNA!extracted!and!purified!from!the!gel!by!a!QIAgen!MinElute!

gel! extraction! kit.! The! purified! PCR! product! was! topoisomerised! ligated! into! the!

TOPO!pcDNA3.1!plasmid! (Invitrogen)!according! to!manufacturers! instructions!prior!

to! transformation! into!TOP10!competent!cells! (Invitrogen).!The!sequence! insertion!

was!initially!checked!by!restriction!digest!and!then!confirmed!by!sequencing!(MWG!

Eurofins).!
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2.2.5 Homologous!recombination!into!HuAd5!(pAL1112)!

The!pAL1112!plasmid! is!the!human!Ad5!(HuAd5)!genome!deleted!for!E1!(461.3519!

bp)!and!E3!(28131!–!30800!bp)!regions!in!a!single!copy!vector.!The!CMV!promoter!in!

this! plasmid! is! repressible! by! tet! repressors,! enabling! the! vector! to! be! grown! in!

293TREx!cells!without!expression!from!the!CMV!promoter.!This!allows!the!cloning!of!

toxic!genes!or!genes!which!may!otherwise!interfere!with!the!Ad!replication!as!they!

are!not!constitutively!being!expressed.!!

The! antigen! sequence! was! amplified! from! the! GeneArt! construct! by! PCR! using!

primers!with!80!bp!overhangs!to!enable!regions!of!homology!to!the!CMV!promoter!

and!polyA!(Table!2.2).!The!PCR!used!Roche!expand!HiFi!including!buffer!2!(containing!

Mg),!and!the!entire!reaction!was!run!on!a!1.5%!agarose!gel.!Correctly!amplified!PCR!

products!were!gel!purified!using!GFX!columns!(GE!Healthcare)!and!eluted!into!30!μL!

of!elution!buffer.!!

SW102! E.coli! were! grown! at! 32°C! before! inducing! the! lambda! red! proteins! by!

incubating!at!42°C!for!15!min.!SW102!bacteria!contain!a!defective!phage!expressing!

lambda! red! genes! which! mediate! homologous! recombination! between! DNA!

stretches! as! short! as! 50! bp.! ! These! lambda! red! genes! are! under! temperature!

sensitive!control,!remaining!turned!off!at!32°C!but!induced!at!42°C.!!!!

10!ng!of!the!purified!antigen!sequence!PCR!product!with!the!nucleotide!overhangs!

was! added! to! a! 25! μL! aliquot! of! the! freshly! induced! competent! SW102s! and!

transferred!to!pre.cooled!0.2!cm!cuvettes.!The!DNA!and!cells!were!electroporated!at!

2.50! kV! and! the! bacteria! recovered! in! 5!ml! LB! for! 4! hr! at! 32°C! at! 200! rpm.! This!



!

59!

extended!recovery!allowed!the!loss!of!sacB!DNA!and!proteins!from!the!cells!within!

which! the! recombination! occurred.! 50! μL! of! the! transformed! bacteria! was! plated!

onto!LB!with!5%!sucrose!and!chloramphenicol!and!grown!at!30.48!hr!at!32°C.!Due!to!

the!amp/sacB/lacZ!cassette,!the!bacteria!transformed!with!successfully!recombined!

genome!and!antigen!insert!appeared!white!amongst!negative!blue!colonies.!!

Individuals!white!colonies!were!picked!into!5ml!LB!plus!chloramphenicol!and!grown!

overnight! at! 32°C.! ! DNA!was! extracted! using! the!QIAgen! spin!miniprep! kit! before!

diagnostic! restriction!digest.! 8!μL!of! purified!DNA!with!1!μL!NEB! restriction!buffer!

(10x)! and!1!μL!BamH1! reaction!was! incubated!at! 37°C! for! 1!hr!before! loading! the!

entire!10!μL! reaction!onto!a!1.5%!agarose!gel.! Following! this!diagnostic! restriction!

digest,!non.recombined!HuAd5!reveals!bands!of!18,!11,!7.7,!2.5,!1.7,!0.8!and!0.6!Kbp!

while!successfully!recombined!vectors!lose!the!bands!at!2.5!and!1.7!Kbp.!Successful!

homologous!recombination!of!the!antigen!sequence!into!the!HuAd5!vector!was!then!

confirmed! by! sequencing! from! the! CMV!promoter! and! the! CMV!polyA! (Table! 2.3)!

(MWG!Eurofins).!!

!

!

!

!

!
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!

!

!

!

Primer! Sequence!

CMV!Promoter!(For)! 5’.AACCGTCAGATCGCCTGGAGACGCCATCCACGCTGTTTTGACCTCCATAG!

AAGACACCGGGACCGATCCAGCCTGGATCCATGAAGAAGCTGCTGAAGAG.3’!

!
CMV!PolyA!(Rev)! 5’.GGCGTGACACGTTTATTGAGTAGGATTACAGAGTATAACATAGAGTATA!

ATATAGAGTATACAATAGTGACGTGGGATCCTTATTAGAAGCGGAACTGGG.3’ 

!
Table!2.2!Primers!used!for!the!addition!of!homologous!ends!

!

!

Primer! Sequence!

CMV!Promoter!(For)! 5’.!AATGTCGTAACAACTCCG!.3’!

CMV!PolyA!(Rev)! 5’.ACCTGATGGTGATAAGAAG!.3’!

Table!2.3!Primers!used!for!the!sequencing!of!the!recombined!HuAd5!plasmid!

!

!

!

!

!
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2.2.6 Cloning!into!MVA!shuttle!vector!

To!generate!an!MVA!expression!MOMP,!the!gene!was!cloned!into!the!MVA.GFP.TD!

shuttle!plasmid!kindly!provided!by!The!University!of!Oxford!Viral!Vector!Core!Facility.!

Gene!sequences!were!extracted!from!pcDNA3.1!by!Kpn1.HF!and!Not1.HF!by!double!

digest.! The! shuttle! vector! was! also! digested! with! Kpn1.HF! and! Not1.HF.! DNA!

fragments!were!separated!on!a!1.5%!agarose!gel!and!gel!extracted!using!a!QIAgen!

MinElute!gel!extraction!kit.!DNA!from!the!MVA.GFP.TD!backbone!was!ligated!to!the!

MOMP! insert! DNA! overnight! at! 15°C! and! successful! ligation!was! confirmed! by! an!

analytical! restriction! digest.! This! was! further! confirmed! by! sequencing! (MWG!

Eurofins).!MVA! shuttle! vectors!were! sent! to! The!University! of!Oxford! Viral! Vector!

Core!Facility!where!they!were!transfected!and!the!virus!propagated!and!purified!for!

our!use.!

!

2.2.7 Bacterial!transformation!

A! vial! (50! μL)! of! either! chemically! competent! TOP10! Escherichia) coli! (E.) coli)!

(Invitrogen)! for!sub.cloning!or!BL21!E.)coli! (Invitrogen)! for!protein!expression!were!

incubated!on!ice!for!30!min!with!2!μL!of!DNA.!Cells!were!then!heat!shocked!at!42°C!

for!45!s!and!incubated!on!ice!again!for!2!min.!300!μL!S.O.C.!media!added!to!the!vial!

and! incubated!at!37°C!for!1!hr!at!200!rpm!prior!to!plating.!Bacteria!were!plated!at!

either! 200! μL! or! 20! μL! volumes! onto! LB! agar! containing! the! relevant! selection!

antibiotic.!Plates!were!incubated!at!37°C!overnight!before!picking!colonies.!!
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!

2.2.8 ! Colony!PCR!

Individual! colonies! were! picked! into! 200! μL! LB! medium.! An! insert! specific! PCR! is!

carried!out!with!the!reaction!conditions:!

13!μL! BioMix!Red!

1!μL! Forward!Primer!(5!μM)!

1!μL! Reverse!primer!(5!μM)!

1!μL! Colony!in!LB!media!(DNA)!

9!μL! dH20!

!

! !

2.2.9 Plasmid!DNA!preparation!

Bacteria!containing!the!correct!construct!were!amplified!by!overnight!incubation!at!

37°C!at!250!rpm!in!150!ml!LB!medium!plus!selection!antibiotic.!1!ml!of!the!overnight!

was!removed!and!mixed!with!300!μL!glycerol!to!form!a!bacterial!stock!before! long!

time! storage! at! .80°C.! The! remaining!bacterial! overnight!was!purified!by! endofree!

Qiagen! plasmid!maxiprep! kits! and! the! DNA! concentration!measured! by!Nanodrop!

(Thermo!Scientific).! !DNA!was!stored!at!4°C! for!short.term!use,!or! .20°C! for! longer!

periods.!!

!

2.2.10 GSTWtagged!protein!purification!

The) C.) trachomatis! serovar! D! plasmid! encoded! protein! 3! (Pgp3)! sequence! cloned!
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into! a! glutathione! S.transferase! (GST).fusion! protein! expression! vector! was! kindly!

provided!by!Dr.!Guangming!Zhong!(University!of!Texas!Health!Science!Center!at!San!

Antonio).! To! initiate!Pgp3!protein!production,!bacterial! stocks!were!picked! into! LB!

broth! plus! carbenicillin.! This! was! shaken! at! 37°C! at! 300! rpm! until! the! OD600!

measured!0.8!on!Nanodrop!before!IPTG!was!added!(200!μM)!to!induce!expression.!

The! culture! was! then! reduced! to! 30°C! with! 200! rpm! shaking! for! 3! hr.! Cells! were!

harvested!by!centrifugation!(6000g,!15!min)!and!the!bacterial!pellet!resuspended!in!

Tris!buffer.!The!bacteria!were!lysed!by!five!freeze!thaw!cycles!before!centrifugation!

at! 5000g! for! 30!min! at! 4°C.! The! clarified! lysate!was! then! loaded!onto!GST! affinity!

chromatography!columns!(GSTrap,!GE!Healthcare)!as!per!manufacturers!instructions.!

Loaded!columns!were!washed!with!5!column!volume!of!PBS!before!the!Pgp3!protein!

was!cleaved!and!eluted!from!the!column!with!PreScission!Protease!(GE!Heathcare).!!

Purified!Pgp3!protein!was! visualised!on!Coomassie! gels! exhibiting! the! correct! size,!

and!was!negative!for!the!GST.tag!by!anti.GST!western!blots.!!!

!

2.2.11 SDS!PAGE!&!Western!Blotting!

An!equal!volume!of!Tris.Glycine!SDS!protein!loading!buffer!(Novex)!was!added!to!the!

sample! and! boiled! at! 95°C! for! 5! min.! The! sample! was! then! loaded! on! the! gel.!

Samples!were!run!on!4.12%!Tris.Glycine!protein!gels!(Novex)!using!a!Mini.Protein!II!

cell!(Bio.Rad)!at!120!V!constant!voltage!in!1x!Tris.Glycine!SDS!Running!buffer!(Novex).!

Proteins!were!visualised!by!Coomassie!brilliant!blue!staining!solution!(Bio.Rad).!!

After! separation!of! the!proteins!on! the!gel!with!discontinuous! reducing!SDS.PAGE,!
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they! were! transferred! to! nitrocellulose! membrane! by! semi.dry! electrophoresis.!

Transfer! was! achieved! by! applying! a! 20! V! constant! voltage! for! 20! min.!

Immunodetection! was! performed! according! to! [158].! Briefly,! after! transfer! of!

proteins!onto! the!nitrocellulose!membrane,!unoccupied!protein.binding! sites!were!

blocked!by!incubating!the!membranes!with!5%!milk!powder!in!PBST!for!2!hr!at!room!

temperature!with!agitation.!Membranes!were!then!incubated!for!1!hr!with!agitation!

at! room!temperature!with! the!primary!antibody!diluted! in! the!blocking!buffer!at!a!

concentration! according! to! the! supplier’s! recommendation.! The!membranes! were!

washed!three!times!each!for!5!min!with!PBST.!Bound!antibodies!were!visualised!by!

Amersham!ECL!detection!(GE!Healthcare),!or!by!DAB!Peroxidase!(HRP)!Substrate!Kit!

(Vector!Labs).!

!

2.2.12 Genotyping!IFNWγ!KO!mice!

To! determine! the! genotype! of! IFN.γ! KO! mice! (bred! in.house),! ear! punches! were!

collected! from! IFN.γ! KO! and! WT! (C57BL/6)! mice.! To! extract! the! DNA,! 20! μg! of!

Proteinase!K!(Qiagen)!diluted!in!digestion!buffer!(50!mM!Tris!pH!8.0,!2!mM!NaCl,!10!!

mM!EDTA,!1%!SDS)!was!added!to!each!ear!punch!in!a!clean!Eppendorf!and!incubated!

at!55°C!for!30!min.!180!μL!of!dH2O!was!added!to!each!tube!and!samples!heated!to!

99°C!for!5!min!to!denature!the!Proteinase!K.!Samples!were!then!stored!at!4°C!until!

use.!PCR!reactions!were!carried!out!using!the!BioMix!Red!(Bioline)!in!a!final!reaction!

volume!of!25!μL.!The!mixtures!of!PCR!reagents!were!prepared!as!below.!
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!

13!μL! BioMix!Red!

1!μL! Forward!primer!(5!μM)!

1!μL! Reverse!primer!(5!μM)!

3!μL! Template!DNA!(4!ng/μL)!

7!μL! dH2O!

!

PCR!mix!was!thermal!cycled!in!a!Techne!TC.412!(Techne)!at!cycling!conditions:!95°C!

for!30! s,!35!cycles!of! (95°C! for!10! s,!60°C! for!30! s,!72°C! for!60! s),!72°C! for!10!min!

before!held!at!4°C!indefinitely.!!Primers!used!are!outlined!in!Table!2.4.!

!

Primer! Sequence!

IFN.γ!For! 5’.!TGCATCTTGGCTTTGCAGCTCTTC.3’!

IFN.γ!Rev! 5’.!GGGTTGTTGACCTCAAACTTGGCA.3’!

Table!2.4!Primers!used!for!genotypic!analysis!of!IFNWγ!KO!and!WT!C57BL/6!

!

PCR!products!were! run! as! outlined! in! 2.2.1.1.! using! a! 1.5%!agarose! gel.! ! IFN.γ! KO!

samples!were!expected!to!have!no!visible!bands,!while!wild!type!have!an!expected!

band!around!2000!bp.!All!animals!used!in!experiments!were!determined!to!be!KOs.!!

!

2.2.13 Droplet!digital!PCR!(ddPCR)!

The!ddPCR!primers! targeted! the!C.) trachomatis! gene!omcB!with! the!colour!Hex!as!

well!as!the!C.)trachomatis!cryptic!plasmid!on!FAM.!ddPCR!reaction!mixtures!were!20!
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μL!volumes!with!final!concentrations!of!1x!ddPCR!Supermix!(Bio.Rad),!0.2!μM!each!

primer!and!probe!and! sample!DNA!of!approximately!3!ng.!Droplet!generation!and!

droplet! reading! for! ddPCR! were! carried! out! according! to! the! manufacturer’s!

instructions! using! Bio.Rad! reagents,! and! under! the! supervision! of! Dr.! Chrissy! H.!

Roberts,!London!School!of!Hygiene!and!Tropical!Medicine,!London.!Raw!ddPCR!data!

were!collected!on!the!Bio.Rad!QX100!instrument!using!Quantalife!software!(Bio.Rad).!!

!

2.3 Methods!W!Molecular!Virology!

!

2.3.1 ! Adenovirus!Transfection!and!Purification!

The!HuAd5!genome!containing!the!antigen!sequence!insert!construct!was!confirmed!

by!sequencing!(MWG!Eurofins).!2x10
6
!293TREx!cells!were!seeded!into!a!T25!flask!24!

hr!prior! to!transfection.!4!μg!of! recombined!HuAd5!vector!was!diluted! into!100!μL!

DMEM!without!FCS!or!antibiotics!and!40!μL!Polyfect!was!added!before!incubating!at!

room! temperature! for! 10!min.! To! this! DNA! complex,! 1!ml! complete!medium!was!

added!and! transferred! to! the! confluent!293TREx! cells.! 293! cells! are!permissive! for!

the!production!and!amplification!of!replication.incompetent!adenovirus,!as!the!cells!

provide!the!E1!and!E3!gene!products!in)trans.!Cells!were!incubated!at!37°C,!5%!CO2!

in! a! humidified! incubator.! Cells! were! monitored! daily! for! cytopathic! effect! (CPE),!

with! fresh!media! added! every! 2.3! days.!When! complete!CPE!was! visible,! the! cells!

were! harvested! by! cell! scraping,! and! centrifuged! at! 500g! at! 4°C! for! 10! min.!!
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Adenovirus! was! released! from! the! cells! by! four! freeze.thaw! cycles! in! a! dry!

ice/methanol!bath!and!centrifuged!at!500g!at!4°C!for!15!min!to!obtain!a!cleared!viral!

supernatant.!After!rounds!of!large.scale!amplification!of!the!adenovirus,!the!cleared!

viral! supernatants!were! transferred! to!a! volume!of!8!ml!with!4.4!g!ultrapure!CsCl.!

The!CsCl!solution!was!transferred!to!12!ml!polyallomer!tubes!suitable!for!Beckman!

SW!41!Ti! rotor!and!centrifuged!at!176000g! for!18.24!hr!at!10°C.!The!purified!virus!

appeared!as!a!narrow!opaque!white!band!and!the!virus!fraction!was!collected!by!an!

18G! needle! through! the! side! of! the! tube.! The! extracted! virus! was!mixed! with! 2x!

adenovirus!storage!buffer!and!frozen!as!aliquots!at!.80°C.!!!

Virus! yield! was! determined! by! single! cell! immunostaining.! Purified! recombinant!

adenovirus! was! titered! following! serial! dilution! and! infection! of! 293TREx! cells.!

Infected!cells!were!fixed!in!ice.cold!acetone/methanol!and!incubated!at!.20°C!for!10!

min.!Primary!antibody!staining!was!with!goat!anti.Adenovirus!antibody! (Chemicon,!

Cat!No.!AB1056)!followed!by!secondary!antibody!staining!with!donkey!anti.goat!hrp!

(ABcam).!For!the!detection!reagent,!metal!enhanced!DAB!substrate!(Pierce,!Cat.!No.!

34065)!was! added! to! the! fixed!antibody! stained! cells! and! incubated! for! 10!min!at!

room! temperature.! Adenovirus! infected! cells! showed! brown! staining! and! the!

number!of!stained!cells!was!counted!before!calculating!plaque.forming!units! (PFU)!

per!ml.!!

! !
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2.4 Methods!W!Immunology!

!

2.4.1 Animals!

All! procedures! were! carried! out! in! accordance! with! the! terms! of! the! UK! Animals!

(Scientific!Procedures)!Act!Project!Licence!(PPL!70/7457)!and!were!approved!by!the!

Ethical! Review! Board! of! Imperial! College.! All! mice! were! housed! in! the! Central!

Biomedical!Services!(CBS)!facility!at!St!Mary’s!Hospital!under!Specific!Pathogen!Free!

(SPF)! conditions.! Female! BALB/c! (H.2d)! (Harlan,! UK)! and! B6C3F1! (Charles! River,!

Germany)! were! 6.8! weeks! old! at! commencing! of! experiments.! IFN.γ! KO! mice!

(C57BL/6!background)!were!kindly!provided!by!Dr!John!Tregoning!(Imperial!College!

London).!

Mice! were! anaesthetised! prior! to! required! procedures! using! the! inhalation!

anaesthetic!Isoflurane!(2.3.5%)!carried!by!oxygen!(1.2!L/min).!!

!

2.4.2 Route!and!dose!

Intramuscular! (i.m.)! vaccinations!were! administered! in! a! volume!of! 50!μL! into! the!

musculus)tibialis!using!26G!needles.!

Intravenous!(i.v.)!injections!were!administered!in!a!volume!of!100!μL!into!the!lateral!

tail!vein!using!a!26G!needle.!To!encourage!vein!dilation,!mice!were!incubated!for!>!

10!min!at!38°C!in!a!heatbox!prior!to!injection.!
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Intraperitoneal!(i.p.)!injections!were!administered!in!a!volume!of!100!μL!using!a!26G!

needle.!!

Subcutaneous! (s.c.)! injections! were! administered! into! the! scruff! of! the! neck! in! a!

volume!of!50!μL!using!26G!needles.!

Intranasal!(i.n.)!vaccinations!were!administered!under!anesthesia!in!a!volume!of!20!

μL!by!Gilson!pipette.!

Intravaginal! (i.vag.)! vaccinations!were!administered!under!anaesthesia! in!a!volume!

of!20!μL!by!positive.displacement!pipette!(Gilson).!

Electroporation! was! with! 5!mm! electrodes! at! the! injection! site! immediately! after!

immunisation,! using! an! ECM! 830! Square!Wave! Electroporation! System! (BTX)!with!

pulses!of!100!V,!positive!and!negative!polarity!at!a!rate!of!one!pulse!per!second!with!

each!pulse!lasting!50!ms.!

!

2.4.3 Vaccine!preparations!

DNA! vaccines! were! prepared! in! sterile,! endotoxin! free! PBS,! and! dosed! on!

concentrations! determined! by! Nanodrop! at! absorbance! 260! nm.! Viral! vectored!

vaccines!were!prepared! in!sterile,!endotoxin! free!PBS.!Viral!vectors!were!dosed!on!

PFU! (plaque! forming! units)! to! ensure! equivalent! doses! between! subsequent!

preparations.! Protein! vaccines! were! prepared! in! sterile,! endotoxin! free! PBS,! and!

mixed!1:1!with!the!adjuvant!MF59!(Novartis).!MOMP!concentration!was!determined!

by! NanoOrange! (Invitrogen),! with! Pgp3! and! PmpD! concentration! determined! by!
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Nanodrop!at!absorbance!280!nm.!!

!

2.4.4 Specific!IgG,!IgA!and!isotype!ELISA!

Blood!was!collected!from!tail!veins!into!microcentrifuge!tubes!and!allowed!to!clot!for!

1!hr!at!room!temperature!before!centrifugation!at!13000!rpm!for!10!min.!Serum!was!

removed,!transferred!into!clean!microcentrifuge!tubes!and!stored!at!4°C!until!use.!

To! detect! antigen.specific! IgG! responses,! 72! wells! of! the! 96! well! Nunc.Immuno!

Maxisorp!Plates!(Thermo!Scientific,!UK)!were!coated!with!0.5!μg/ml!of!protein!in!PBS,!

with!24!wells!for!the!standard!curve!coated!with!1:3200!anti.Ig!Kappa/Lambda!(AbD!

serotec)!overnight!at!4°C.!Plates!were!washed!four!times!with!PBST!and!blocked!with!

PBS/BSA! for! at! least! 1! hr! at! 37°C.! Plates!were!washed! again! as! before.! Sera!were!

diluted! 1:100,! 1:1000,! 1:10000! in! PBS/1%! BSA! and! plated! in! triplicate.!Mouse! IgG!

standard!(Southern!Biotech)!was!diluted!from!1000!ng/ml!at!1:5!dilutions!and!plated!

in!triplicate!onto!the!anti.Ig!Kappa/Lambda!coated!wells.!Plates!were!incubated!for!1!

hr!at!37°C!and!washed!again!as!before.!!Anti.mouse!IgG.HRP!(Southern!Biotech)!was!

diluted!1:4000!in!PBS/BSA!and!added!for!1!hr!at!37°C.!Following!a!final!wash,!TMB!

(KPL)!was!added!as!a!developing! substrate,!with! the!colorimetric! reaction!stopped!

after!5!min!with!TMB!Stop!solution!(KPL).!The!optical!density!(OD)!was!read!within!

10!min!at!450!nm!using!a!KC4!spectrophotometer.!Serum!antibody!concentrations!

were!calculated!off!the!standard!curve!present!on!each!plate.!!

This!procedure!was! carried!out! for! antigen.specific! IgA! responses,! except!with! the!
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alteration! of! using! a!mouse! IgA! standard! (Sigma! Aldrich)! and! detecting!with! anti.

mouse!IgA.HRP.!!

This!procedure!was!carried!out!for!antigen.specific!IgG1!and!IgG2a!responses,!except!

with! the! alteration! of! using! a! respective! mouse! IgG1! or! IgG2a! standard! (Sigma!

Aldrich)! and! detecting! with! a! corresponding! anti.mouse! IgG1.HRP! or! anti.mouse!

IgG2a.HRP.!!

!

2.4.5 Total!IgG,!IgA!ELISA!

For!total!IgG!and!IgA!ELISAs,!the!exact!procedure!as!2.2.3.4!was!carried!out,!with!the!

exception! that!all! the!wells!of! the!96!well!Nunc.Immuno!Maxisorp!Plates! (Thermo!

Scientific,!UK)!were!coated!with!1:3200!anti.Ig!Kappa/Lambda!(AbD!serotec).!!

!

2.4.6 Avidity!ELISA!

The! avidity! indices! of! serum! samples! were! determined! by! their! antibody.antigen!

binding!resistance!to!8!M!urea.!Serum!samples!were!pre.diluted!to!give!an!OD450!nm!

readout!between!1.0!and!1.5! in!an!ELISA!and!were!added!to!MOMP!coated!plates.!

Plates!were!then!washed!three!times!with!either!PBST!or!8!M!urea!in!PBST,!before!

incubating! with! anti.mouse! IgG.HRP.! Samples! were! developed! with! TMB! as!

described!above.!The!avidity!index!was!calculated!as!the!percentage!of!urea!treated!

OD450!nm/!PBS.T!OD450!nm.!Antisera!with!index!values!exceeding!50%!were!ascribed!as!

high! avidity,! 30–50%!were! ascribed! intermediate! avidity! and! <30%!were! ascribed!
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low!avidity.!

!

2.4.7 Peptides!

MOMP!derived! peptides! used! in! cellular! assays!were! commercially! synthesised! by!

JPT! Peptide! Technologies! GmbH.! Peptide! lengths! were! 15mers,! with! 96! peptides!

covering! the! whole! MOMP! sequence.! Peptides! were! dissolved! in! DMSO! at! a!

concentration!of!20!mg/ml!and!stored!at!.80°C.!Pools!of!peptides!were!made!from!

these!stocks!and!stored!at!a!final!concentration!per!peptide!of!1!mg/ml.!!

!

2.4.8 Splenocyte!preparation!

Mice! were! sacrificed! by! cervical! dislocation! and! spleens! removed! by! dissection.!

Spleens!were!macerated! in! complete!RPMI!medium! through! a! 70!μm! cell! strainer!

and!centrifuged!(500g,!5!min).!Supernatants!were!discarded!and!pellets!resuspended!

in!4!ml!ACK! lysis!buffer! for!5!min!before! the!addition!of!5!ml!PBS/2.5%!FCS.! !Cells!

were!recentrifuged!(500g,!5!min)!and!resuspended!in!5!ml!PBS/2.5%!FCS.!!

Splenocytes! were! counted! using! a! Scepter! 2.0! handheld! automated! cell! counter!

(Millipore)! and! resuspended! to! appropriate! concentrations! in! complete! RPMI!

medium!for!either!ELISpot!or!intracellular!cytokine!staining.!!

!

!
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2.4.9 IFNWγ!ELISpots!

IFN.γ! ELISpots! were! carried! out! to! quantify! the! number! of! IFN.γ! secreting!

splenocytes! under! antigen! specific! peptide! stimulation.! Pre.coated! mouse! IFN.γ!

ELISpot! plates! by! MABtech! were! used! as! per! manufacturers! instructions.! Briefly,!

plates!were!blocked!with!complete!media!for!at!least!30!min!at!room!temperature.!

Splenocytes! were! re.suspended! at! 5x10
6
! cells/ml,! and! 50! μL! of! cells! plated! in!

duplicate.!Peptides!were!added!at!a!final!concentration!of!5!μg/ml,!while!ConA!was!

added!at!a!final!concentration!of!5!μg/ml!for!the!positive!control!wells,!and!complete!

media!alone!was!added!to!the!negative!control!wells.!Plates!were!incubated!at!37°C,!

5%!CO2!for!18!hr.!Plates!were!washed!five!times!with!PBS.!Detection!antibody!(R4.

6A2.biotin)! at! 1! μg/ml! was! added! at! 100! μL/well! for! 2! hr! at! room! temperature.!

Plates!were!washed!a!further!five!times!with!PBS.!Streptavidin.ALP!(1:1000)! in!PBS!

was!added!at!100!μL/well!and!incubated!for!1!hr!at!room!temperature.!Plates!were!

washed! a! further! five! times!with! PBS! before! the! substrate! solution! BCIP/NBT.plus!

was!added!at!100!μL/well.!The!plates!were!developed!until!distinct!spots!emerged.!

ELISpot!plates!were!counted!using! the!AID!plate! reader!and!software! (Autoimmun!

Diagnostika,!Germany)!with!counts!then!visually!confirmed.!!

!!

2.4.10 Intracellular!cytokine!staining!(ICS)!

ICS!was!carried!out!to!analyse!the!percentage!of!cytokine!producing!CD4+!and!CD8+!

T! lymphocytes! from! the! spleens.! Splenocytes! were! stimulated! with! peptides! at! a!

final!concentration!of!1!μL/ml!per!peptide!for!6!hr!at!37°C,!5%!CO2!in!the!presence!of!
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Brefeldin!A.!!Following!stimulation,!plates!were!stored!at!4°C!overnight.!Plates!were!

centrifuged!to!pellet!the!cells,!the!supernatant!discarded!and!the!cells!resuspended!

in!anti.mouse!CD16/CD32! (Fc!block)! for!15!min.!Cells!were!washed! in! FACS!buffer!

and! surfaced! stained!with! anti.CD3e!PE,! anti.CD4!APC!and!anti.CD8a!eFluor605NC!

for! 30!min.! After! permeabilisation! using! Cytofix/Cytoperm! cells! were!washed! and!

stained! intracellularly! with! anti.IFN.γ! PeCy7,! anti.TNF.α! FITC! and! anti.IL.2! perCP!

Cy5.5! for! 30! min.! Samples! were! washed! and! resuspended! in! 1.5%! PBS! Formalin!

before!being!acquired!on!a!BD!FORTESSA!and!analysed!using! FloJo! (TreeStar! Inc.).!

Within!the!analysis,!background!responses!from!unstimulated!cells!were!subtracted!

from!stimulated!responses.!Following!analyses,!the!polyfunctionality!of!the!CD4+!or!

CD8+!T!cells!were!represented!graphically!using!the!software!SPICE!(Mario!Roederer,!

National!Institute!of!Health).!!

! !

2.4.11 CD4+!T!cell!depletion!

mCD4+!T!cells!were!depleted!using!an!anti.mCD4!GK1.5!(Rat!IgG2b)!mAb!purchased!

from!BioXcell!(Catalog!BE0003.1).!Mice!were!injected!i.p.!with!500!μg!of!mAb!diluted!

in!PBS!on!days!.1!and!+1!with!respect!to!day!of!challenge!on!day!0.!The!degree!of!

CD4+!T!cell!depletion!was!assessed!by!flow!cytometry!using!anti.CD3e!PE,!anti.CD4!

APC!and!anti.CD8a!eFluor605NC!in!the!PBMCs,!splenocytes!and!vaginas!of!depleted!

mice!and!undepleted!control!mice!on!day!+2!with!respect!to!day!of!challenge.!!

!
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2.4.12 Ocular!sampling!

Ocular!sampling!was!performed!at!identical!time!points!as!tail!bleeds.!10!μL!of!ocular!

extraction! buffer! (Chapter! 2.1.2)! was! pipetted! onto! each! murine! eye! and!

subsequently! absorbed! with! 2! mm! x! 5! mm! PVA! swabs.! The! swabs! were! then!

incubated!with!an!additional!50!μL!of!ocular!extraction!buffer!at!room!temperature!

before! centrifugation! at! 500! g! for! 5!min! through! a! 0.45!μm! filter.! The! eluent!was!

harvested!and!stored!at!4
o
C!until!analysis.!

!

!

2.5 Chlamydia!

!

2.5.1 Strains!

C.) trachomatis! E.Bour! was! supplied! by! the! American! Tissue! Culture! C! (ATCC).! C.)

trachomatis! D/UW3.cx! was! kindly! provided! by! Dr.! R.! Carabeo,! Imperial! College!

London.! Both! C.) trachomatis! strains! were! provided! with! sequence! verification! of!

ompA!and!were!stored!as!Elementary!Bodies!(EBs)!by!cryopreservation!in!SPG!buffer!

at!.80°C.!!

!

2.5.2 Maintenance!of!Chlamydia!

The!frozen!stocks!of!Chlamydia!EBs!were!immediately!transferred!to!37°C!and!gently!
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agitated! until! thawed.! The! EBs! were! diluted! to! an! appropriate! concentration! in!

sterile! SPG! buffer! such! as! there! is! infection! at! a! multiplicity! of! infection! of! 1.10!

EBs/host! cell.! ! The! culture! medium! was! removed! from! the! McCoy! cells! and! an!

appropriate! amount! of! diluted! EBs! added! to! each!well! or! flask.! The! tissue! culture!

plates! were! then! centrifuged! at! 900g! for! 1! hr! at! room! temperature.! Complete!

Chlamydia!media!was! then! added! to! the! infected! cells! and! the! cells! incubated! at!

37°C,!5%!CO2!for!24!hr.!The!infection!efficiency!was!checked!by!examining!inclusion!

formation!by!phase.contrast!microscopy.!!

!

2.5.3 Purification!of!EBs!

The! culture! medium! from! C.) trachomatis.infected! McCoy! monolayer! cells! was!

decanted!and!replaced!with!5!ml!SPG.! !The! infected!cells!were!dislodged! from!the!

flask! with! disposable! sterile! cell! scrapers! and! transferred! to! chilled! screw.cap!

microcentrifuge!tubes!containing!three!3!mm!glass!beads.!The!cell!mixture!was!then!

vortexed! for! 1! min! to! allow! the! beads! to! tear! open! the! infected! cells.! The! cell!

suspension!was!centrifuged!at!100g!for!5!min!at!0°C,!and!the!supernatant!carefully!

aspirated! and! kept.! The! supernatant! was! subsequently! analysed! by! dynamic! light!

scattering! (DLS)! on! a! Malvern! Zetasizer! to! confirm! the! purity! of! the! EB! solution!

(Appendix!Figure!9.1).!!

!

!
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2.5.4 Titering!Infectious!forming!units!by!Indirect!Immunofluorescence!

McCoys! were! seeded! in! 96! well! tissue! culture! plates! with! complete!medium! and!

incubated!for!24!hr!at!37°C,!5%!CO2!until!confluent.!The!EB!aliquot!to!be!titered!was!

quickly!thawed!and!kept!on!ice!before!the!EBs!were!diluted!over!ten.fold!ranges!(10
.

1
! to! 10

.6
)! in! SPG!buffer! to! a! volume!of! 350!μL.! The! culture!medium!was! removed!

from!the!monolayers!and!100!μL!of!each!dilution!added! to! three!wells.! The! tissue!

culture! plates! were! then! centrifuged! at! 900g! for! 1! hr! at! room! temperature.!

Complete! Chlamydia! media! is! then! added! to! the! infected! cells! and! the! cells!

incubated!at!37°C,!5%!CO2!for!24!hr.!After! incubation!the!medium!was!then!gently!

aspirated! and! 100! μL! of! 100%!methanol! added! to! each! well! for! 10! min! at! room!

temperature.!After! the!methanol.fixation,! the! cells!were!washed!3! times!with!PBS!

before! primary! antibody! staining! with! rabbit! anti.MOMP! serum! (1:150! dilution).!!

This!primary!antibody!was!incubated!at!room!temperature!for!1!hr!before!washing!

the! cells! three! times! with! PBS.! Goat! anti.Rabbit! H+L–Alexa594! was! added! as! the!

secondary! antibody! to! the! cells! for! 1! hr! at! room! temperature! (1:1000! dilution)!

before!another!three!washes!with!PBS.!Fixed!and!stained!cells!were!stored!in!PBS!at!

4°C! until! fluorescent! microscopy.! Using! a! hand.held! counter,! all! fluorescent!

inclusions!per!well!were!counted,! requiring!between!50!and!500! inclusions! for! the!

optimal!dilution.!!Averaging!the!total!inclusion!number!over!the!three!replicates!and!

back!calculations!provided!the!inclusion!forming!units!(IFU)!per!ml!of!the!EB!aliquot.!!

!



!

78!

2.5.5 Intravaginal!C.)trachomatis!challenge!

Purified!C.)trachomatis!EBs!were!thawed!quickly!on!ice,!dissolved!in!SPG!buffer!to!a!

concentration! of! 4x10
7!
IFU/ml,! and! kept! chilled! on! ice.! Seven! days! prior! to!

intravaginal!infection,!mice!were!injected!subcutaneously!with!2!mg!of!DMPA!(Depo.

Provera,!Pfizer).!For!intravaginal!infection!mice!were!anaesthetised,!and!10!μL!of!the!

EB!solution!pipetted!into!the!mouse!vagina!with!a!positive!displacement!pipette.!!

!

2.5.6 Infectivity!Assay!

The!infectivity!assay!follows!the!same!procedure!of!2.2.4.4!with!the!alteration!in!the!

sample! preparation! prior! to! infection.! The! rayon! swabs! following! murine! vaginal!

sampling!were! stored! in! 500! μL! SPG! buffer,! prior! to!mechanical! disruption! of! the!

swab!by!vortexing!glass!beads.!The!SPG!buffer!was!then!aliquoted!to!120!μL!volumes!

before! storage! at! .80°C.! The! individual! aliquots! were! quickly! thawed! on! ice,! and!

treated!a!neat,!10
.1
!and!10

.2
!dilutions!in!volumes!of!100!μL!SPG!buffer!before!being!

centrifuged!onto!McCoy!monolayers.!

!

2.5.7 Neutralisation!Assay!

A! neutralisation! assay! was! carried! out! to! assess! the! ability! of! antibodies! raised!

following! immunisations! to! inhibit! the! infection! of! C.) trachomatis! EBs! into! cells!

(neutralise! the! elementary! bodies).! ! Two! weeks! following! final! immunisation,! the!

mice!were!bled!by!tail!snips,!and!the!serum!isolated.!Each!serum!sample!was!tested!
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at!1:10,!1:20,!and!1:40!dilutions,!dissolved!in!SPG!buffer.!100!μL!of!diluted!sera!was!

pre.incubated!with!100!μL!of!10
4!
IFU/ml!C.)trachomatis!EBs!for!30!min!at!37°C!with!

gentle!rocking.!!The!mixture!was!then!centrifuged!onto!confluent!McCoy!cells!in!96!

well! tissue! culture! plates! and! titered! as! in! 2.2.4.4.! Mean! neutralisations! were!

calculated! as! the! average! reduction! in! inclusion! forming! units! for! each! regimen!

sample! (N=8)! compared! to! the!mean! number! of! inclusions! from! the! naïve! serum!

dilutions.!!!!

!

!

2.6 Bioinformatic!analyses!

The! MOMP! consensus! antigen! was! created! using! Consensus! Maker! v2.0.1!

(http://www.hiv.lanl.gov/content/sequence/CONSENSUS/consensus.html).! The!

‘Advanced’! tool! was! used! to! make! a! consensus! of! blocks! of! sequences! in! an!

alignment!using!the!following!parameters.! !The!minimum!number!of!sequences!for!

consensus!was! set! to! 3,! with! no! consensus! of! consensuses.! The! unanimous! value!

was!set!to!1.00,!with!a!majority!value!of!0.50,!using!the!most!common!character!at!

each!alignment!point.!Nucleotides!were!set!to!AGCTU.,!and!the!character!set!for!the!

making! of! the! consensus! included! ARNDCEQGHILKMFPSTYWV.! amino! acids.! The!

majority!value!was!incrementally!increased!to!find!the!most!stringent!consensus.!

The! MOMP! mosaic! antigen! was! created! using! Mosaic! Vaccine! Designer!

(http://www.hiv.lanl.gov/content/sequence/MOSAIC/makeVaccine.html).! The! test!
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sequences!from!which!the!mosaic!was!designed!from!were!pasted!into!the!Input!box.!

The! cocktail! size!was! set! to! 1,!with! epitope! length! of! 9! (to! allow! the! software! to!

cover! Class! I! and! II),! with! the! rare! threshold! value! of! 1.! Default! ‘Run! settings’!

included!a!Max!Runtime!of!5!hr,!a!population!size!of!200,!with!10!cycles,!stall!factor!

of!10,!internal!crossover!probability!of!0.5!and!iteration!and!random!seed!values!of!0.!!

The!proportion!of!all!epitope.length!peptides! from!the!test!sequences!matched!by!

the! consensus! or! the! mosaic! antigen! was! calculated! with! the! Epitope! Coverage!

Assessment! Tool! EPICOVER! ! (http://www.hiv.lanl.gov/content/sequence/MOSAIC/!

epicover.html).! The! settings! included! a! nominal! epitope! length! of! 9! ! (to! allow! the!

software!to!cover!Class!I!and!II),!with!a!maximum!amino!acid!mismatch!of!2!in!order!

to!score,!and!a!minimum!of!3!occurrences!of!a!potential!epitope! in! the!test!set! to!

consider!for!coverage.!Precision!was!set!to!4!decimal!places,!and!the!subsets!were!

defined!on!the!first!character!in!the!sequence!names!(the!serovar!designation).!!!

A! guide! tree! of! the! ompA! serovar! E! variants! and! the! amino! acid! properties! were!

analysed!within! the!Align! section! of!UniProt! ! (http://www.uniprot.org/).! Following!

the! alignment! of! the!ompA) serovar! E! variant! sequences! in! FASTA! format,! a! guide!

tree! is! constructed! via! a! UPGMA! cluster! analysis! of! the! pairwise! alignments!

(CLUSTAL)! [159].! The!alignment!also!allows! the!visualisation!of! specific! amino!acid!

properties!via!a!menu,!annotating!regions!of!the!protein!with!similar!properties.!!!!!

!

!
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2.7 Statistics!

All!statistical!analyses!were!carried!out!using!Prism!6.0!(Graphpad,!USA).!Normality!

of!the!data!distribution!was!assessed!using!the!Kolmogorov!Smirnov!normality!test.!

For! non.parametric! data! the! Kruskal.Wallis! test! with! Dunn’s! multiple! comparison!

post.test! was! used! to! compare! more! than! two! groups,! or! the! two.tailed! Mann.

Whitney! test! to!compare! two!groups.!For!parametric!data,!a!one.way!ANOVA!was!

used!for!multiple!comparisons,!with!Bonferroni’s!multiple!comparison!post.test! for!

comparison!of!specific!groups.!!P!≤!0.05!was!considered!significant!(*!p!≤!0.05,!**!p!≤!

0.005,! ***! p! ≤! 0.0005! and! ****! p! ≤! 0.0001).! The! log.rank! (Mantel.Cox)! test! and!

Gehan.Breslow.Wilcoxon! test! were! used! to! compare! shedding! (survival)! curves!

between!two!groups.!Correlations!were! tested!using! the!Pearson!product.moment!

correlation!test.!!

!

! !

!

!

!

!

!

!
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3 Chlamydia) trachomatis! Major! Outer! Membrane! Protein!

(MOMP)!antigen!design!

!

!

3.1 Introduction!

Chlamydia! vaccine! research! has! mainly! focused! on! the! Major! Outer! Membrane!

Protein! (MOMP)! as! the! primary! vaccine! antigen! and! some! results! have! been!

encouraging! while! others! rather! disappointing.! In! 1997,! Pal! et! al.! found! that! a!

chlamydial! outer! membrane! complex! (COMC)! preparation! of! C.) muridarum) could!

significantly!protect!mice!against!a!genital!challenge![147]!and!then!some!years!later!

the! same! team! demonstrated! that! a! purified! and! refolded! preparation! of! the! C.)

muridarum! MOMP! conferred! a! significant! level! of! protection! against! a! genital!

challenge![148].!Furthermore,!the!immunisation!of!mice!with!purified!C.)muridarum!

MOMP! could! induce! neutralising! antibodies! [160].! Igietseme! et! al.! prepared! a!

MOMP.ISCOM! vaccine! with!MOMP! extracted! from! C.) trachomatis! serovar! D,! and!

immunised!mice!cleared!a!vaginal!infection!with!one!week![161].!These!studies!show!

that!some!MOMP!preparations!can!induce!more!protection!than!others.!This!is!most!

likely! due! to! the! difference! in! extraction! methods,! which! can! influence! the!

conformation!and/or!presentation!of!epitopes!that!may!be!necessary!for!protection.!

The! immunogenic! refolded,! purified! MOMP! preparations! however! are! very!

expensive! to! make! and! there! are! major! issues! in! growing! chlamydia! in! bulk,!
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rendering!these!types!of!vaccines!commercially!unviable![145].!!

It! is!now!possible!to!produce!high!yields!of!bacterial!proteins!by!recombinant!DNA!

technology,! which! costs! less! and! is! technically! more! efficient,! and!MOMP! is! now!

generally! made! by! this! recombinant! technology.! However,! the! expression! of! full.

length! rMOMP! in! E.) coli! is! often! toxic! and! it! is! difficult! to! produce! rMOMP! with!

conformationally! relevant! epitopes! [162].! rMOMP! has! however! been! used! in! an!

attempt! to!elicit!C.) trachomatis! protection.!The! transcutaneous! immunisation!with!

rMOMP!adjuvanted!with!cholera!toxin!and!CpG!resulted!in!the!enhanced!clearance!

of! C.) muridarum! following! intravaginal! challenge! in! mice! [149].! Furthermore! in! a!

comparison! between! C.) muridarum! recombinant! MOMP! and! native! MOMP,! the!

rMOMP! did! elicit! a! protective! immune! response! in! mice! against! an! intranasal!

challenge,!however!the!degree!of!protection!was!not!as!robust!as!immunisation!by!

nMOMP![163].!!

More!recently,!Novartis!vaccines!carried!out!a!large!proteomic!screen!of!over!120!C.)

trachomatis! proteins! for! their! ability! to! induce! both! CD4+/IFN.γ+! T! cell! responses!

and!antigen.specific!antibodies![152].!Using!protein!arrays!screened!with!sera!from!C.)

trachomatis.infected! patients! to! identify! antibody.inducing! antigens,! and! by!

stimulating! splenocytes! from!C.) trachomatis.infected!mice! to! identify! CD4+/IFN.γ+!

inducing! antigens,! they! discovered! only! five! antigens! eliciting! both! types! of!

responses.!!MOMP!was!one!of!these!five!antigens.!!

As! a! collection,! all! these! studies! strengthen! the! argument! to! use! MOMP! as! the!

antigen! throughout! our! vaccine! studies.! Moreover,! as! some! of! these! vaccine!



!

85!

platforms! have! yet! to! be! used! in! chlamydia! vaccine! research,! let! alone! in!

heterologous! prime.boost! regimens,! it! is! appropriate! to! use! an! established!

chlamydial!antigen!in!order!to!be!able!to!compare!against!previous!research.!!

MOMP,! encoded! by! the! ompA! gene,! is! one! of! the! predominant! proteins! at! the!

surface!of!both!EB!and!RB!forms,!making!up!60%!of!total!outer!membrane!protein!

[146].!MOMP!has!a!molecular!mass!of!~40!kDa,!and!has!been!published!as!having!

functions! as! a! structural! protein! [164],! a! general! porin! [165]! [166]! [167],! and! a!

chlamydial!cytoadhesin![168]![169].!!!The!most!accepted!function!of!MOMP!is!that!of!

a!porin,!serving!as!a!general!diffusion!porin!being!strongly!size.selective!but!not!ion.

selective! [170].! Despite! years! of! research,! the! real! structure! of! MOMP! is! still!

unknown.! Using! secondary! structure! prediction! methods,! variable! domains! (VDs)!

were! located! on! the! outer! loops! and! exposed! on! the! surface,! consistent! with!

immunogenicity!and!infectivity!data!(Figure!3.1)![171]![172].!!

The! breakthrough! in! cloning! and! sequencing! of! the! ompA! gene! of! C.) trachomatis!

revealed!extensive!DNA!sequence!variation!and!correlated!with!observed!molecular!

weight!variation![173]![174]![175].!In!this!respect!C.)trachomatis!was!different!to!C.)

pneumoniae! where! there! is! comparatively! less! variability! in! MOMP! [176].! The!

variation! of!C.) trachomatis!MOMP! is!mostly! isolated! to! four! variable! segments! or!

domains!(termed!VS!or!VD!1!to!VD4),!which!include!subspecies.!and!serovar.specific!

antigenic! determinants! [171].! The! typing! of! C.) trachomatis! is! based! on! the!

serological! differentiation! of! antigenic! epitopes! on! MOMP! into! 19! human! C.)

trachomatis!serovars!(A!to!K,!Ba,!Da,!Ia,!Ja,!L1!to!L3,!and!L2a).!Based!on!amino!acid!

similarities,! these! serovars!are!grouped! into! the! following! serogroups!or! classes:!B!
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class! ! (B,! Ba,!D,!Da,! E,! L1,! L2! and! L2a),! C! class! (A,! C,!H,! I,! Ia,! J,! Ja,! K,! and! L3),! and!

intermediate! class! (F! and! G)! [177]! [178]! [179].! Generally,! type! specific! antibodies!

show! specificities! for! one! of! these! serovars! only;! sub.species! specific! antibodies!

show! specificities! for! the! class! to! a! varying! extent;! and! species! specific! antibodies!

show!specificities!for!the!whole!C.)trachomatis!species![180]![181].!!!!

!

In! our! vaccine! design! we! sought! to! use! a! MOMP! antigen! that! encompassed! the!

broadest! coverage! of! these! different! serovar! groups! and! classes! and! thus! have! a!

strong! translational! potential.! We! investigated! both! a! consensus! and! a! mosaic!

antigen!approach!to!encompass!the!amino!acid!variability!of!MOMP.!Mosaic!vaccine!

antigens! are! composite! proteins,! optimised! to! include! the! maximum! number! of!

potential! T! cell! epitopes! from! a! set! of! samples.! The! mosaics! are! generated! from!

natural!sequences!and!resemble!natural!proteins!but!systematically!include!common!

(and! exclude! rare)! potential! epitopes.! The! mosaic! approach! has! been! extensively!

analysed! for!HIV!proteins,!but! can!be!applied! to!any!variable!protein!and! to!other!

pathogens![182].!Consensus.based!vaccines!rely!on!a!centralised!antigen!designed!to!

reduce!sequence!diversity!by!using!the!most!common!amino!acid!at!each!position!of!

the! protein.! Consensus! vaccines! are! designed! to! reduce! the! genetic! differences!

between! the!vaccine!and! the!primary! isolate!and! increase! the!breadth!of! immune!

response![183].!!

!

!

!
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Figure!3.1.!Chlamydia)trachomatis!MOMP!structure!

(A)! Backbone! and! (B)! predicted! topology! of! C.) trachomatis) serovar! C! MOMP! monomer.! Figures!

adapted!from!Feher!et)al.,!2013![184].!The!backbone! is!a!superposition!of!10! low!energy!monomer!

structures!,!with!ribbon!colours!illustrating!the!relative!deviations!of!the!heavy!atoms!to!the!average!

structure.!The!predicted! topology!of! the!monomer! indicating!variable!domains,! loop!structures!and!

aromatic/cysteine!amino!acids.!!!

!

!
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!

The! aim! of! this! chapter! is! to! computationally! assess! whether! the! amino! acid!

variability! within! the! Chlamydial! antigen! MOMP! can! be! encompassed! within! a!

consensus! or! a! mosaic! based! vaccine.! In! this! chapter! consensus! and! mosaic!

approaches!will!be!bioinformatically!analysed!to!assess!which!approach!provides!the!

greater!coverage!of!worldwide!circulating!MOMP!sequences.!Based!on!this!analysis!

the! optimal! antigen!will! be! expressed! from! four! differing! vaccine! platforms;! DNA,!

HuAd5,!MVA,!and! recombinant!protein!and!used!as! tools! to! investigate!what!anti.

MOMP!immune!responses!can!be! induced,!and!subsequently!determine!what!anti.

MOMP!immune!responses!are!required!for!protection!against!Chlamydia.!!!!

Aim!

• To! computationally! assess! whether! the! amino! acid! variability! within! the!

Chlamydial!antigen!MOMP!can!be!encompassed!within!a!single!antigen.!

Objective!

• Consensus! and! mosaic! approaches! will! be! bioinformatically! analysed! to!

assess! which! approach! provides! the! greater! coverage! against! worldwide!

circulating!MOMP!sequences.!

!

!

!
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3.2 Results!

3.2.1 Genital!Chlamydia)trachomatis!serovar!prevalence!worldwide!

Though! MOMP.based! vaccines! have! induced! strong,! near! protective! immunity! in!

animal! models,! there! is! significant! diversity! in! the! amino! acid! sequence! of! the!

protein!(encoded!by!ompA),!and!the!serovar!typing!of!C.)trachomatis!is!based!on!this!

MOMP! variability.! To! date! there! isn’t! a! known! worldwide! prevalence! of! specific!

urogenital!C.)trachomatis!serovars,!therefore!a!literature!review!was!undertaken!to!

investigate! this.! Pubmed! searches! for! the! terms! “chlamydia! trachomatis! serovar!

prevalence”!and!“ompa!trachomatis!prevalence”!were!undertaken!in!October!2011.!

Research!articles!were!only! included! if! they!stated! the!serotype!and! the!serotypes!

percentage! prevalence! or! relative! prevalence! to! other! serovars.! Unless! otherwise!

stated,!only!serovar!prevalence’s!from!genital!C.)trachomatis!samples!were!included,!

albeit! from! either!male! or! female! subjects.! ! From! this! PubMed! search! in!October!

2011,! only! 13! publications! described! the! country! or! regional! serovar.specific!

prevalence.!A!subsequent!PubMed!search!in!November!2014!provided!an!additional!

5! publications! describing! country/regional! serovar.specific! prevalence’s.! Serovar! E!

clearly!revealed!itself!to!be!the!most!prevalent!in!the!majority!of!cases,!accounting!

for!49%!of!cases!in!Australia!(2011),!46%!in!Buenos!Aires,!Argentina!(2010),!and!41%!

in! Holland! (2000).! Overall,! in! 10! out! of! the! 13! C.) trachomatis! serovar! surveys!

published,!serovar!E!emerged!as!the!most!prevalent!(Figure!3.2).!In!a!subsequent!5!

publications!since!October!2011,!4!of!the!5!publications!revealed!serovar!E!to!be!the!

most!prevalent!serovar!in!their!studied!regions![185]![186]![187]![188].!!
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!

3.2.2 Encompassing!MOMP! variability! in! a! consensus! and!mosaic! vaccine!

antigen!

However,!there!is!amino!acid!variability!in!the!protein!MOMP!between,!and!within,!

serovars.! To! account! for! the! amino! acid! variability! in! MOMP! within! serovar! E,! a!

consensus! approach! was! undertaken! using! over! 1500! serovar! E! ompA! sequences!

obtained!worldwide!and!generously!provided!by!Prof.! Joao!Gomes! (NIH,!Portugal).!

These!sequences!were!surveyed!from!a!total!of!5026!C.)trachomatis!strains!isolated!

in! 33! distinct! geographic! regions! from! five! continents! [189].! These! samples! were!

sourced! from!both!hetero! and!homosexual! patients! from!general! practices,! family!

planning! centres,! obstetrics! and! STD! clinics.! They! found! 49! ompA! variants! within!

their!serovar!E!samples,!and!these!sequences!were!used!for!an!in)silico!generation!of!

a! consensus! sequence.! The! Los! Alamos! Consensus! Online! Program!

(http://www.hiv.lanl.gov/content/sequence/!CONSENSUS/consensus.html)!was!used!

on!the!49!variant!sequences,!which!aligns!the!49!sequence!reads!and!calculates!the!

majority! amino! acid! at! each! position! before! providing! a! consensus! identity.! ! The!

consensus! sequence! calculated! had! a! 61%! identity,! and! matched! the! circulating!

strain!E.Bour.!However,!from!an!amino!acid!guide!tree!of!the!49!variants,!there!was!

significant!clustering!of!CalE!samples.!After!blocking!for! these!11!CalE!variants,! the!

consensus!still! remained!as! the!strain!E.Bour!but! its!coverage! identity!dramatically!

rose! to! 92.1%.! The! consensus’! epitope! coverage! against! the! variant! sequences! of!

serovars!D,!E,!F!and!G!was!analysed!by!EPICOVER!(Figure!3.3A).!
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!

!

Figure!3.2.!C.)trachomatis!serovar!prevalence’s!worldwide.!!

The!three!most!prevalent!serovars!for!the!studied!countries!are!ranked!in!order!of!prevalence.!When!

percentages!are!unavailable,!colour!coding!represents!the!relative!prevalences,!with!dark!red!(most!

prevalent)!to!yellow!(4
th
!most!prevalent).!Studies!available!after!October!2011!are!not!included!in!this!

figure,!but!are!discussed!in!the!text.!!

!

Country!(Year)! D! E! F! G! H! I! J! K!
Amsterdam!(Holland)!(1995)![190]! ! ! ! ! ! ! ! !

Australia!(2008)![191]! ! 49%! 22%! 6%! ! ! ! 6%!

Buenos!Aires!(Argentina)!(2010)![192]! 19%! 46%! 15%! ! ! ! ! !

China!(2007)![193]! 11%! 27%! 23%! 12%! ! ! ! !

Greece!(2010)![194]! ! ! ! ! ! ! ! !

Hafner!(2008)![195]! ! ! ! ! ! ! ! !

Holland!(2000)![196]! 12%! 44%! 22%! ! ! ! ! !

Hungary!(2009)![197]! 34%! 22%! 19%! 9%! ! ! ! !

Italy!(2009)![198]! 20%! 25%! 16%! 19%! ! ! ! !

Japan!&!Thailand!(1990s)!![199]! 32%! 18%! 17%! ! ! ! ! !

Papua!New!Guinea!(2007)![200]! 30%! 21%! 25%! ! 20%! ! ! !

Russia!(2009)![201]! 10%! 34%! ! 26%! ! ! 8%! !

Seattle!(USA)!(1988.1996)![202]! 13%! 32%! 18%! ! ! ! ! !
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EPICOVER!calculates!the!proportion!of!all!epitope.length!peptides!in!the!test!set!that!

are! matched! by! some! peptide! or! peptides! in! each! designed! antigen.! EPICOVER!

analyses! at! a! nominal! epitope! length! of! 9,! for!which! the! program! is! optimised! to!

analyse! both! Class! I! and! II! epitopes;! allows! up! to! 2! maximum! amino! acid!

mismatches;! and! requires! a! minimum! of! 3! occurrences! of! the! epitope! from! the!

epitope!test!set!to!consider! it!as!part!of!the!coverage.!The!consensus!has!an!exact!

epitope! coverage! of! 95.26%! against! the! 49! serovar! E! variants,! and! a! coverage! of!

68.13%!against!the!36!serovar!D!variants,!with!an!overall!total!epitope!coverage!of!

69.76%!against!the!134!variants!of!serovar!D,!E,!F!and!G!together.!For!epitopes!off!by!

1!amino!acid!or!2!amino!acids,! the!coverage!percentages!are!greater,!as!expected.!!

There! are! advantages! to! the! consensus! sequence! of!MOMP!matching! that! from!a!

wild.type! circulating! strain! (E.Bour).! Firstly! it! ensures! that! the!MOMP!will! have! a!

natural,! functioning! protein! structure,! and! secondly! it! allows! for! homologous!

challenges!using!actual!C.) trachomatis! strain!E.Bour!elementary!bodies.! To! further!

confirm! the! functional! relevance! of! the! consensus! MOMP! sequence,! a! Uniprot!

alignment!analysis!was!carried!out!with!the!consensus!MOMP!sequence!against!the!

other!38!serovar!E!variant! sequences.!This!alignment! revealed!no!negative!charge,!

aliphatic,!aromatic!or!physical!size!site!differences!between!the!sequences,!changes!

that! may! influence! the! protein! folding,! the! transmembrane! anchoring! during!

production!or!the!functionality!of!the!mature!protein.!!

As! a! comparison! to! the! consensus! approach,! a! mosaic! vaccine! strategy! was!

investigated.!Mosaic!vaccines!use!natural!sequences!to!generate!a!small!number!of!

mosaic! sequences! that! include! the! maximal! diversity! of! potential! T! cell! epitopes!
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from!circulating!sequences.!This!method!was!first!applied!to!HIV!antigens!due!to!the!

large! genetic! diversity! in! the! virus,! but! has! not! yet! been! applied! to! any! C.)

trachomatis)protein.!A!mosaic!protein! is!an!artificial! recombinant!protein!designed!

from!a!set!of!reference!protein!sequences!so!that!every!constituent!peptide!is!found!

in! some! place! in! the! set! of! input! proteins.! A! mosaic! vaccine! was! designed!

(http://www.hiv.lanl.gov/content/sequence/MOSAIC/makeVaccine.html)! from! the!

MOMP! variant! sequences! of! both! D! and! E! serovars,! and! the! epitope! coverage!

assessed!by!EPICOVER!(Figure!3.3B).!The!mosaic!provided!exact!epitope!coverage!of!

76.31%! against! serovar! E! variants,! 64.82%! against! serovar! D! variants,! and! 70.81%!

against! all! four! serovars.! The! mosaic! vaccine’s! overall! epitope! coverage! is!

comparable!to!that!of! the!consensus!vaccine,!but!the! lower!coverage!for! the!most!

prevalent!serovar!E!and!particularly!the! lack!of!a!native!MOMP!structure!given!the!

expression! difficulties! experienced! by! researchers! in! the! past! argued! against! the!

mosaic! approach! for! this! work.! From! this! evidence! I! was! confident! to! use! the!

consensus!MOMP! sequence! as! the! antigen! in! the! vaccines! developed! throughout!

this! project.! The! nucleotide! and! amino! acid! sequence! of! the! consensus! MOMP!

antigen!is!provided!in!the!Appendix!(Figure!9.6!&!Figure!9.7).!

!

!

!

!
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Figure!3.3.!EPICOVER!analysis!of!MOMP!consensus!and!MOMP!mosaic!antigens.!!

Epitope!coverage!(EPICOVER)!analysis!of!a!9.mer!window!matching!for!the!computationally!designed!

A)! Consensus! and! B)! Mosaic!MOMP! antigens.! Mean! coverage! of! either! the! consensus! or! mosaic!

MOMP! antigen! against! the! 134! variant! MOMP! sequences! (provided! by! Gomes,! NIH! Portugal),!
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grouped! by! serovar,! represented! graphically! and! tabulated.! Mean! coverage! represented! as! either!

exact!epitope!matches!(off.by.0)!or!by!1!or!2!amino!acid!mismatches.!Mean!epitope!coverage!against!

serovars!D,!E,!F!and!G!(Total)!are!very!similar!between!consensus!MOMP!and!mosaic!MOMP!(69.7%!

vs!70.8,!respectively).!Consensus!approach!therefore!adopted!due!to!the!greater!conservation!of!the!

MOMP!‘native’!structure.!Software!freely!available!by!The!Los!Alamos!National!Laboratory.!!

!

!

!

!

!

!

!

!

!

!

!
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3.2.3 Vaccine!development!!

3.2.3.1 Vaccine!construction!

The! full!methodologies! and!details! on! the! constructions! of! the!DNA,!HuAd5,!MVA!

and!recombinant!MOMP!vaccines!are!described!in!Chapters!2.2!and!2.3.!Briefly,!the!

human! codon!optimised! consensus!MOMP! sequence!was! synthesised!by!GeneArt,!

and!cloned!into!the!plasmid!pcDNA3.1!to!form!the!DNA!vaccine.!For!the!construction!

of! the! HuAd5! vaccine,! the! same! synthesised! consensus! MOMP! sequence! was!

homologously! recombined! into! the! E1! and! E3! deleted! HuAd5! genome! plasmid,!

pAL1112.! Successfully! recombined! clones! were! transfected! into! 293TREx! cells! to!

propagate!HuAd5!virus.!The!synthesised!consensus!MOMP!was!successfully!cloned!

into!the!MVA.GFP.TD!shuttle!plasmid!before!being!sent!to!The!University!of!Oxford!

Viral!Vector!Core! Facility!where! the!plasmids!were! transfected! and! the!MVA!virus!

propagated! and! purified.! For! the! recombinant! MOMP! protein,! an! E.) coli! codon!

optimised!consensus!MOMP!sequence!was!synthesised!by!GeneArt!and!cloned!into!

the! bacterial! expression! plasmid! pET101,! but! this! protein! expressed! at! too! low! a!

yield! in! E.) coli.) Therefore! a! closely! matched! recombinant! MOMP! (C.) trachomatis!

D/UW/Cx)!was!used!instead,!kindly!provided!by!Dr.!Frank!Follmann!(Statens!Serum!

Institut).!!

!

!
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3.2.3.2 Antigen!expression!from!DNA,!HuAd5!and!MVA!vaccines!

Expression!of!the!consensus!MOMP!antigen!from!the!DNA,!HuAd5!and!MVA!based!

vaccines! was! confirmed! by! polyclonal! anti.MOMP! Western! blots! (Figure! 3.4).!

MOMP.DNA!was!transfected!into!293TREx!cells,!and!the!cell!lysate!and!supernatant!

analysed!24!hr!post!transfection!by!anti.MOMP!western!blot.!MOMP!was!expressed!

at! the! correct! molecular! weight! (40! kDA)! in! the! cell! lysate! following!MOMP.DNA!

transfection.! CHO! cells! were! infected! with! MOMP.HuAd5,! the! cell! lysate! and!

supernatant!analysed!24!hr!post! infection!by!anti.MOMP!western!blot!and!MOMP!

was!found!to!be!expressed!at!the!correct!molecular!weight!(40!kDA)!in!the!cell!lysate.!

TREx.293!cells!were!infected!with!MOMP.MVA,!and!MOMP!was!expressed!in!the!cell!

lysate!24!hr!post!infection.!

!

3.2.3.3 Recombinant!protein!expression!plasmid!

To!prepare!recombinant!MOMP!protein!we!used!an!inducible!prokaryotic!expression!

system.! Consensus! MOMP! recombinant! protein! could! not! be! expressed! to! high!

enough! yields! in! the!E.) coli! expression! system! for! use! as! a! vaccine.! Induction! and!

expression! of! the! consensus!MOMP! recombinant! protein!was! compared! against! a!

serovar! D! MOMP! recombinant! protein! (kindly! provided! by! Dr.! Frank! Follmann,!

Statens!Serum!Institut).!Under! identical! induction!conditions,! the!serovar!D!MOMP!

recombinant!protein!was!expressed!to!a!higher!yield!(Figure!3.4B,!Lane!3)!than!the!

consensus!MOMP!recombinant!protein! (Figure!3.4B,! Lane!6),!which!yielded!usable!

amounts!for!vaccination!studies.!Therefore!the!recombinant!protein!from!serovar!D!
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MOMP!was! used! throughout! this! thesis! as! the! recombinant! protein! vaccine.! It! is!

unclear! how! the! eight! amino! acid! differences! between! the! consensus!MOMP! and!

the! serovar!D!MOMP! could! result! in! such!different! yields! in! the!E.) coli! expression!

system.!

!!!

!

!

!

!

!

!

!

!!!

!

!

!

!

!
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Figure! 3.4.! MOMP! expression! from! (A)! DNA,! HuAd5! and! MVA! vectored! vaccines! and! the! (B)!

production!of!recombinant!MOMP!from!E.coli.!!

MOMP!expression! from!the!DNA,!HuAd5!and!MVA!vectored!vaccines!confirmed!by!polyclonal!anti.

MOMP!Western!Blot.!Full.length!consensus!MOMP!protein!detected!at!a!molecular!weight!of!40!kDa.!

MOMP!production! from!E.coli!was! confirmed!by!Coomassie.!Coomassie!gel! reveals!poor! consensus!

MOMP!yield!following!expression!in!E.coli!in!comparison!to!the!MOMP!serovar!D!antigen.!Lanes!1!&!4!

are!non.purified!soluble!proteins!expressed!following!induction,!lanes!2!&!5!are!flow!through!proteins!

(unbound)! following! HIS.purification! of! the! soluble! protein! fraction,! and! lanes! 3! &! 6! are! eluted!

proteins!(bound)!following!HIS.purification!of!the!soluble!protein!fraction.!!!!!

40 kDa 

1    2    3         4     5     6 

A

!

B!
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3.2.4 DNA,!HuAd5!and!MVA!vaccine!in)vivo!dose!titration!!

To!determine!the!appropriate!dose!for!these!novel!untested!vaccine!constructs,!an!

in) vivo! dose! titration!was! performed! for! each! one! in! turn.! The! immunisation! and!

sampling!schedule! for! the! in)vivo!dose! titrations!are! represented! in!Figure!3.5!and!

for! each! vaccine! type! (DNA,! HuAd5,! and! MVA)! the! MOMP.specific! serum! IgG!

concentration!and!the!MOMP.specific!T!cell!IFN.γ!production!was!measured!(Figure!

3.6).!

All! DNA! immunisations! were! delivered! intramuscularly! with! electroporation! as!

described! in! Chapter! 2.4.2.! A! dose! of! 0.5! –! 50! μg!was! evaluated! for! induction! of!

MOMP.specific! IgG! (Figure! 3.6A).! There! were! significantly! higher! serum! MOMP.

specific!IgG!concentrations!following!vaccination!with!50!μg!DNA!doses!compared!to!

0.5! μg! doses! or! unvaccinated! naïve! controls! (*p) ≤! 0.05,! one! way! ANOVA! with!

Bonferroni’s! multiple! comparison! post.test),! with! a! mean! concentration! of! 13.8!

μg/ml! MOMP.specific! IgG! following! four! 50! μg! DNA! immunisations! with!

electroporation.! The! same! dose! titration! was! assessed! for! induction! of! cellular!

responses! (Figure!3.6A).!There!were!significantly!greater!MOMP.reactive! IFN.γ!SFU!

from!splenocytes!from!mice!vaccinated!with!50!μg!DNA!doses!(***!p!≤!0.0005)!or!5!

μg!DNA!doses! (*p)≤!0.05)!compared!to!unvaccinated!naïve!controls! (Kruskal.Wallis!

with! Dunn’s! multiple! comparison! test).! Four! 50! μg! DNA! immunisations! with!

electroporation!measured!a!median!of!335!IFN.γ!SFU/10
6
!splenocytes,!with!the!5!μg!

dose! providing! a! median! of! 179! IFN.γ! SFU/10
6
.! As! there! were! no! statistical!

differences!between!50!μg!and!5!μg!doses,!we!decided!upon!a!workable!dose!of!10!!
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Figure! 3.5.! Vaccination! and! sampling! schedule! for! the! in) vivo! titration! of! DNA,! HuAd5! and!MVA!

vectored!vaccines!expressing!MOMP.!

The!DDDD!regimen!for!the!dose!titration!of!the!DNA!vaccine!in!BALB/c!mice!(Top)!and!the!DA!and!DM!

regimen!for!the!dose!titration!of!HuAd5!and!MVA!expressing!MOMP!(Bottom).!Immunisations,!bleeds!

and! sacrifices! are! indicated! on! the! regimen! schedules.! Immunisation! volume,! route! and! vaccine!

concentrations!are!presented,!alongside!mice!numbers!per!group.!!



!

102!

μg!which!is!often!used!for!DNA!immunisations!adjuvanted!with!electroporation!(Dr.!

Paul!McKay,!personal!communication).!

For! the! HuAd5! construct! a! dose! titration! of! 10
6
! –! 10

8
! PFU! was! performed.! The!

intramuscular! HuAd5! immunisation! was! the! boost! to! a! DNA! prime,! with! the!

vaccination!and!sampling!schedule!presented!in!Figure!3.5B.!The!HuAd5!was!a!boost!

to!a!DNA!prime!instead!of!just!a!HuAd5!prime!alone!to!allow!dose!effect!differences!

to! be! distinguishable,! and! a! HuAd5! prime.HuAd5! boost! was! avoided! in! order! to!

circumvent!any!potential!vector! immunity! issues.!A!dose!titration!of!10
6
!–!10

8
!PFU!

was! evaluated! for! the! induction! of! MOMP.specific! IgG! (Figure! 3.6B)! There! were!

significantly! higher! serum!MOMP.specific! IgG! concentrations! following! vaccination!

with!10
7
!PFU!or!10

8
!PFU!HuAd5!compared!to!unvaccinated!naïve!controls!(*p)≤!0.05,!

one! way! ANOVA! with! Bonferroni’s! multiple! comparison! post.test),! with! a! mean!

concentration! of! 2.7! μg/ml!MOMP.specific! IgG! for! 10
7!
PFU! and! 3.5! μg/ml!MOMP.

specific! IgG!for!10
8
!PFU!HuAd5.!A!dose!titration!of!10

7
!–!10

8
!PFU!was!assessed!for!

the! induction! of! cellular! responses! (Figure! 3.6B).! There! were! significantly! greater!

MOMP.reactive! IFN.γ!SFU! from!splenocytes! from!mice!vaccinated!with!10
7
!PFU!or!

10
8
!PFU!HuAd5!compared!to!unvaccinated!naïve!controls!(*p)≤!0.05,!Kruskal.Wallis!

with! Dunn’s! multiple! comparison! test),! with!median! values! of! 246! and! 267! IFN.γ!

SFU/10
6
! splenocytes! for! 10

7
! and! 10

8
! PFU!HuAd5! respectively.!We! decided! upon! a!

HuAd5!dose!of!10
7
!PFU!for!future!immunisations!as!10

7
!PFU!was!the!lowest!dose!to!

yield! both! significantly! greater! humoral! and! cellular! responses! compared! to! the!

naïve!controls.!!
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Figure!3.6.!In)vivo!titration!of!DNA,!HuAd5!and!MVA!expressing!MOMP.!!

MOMP.specific!IgG!from!serum!were!assessed!(n=6!BALB/c!per!group)!one!week!after!DDDD!regimen!

for!DNA!titration!(A),!or!DA!or!DM!for!HuAd5!(B)!and!MVA!(C)!titration.!Antibody!results!are!expressed!

as!group!means!(+SEM)!(μg/ml!or!ng/ml).!!
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!

*p!≤!0.05,!one.way!ANOVA!with!Bonferroni’s!multiple!comparison!post.test.!These!vaccinated!BALB/c!

mice! were! sacrificed! one! week! post! final! immunisation! and! splenocytes! were! assessed! by! IFN.γ!

ELISpot!for!MOMP.reactive!T!cells!using!15.mers!overlapping!by!11!amino!acid.!Graph!is!expressed!as!

group!medians! (SFU/million! antigen! stimulated! cells! (+! interquartile! range))! *p! ≤! 0.05! and! ***p! ≤!

0.0005!by!Kruskal.Wallis!with!Dunn’s!multiple!comparison!test.!
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For!the!MVA!construct!a!dose!titration!of!10
4
!–!10

6
!PFU!was!performed.!As!for!the!

HuAd5! titration,! the! intramuscular! immunisation! was! the! boost! to! a! DNA! prime!

(Figure!3.5B).!A!dose! titration!of!10
4
!–!10

6
!PFU!was!evaluated! for! the! induction!of!

MOMP.specific! IgG! and!MOMP.reactive! IFN.γ! SFU! from! splenocytes! (Figure! 3.6C)!

None! of! the! MVA! doses! induced! significantly! greater! serum! MOMP.specific! IgG!

concentrations!than!the!unvaccinated!naïve!controls,!with!the!highest!MVA!dose!of!

10
6!
PFU!inducing!a!mean!concentration!of!only!181!ng/ml!serum!MOMP.specific!IgG.!

In! addition,! none! of! the! MVA! doses! induced! significantly! greater! MOMP.reactive!

IFN.γ!SFU!from!splenocytes!compared!to!unvaccinated!naïve!controls.!However,!the!

highest!dose!of!10
6!
PFU!did! induce! the!highest!median!with!112! IFN.γ!SFU/10

6
.!As!

10
6!
PFU!was!the!only!dose!to!induce!any!measurable!humoral!and!cellular!response,!

it!was!chosen!as!the!workable!dose!for!future!MVA!immunisations.!!

!

!

!

!

!

!

!
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3.3 Discussion!

!

The!majority!of!currently!available!successful!vaccines!induce!host!responses!against!

antigens! that! are!highly! conserved! in! the! targeted!pathogens.!Diphtheria,! tetanus,!

and!pertussis! vaccines! confer!protection!by! inducing!neutralising!antibodies! to! the!

conserved! bacterial! toxins! that! are! the! major! virulence! factors.! The! Hemophilus)

influenzae!B!vaccine!induces!effective!responses!to!conserved!epitopes!in!the!sugar!

structure!of!the!bacterial!capsular!polysaccharide![203].!However,!new!strategies!are!

required!to!be!successful!against!the!more!intractable!pathogens,!particularly!those!

with!a!high!degree!of!antigenic!variation.!

To! the! best! of! our! knowledge,! no! one! has! tried! to! deal!with! the! variability! in! the!

amino!acid!sequence!of!MOMP!serovars!within!a!single!protein!antigen.!Groups!have!

attempted!to!encompass! the!variability! through!the!use!of!a!several!MOMP.based!

vaccines!formulated!together.!A!polyvalent!MOMP!based!vaccine!approach!was!used!

against!Chlamydia)pecorum! in! koalas,! co.immunising!with!MOMP!A! and!MOMP!F.!

MOMP!A,!MOMP!F!and!MOMP!G!were!able!to!induce!systemic!and!mucosal!immune!

responses! in! the! healthy,! Chlamydia.free! koalas,! but! these! animals! were! not!

challenged![204].!Another!potential!approach!to!contend!with!the!genetic!diversity!

of! C.) trachomatis! serovars! is! to! use! non.variable! Chlamydial! antigens.! The!

polymorphic!membrane! protein! D! (PmpD)! is! a! species.specific! antigen! that! elicits!

pan.neutralising!antibodies![205].!If!produced!and!formulated!in!such!a!way!as!to!be!

a!protective!vaccine!antigen,!it!could!potentially!provide!cross.serovar!protection!to!
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C.)trachomatis![206].!!

It! is! important! to! recognise! that! concentrating! vaccination! strategies!onto!a! select!

few!serovars,!such!as!E!and!D!in!this!case,!can!potentially!result!in!serovar/serotype!

replacement!at!a!population!scale.!Although!serotype!replacement!is!a!possible!issue!

when!multiple!serovars!are!in!circulation,!serotype!replacement!was!not!detectable!

after!the!introductions!of!the!Haemophilus)influenza!type!b!(Hib)!conjugate!vaccines.!

Serotyping!of!H.)influenzae!carriage!in!over!360!families!in!the!UK!found!no!evidence!

of!increased!carriage!of!non.b!H.)influenzae!following!vaccination![207].!In!contrast,!

pneumococcal! conjugate! vaccine! studies! have! shown! substantial! evidence! of!

serotype! replacement! [208].! Since! the! introduction! of! the! heptavalent! conjugate!

pneumococcal!vaccine!(PCV7),!the!pneumococcal!serotype!distribution!as!well!as!the!

patterns! of! antibiotic! resistance! has! changed.! Serotyping! of! Streptococcus)

pneumoniae!strains!from!across!16!Massachusetts!communities!between!2001!and!

2004! revealed! non.PCV7! serotypes! increasing! from! 34%! to! 55%,! indicating! either!

serotype! replacement! or! serotype! switch! in! which! strains! express! a! new! capsular!

serotype!to!evade!host! immunity! [209].!Given!that! the!ompA!genes!of!Chlamydiae!

have! recombination! hotspots! and! regions! that! can! transpose! between! types,!

serotype! replacement! is! a! potential!worry! in! Chlamydia! vaccine! design! and!would!

have!to!be!investigated!and!followed.up!in!population!settings.!!!

The!use!of!consensus!antigens!has!had!some!success!for!particular!diseases!in!animal!

studies.!The!failure! in!protection!with!current!HBV!vaccines! in!15%!of! individuals! is!

due! to! the! genetic! divergence! among! different! HBV! genotypes! and! the! immune!
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escape!mutations!that!occur!within!the!surface!antigen!HBsAg.!To!avoid!these!issues,!

Obeng.Adjei!et)al.!designed!a!novel!consensus.based!approach!to!vaccine!design!for!

HBV.!Their!DNA!vaccine!based!consensus!was!based!on!the!HBV!core!(HBcAg),!with!

codon!and!RNA!optimisation! for!maximum!expression.! The! consensus! vaccine!was!

able!to!induce!strong!antigen.specific!T!cell!responses!in!C57BL/6!mice,!as!well!as!a!

high! titre! antibody! response! capable! of! recognising! a! native! HBcAg! though! there!

were! no! challenge! studies! to! assess! protective! ability! [210].! A! consensus! H5N1!

influenza!hemagglutinin!(HA)!antigen!was!designed!from!circulating!2006!strains!and!

inserted! into!a!DNA!plasmid.!Mice! immunised! intramuscularly! (via!electroporation)!

with!this!consensus!H5N1!HA!antigen!elicited!neutralising!antibodies!against!various!

H5N1!viruses!across!five!clades.!Moreover,!this!vaccine!in!mice!conferred!complete!

protection! from! H5N1! virus! challenges! against! clades! 1! and! 2.2,! and! significant!

protection! against! clade! 2.1! [211].! Rhesus! macaques! were! vaccinated! with! a!

polyvalent! mixture! of! purified! HIV.1! trimerised! consensus! Env.gp140! proteins!

encompassing! clades!A,!B,!C!and!E,! and! compared!against! a! single! consensus!Env.

gp140! representing!group!M.!Both!vaccines!elicited!anti.Env.gp140! IgG!antibodies,!

and!both!vaccines!elicited!neutralising!antibodies!against!the!HIV.1!SF162p4!isolate.!

However,! these! consensus.vaccinated! monkeys! were! not! protected! against! SHIV!

SF162p4! challenge! [183].! Inovio! Pharmaceuticals,! Inc.,! recently! revealed! positive!

interim!results! from!a!phase! I! study!of!a! consensus!based!H5N1!DNA!vaccine.!The!

VGX.3400X! study,! utilising! Inovio’s! SynCon®! consensus! design! technology,!

demonstrated!vaccine.elicited!high!antigen.specific!binding!antibody!concentrations!

and! a! four.fold! rise! in! geometric!mean! titres! in! an! HAI! assay! against! six! different!
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H5N1!virus! strains.! This,! they!argue,! is! an! initial!demonstration!of! the!potential! to!

generate!‘universal’!immune!responses!in!humans.!!!

!

The!mosaic!approach!to!vaccine!antigen!design!has!been!pursued!most!diligently!in!

HIV.1! vaccine! research.! When! administered! to! monkeys,! mosaic! vaccines! elicited!

stronger! responses,! covering!more! epitopes! and!with! greater! cross.reactivity! than!

single! immunogens! [212]! [213].! Furthermore,! bivalent!HIV.1!mosaic! antigens!have!

shown!protection!against!acquisition!of!infection!with!the!difficult!to!neutralise!SHIV!

SF162p3!virus!in!rhesus!macaques.!Adenovirus/poxvirus!and!adenovirus/adenovirus!

vector.based! vaccines! expressing! HIV.1! mosaic! Env,! Gag,! and! Pol! afforded! a!

significant! reduction! in! the! per.exposure! acquisition! risk! following! repetitive,!

intrarectal! SHIV.SF162P3! challenges,! with! protection! correlating! with! vaccine.

elicited!binding,! neutralising,! and! functional! non.neutralising! antibodies! [156].! The!

mosaic!approach!has!not!been!published!for!any!other!pathogen!except!HIV.1!to!the!

best!of!our!knowledge.!!!!

From!our!EPICOVER!and!proteomic!analyses,!the!consensus!MOMP!provided!greater!

epitope!coverage!against! the!most!prevalent! circulating!C.) trachomatis! strains!and!

the! consensus! provided! a! nearer.native! MOMP! structure! in! comparison! to! the!

mosaic!antigen.!Therefore!we!decided!to!use!the!consensus!MOMP!sequence!as!the!

antigen!in!the!vaccines!developed!throughout!this!project.!

We! carried! out! an! in) vivo! titration! of! the!DNA,! HuAd5! and!MVA! vectored!MOMP!

vaccines! to! determine! the! optimal! inoculation! dose! to! elicit! maximal! cellular! and!
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humoral!immunity.!The!dose!we!chose!for!the!DNA!vaccine!with!electroporation!was!

10!μg!DNA.!This!is!a!dose!comparable!to!other!DNA!vaccines,!including!those!against!

Merkel!cell!polyomavirus![214],!against!HIV![157],!and!against!tumors!in!mice![215].!

From! the! in) vivo! titration,! there! were! no! significantly! different! antibody! or! IFN.γ!

ELISpot!induction!between!the!5!μg!and!50!μg!doses,!and!for!comparability!to!other!

DNA! vaccines!we! decided! upon! 10! μg! DNA!with! electroporation! (Dr.! Paul!McKay,!

personal! communication).! Our! optimal! dose! for! HuAd5.MOMP! immunogenicity,!

delivered! intramuscularly,!was!1! x10
7
!PFU.! This! is! the! same!dose!as! is! used! in! the!

adenovirus.vectored!vaccine!against!Venezuelan!equine!encephalitis!virus!in!BALB/c!

mice! [216],! and! comparable! to! dosages! used! to! provide! protective! immunity! to!

botulism![217]!and!as!a!sublingual!immunisation!to!SARS![218].!Finally,!our!optimal!

dose! for!MVA.MOMP!was!1!x10
6
!PFU!–! the!same!dose!as!used! in!pre.erythrocytic!

stage! malaria! vaccines! in! BALB/c! mice! [219]! and! in! pre.clinical! HIV.TB! pediatric!

vaccines!in!BALB/c!mice![220].!

There!were!difficulties! in!expressing!the!consensus!MOMP!in!the!E.)coli!expression!

system,!with!consistently! low!yields.!Expression!of!MOMP! in!heterologous!systems!

such!as!E.)coli!has!also!previously!proved!to!be!highly!problematic,!since!the!protein!

tends! to!misfold! and! aggregate! [221].! These!difficulties! have!been!experienced!by!

other!groups!and! in!other!expression!systems! including!Arabidopsis) thaliana! [222].!!

To! avoid! the! difficulties! in! expressing! full! length! MOMP,! Kalbina! et) al.! formed! a!

chimeric!MOMP! polypeptide,! minimizing! the! number! of! hydrophobic! amino! acids!

from! the! transmembrane! regions! to! thus! increase! the!protein’s! solubility.!We!also!

attempted! this! chimeric! approach,! but!with! low! yields.! It!was! only! the! full! length!
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MOMP!with!8!amino!acid!alterations,!made!in!collaboration!with!the!Statens!Serum!

Institute! (Copenhagen,! Denmark)! that! provided!workable! yields! of!MOMP! protein!

for! immunisations! and! immunogenicity! assessments.! It! is! uncertain! exactly! how!

these!amino!acid!alterations!affected!the!MOMP!yields;!especially!as!the!amino!acid!

sequence!matched! a! natural! circulating! Chlamydial! strain.! This! maybe! due! to! the!

expression!of!MOMP!within!E.)coli,!with!post.translational!modifications!potentially!

differing! from!those! in!Chlamydia.!Even!single!amino!acid!alterations!within! the!C.)

trachomatis! MOMP! protein! can! drastically! affect! the! protein! yields! (Dr.! Frank!

Follmann,! personal! communication)! and! may! affect! the! protein! folding,! the! pore!

formation!or!the!integrity!of!the!full!length!393!amino!acid!protein.!!!!

Overall! this! chapter! sought! to! computationally! assess! whether! the! amino! acid!

variability! within! the! Chlamydial! antigen! MOMP! could! be! encompassed! within! a!

consensus!or!a!mosaic!based!vaccine.!We!bioinformatically!attempted!to!encompass!

the! variability! of! the! chlamydial! antigen! MOMP,! with! the! consensus! approach!

providing!greater!epitope!coverage!and!native!structure!than!a!mosaic!antigen.!DNA,!

HuAd5! and! MVA! based! vaccines! were! successfully! constructed! and! their! optimal!

immunisation!dose!determined!through!in!vivo!titrations.!A!recombinant!consensus!

MOMP! was! poorly! expressed! from! E.) coli,! so! a! closely! related! MOMP! serovar! D!

antigen! was! adopted.! This! toolbox! of! MOMP.based! vaccines! will! allow! us! to!

investigate! which! vaccine.induced! immune! responses! are! protective! against! C.)

trachomatis!genital!infections!in!the!murine!model.!!!!!!!!

!
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4 MultiWcomponent! vaccines!against!Chlamydia! trachomatis!

elicit! varying! immune! outcomes! following! heterologous!

primeWboost!immunisations!

!

4.1 Introduction!

!

Established!vaccines!currently! in!clinical!use!predominantly!act!by! the! induction!of!

antibodies,! yet! stimulating! strong! cellular! immunity! has! proved!harder! to! achieve.!

New!arrays!of!alternative!antigen!delivery!systems!have!the!potential!to!induce!cell.

mediated! immunity,! such! as! DNA! vaccines,! recombinant! viral! vectors,! protein.in.

adjuvant! formulations! and! recombinant! virus.like! particles.! For! DNA! and!

recombinant!virus!vector!vaccines,!the!DNA!sequence!for!the!antigen(s)!of!choice!is!

inserted!into!an!E.)coli!derived!purified!plasmid!or!the!genome!of!a!double.stranded!

DNA!virus,!such!as!Adenovirus!or!vaccinia.!Host!CD4+!and!CD8+!responses!are!then!

induced!from!the! intracellular!synthesis!of! the!transgene,!with!processing!and!HLA!

presentation!of!class!I!and!II!T!cell!epitopes!from!the!antigen![223].!

There!has!been!much!optimism!about!the!potential!for!DNA!vaccines!as!an!effective!

preventative! measure! for! a! range! of! intracellular! diseases,! including! malaria,!

tuberculosis! and! HIV.! Human! studies! have! confirmed! the! safety! of! the! approach,!

along! with! the! ability! to! elicit! antigen.specific! CD8+! CTLs! [224],! though! the!

magnitude!of!T!cell!responses!were!not!shown!to!be!sufficient!for!protection!against!
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malaria! challenge.! Alongside! the! development! of!DNA! vaccines,! the! emergence!of!

recombinant! viral! vectors! as! vaccine! delivery! systems,! such! as! poxviruses! and!

adenoviruses!also!showed!promise!as!effective! inducers!of! immune!responses.!The!

highly! attenuated! recombinant! vaccinia! virus! MVA! revealed! to! have! excellent!

immunogenicity! [225],! but! when! used! singly! or! with! repeated! administration!

(homologous! boosting)! did! not! produce! levels! of! T! cell! responses! that! were!

protective!against!malaria! [226].! It!was! therefore! logical! to! try!combining!different!

approaches.!The!initial!use!of!a!heterologous!prime.boost!immunisation!approach!in!

HIV.1!vaccine!development!was!based!on!the!following!rationale:!!

“Recombinant)envelope)glycoproteins,)while)being)able)to)elicit)specific)neutralising)

antibody)responses,)were)unable)to)elicit)cytotoxic)T)cell)responses,)and)on)the)other)

hand,)immunisation)with)recombinant)vaccinia)expressing)HIVA1)antigens)could)elicit)

good) T) cell) responses) but) not) high) levels) of) protective) antibodies.) Therefore)

combined)immunisation)including)both)of)these)two)types)of)vaccines)may)be)more)

effective)than)either)immunogen)alone”)[227].!!

Priming! the! immune! system! against! a! target! antigen! and! subsequently! boosting!

antigen.specific!immune!responses!with!a!different!distinct!immunogen!can!result!in!

the! synergistic! enhancement! of! specific! immunity,! such! as! increased! number! of!

antigen.specific! T! cells! and! the! selective! enrichment! of! T! cell! avidity! [228]! [229].!

Potential!mechanisms! that! contribute! to! the! success!of! this! strategy! include!T! cell!

immunodominance,!the!nature!of!the!boosting!vectors,!and!the!generation!of!only!

low!levels!of!anti.vector!immunity![230]![231].!But!not!all!heterologous!prime.boost!
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strategies!are!successful!at!producing!a!synergistic!enhancement!of!T!cell!responses.!

Many!vector!agents!are!able!to!prime!an!immune!response,!but!not!all!are!effective!

boosters,!with! the! nature! of! the! antigen!delivery! system!determining! its! ability! to!

boost! a! cell.mediated! immune! response.! A! priming! immunisation! with! a!

recombinant! influenza! virus! expressing! an! epitope! from! a! protein! of! P.) yoelii!

followed! by! a! boosting! of! the! same! epitope! from! a! recombinant! vaccinia! virus!

provided!protection!in!mice,!yet!the!opposite!order!of!immunisation!failed!to!induce!

protection![232].!And!from!HIV!vaccine!research,!DNA!priming!followed!by!protein.

in.adjuvant!boosting!resulted!in!enhanced!antibody!titres,!but!by!an!additive!rather!

than! a! synergistic! effect! and! did! not! result! in! greatly! enhanced! effector! T.cell!

induction![233]![234].!

In! general! DNA! plasmids! are! excellent! priming! agents! but! relatively! ineffective! as!

boosting!agents,!while!MVA!and!adenovirus!strains!are!capable!of!either!priming!or!

boosting! when! used! in! heterologous! regimens.! Many! groups! have! now! reported!

enhanced!CD4+!and!CD8+!T!cell!induction!by!heterologous!prime.boost!strategies!in!

a! range! of! disease! models! (tuberculosis,! HIV,! HPV! and! Ebola)! but! is! yet! to! be!

investigated!for!C.)trachomatis![235]![236]![237]![238].!

!

In! this! chapter!we!will! comparatively! assess! the! induction! of! humoral! and! cellular!

immunity! against! C.! trachomatis! following! heterologous! prime.boost! vaccinations!

with! DNA,! Adenovirus,! MVA! and! recombinant! protein! based! vaccines! expressing!

MOMP.!As!there!is!not!yet!a!strong!correlate!of!protection!to!genital!C.)trachomatis!
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infection!in!the!mouse!model,!let!alone!in!humans,!these!heterologous!prime.boost!

vaccination! approaches! using! regimens! encompassing! the! four! differing! vaccine!

platforms!described!in!chapter!3!should!elicit!a!spectrum!of!immune!responses,!and!

potentially!engage!both!the!humoral!and!cellular!arms!of!the!immune!system.!These!

vaccine! constructs! and! their! use! application! in! differing! regimens! will! provide! an!

invaluable! tool! kit! to! investigate! potential! correlates! of! vaccine! induced! C.)

trachomatis!protection.!!

!

Aim!

• To! elicit! a! spectrum! of! immune! responses! against! MOMP,! and! potentially!

engage!both!the!humoral!and!cellular!arms!of!the!immune!system.!!

Objective!

• To! comparatively! assess! the! induction! of! humoral! and! cellular! immunity!

against!MOMP! following! heterologous! prime.boost! vaccinations! with! DNA,!

Adenovirus,!MVA!and!recombinant!protein!based!vaccines.!

• MOMP.specific! humoral! immunity! will! be! measured! by! ELISA! and! ELISA.

based!avidity!assays.!

• MOMP.specific! cellular! immunity!will! be!measured! by! IFN.γ! ELISpot! and! T.

cell!intracellular!cytokine!staining.!!

!
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4.2 Results!

4.2.1 Study!Design!

The!vaccination!regimens!are!abbreviated!according!to!the!vaccines!and!their!order!

in!the!vaccination!schedule.!The!DNA!vaccine!with!electroporation!is!hereon!referred!

to!as!D,!the!human!Adenovirus!5!vectored!vaccine!as!A,!the!MVA!vectored!vaccine!as!

M,!and!the!recombinant!protein!adjuvanted!with!MF59!as!P.!Therefore,!a!regimen!

involving!a!DNA!prime!(D),!followed!by!a!HuAd5!boost!(A),!a!subsequent!MVA!boost!

(M)! and! a! final! recombinant! protein! adjuvanted! with! MF59! boost! (P)! would! be!

represented! as! a!DAMP! regimen.! Accordingly,! a! DNA! prime!with! two! subsequent!

DNA!boosts!all!with!electroporation!is!abbreviated!to!DDD.!All!immunisations,!unless!

otherwise!stated,!are!administered!intramuscularly!at!three!weeks!apart,!with!serum!

and!vaginal! sampling! two!weeks!after!each! immunisation.!These! timings!had!been!

previously! optimised! in! our! laboratory! in! order! to! sample! at! peak! antigen.specific!

antibody!concentrations.!Mice!were!sacrificed!one!week!after!the!final!immunisation!

to!assess!cellular!responses!from!splenocytes!(Figure!4.1A).!!!

The! vaccination! regimens! tested! were! based! off! a! matrix.like! approach! to!

encompass!as!many! iterations!as!practically! feasible!(Figure!4.1B).!DNA!and!HuAd5!

vaccines,! as! discussed! in! Chapter! 4.3,! have! been! previously! shown! to! be! good!

priming!agents,!while!MVA!vectored!vaccines!are!poor!at!priming!and! this! set! the!

basis!for!a!set!of!the!heterologous!prime.boost!regimens!investigated.!HuAd5!prime!

or! boosts!were! subsequently! boosted!with! either!MVA! or! recombinant! protein! to!

avoid!any!risk!of!anti.vector!immunity!dampening!immune!responses.!With!respect!!
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Protein.free!Regimens! Protein.boost!Regimens!

DDDAM! DAMP!

DDDA! AMPP!

DDDM! DDPP!

DDD! APP!

AM! PPP!

! PP!

!

Figure!4.1.!Immunisation!and!sampling!schedule!and!primeWboost!regimens.!

The!immunisation!and!sampling!schedule!for!the!investigation!into!the!immunogenicity!of!a!four.dose!

prime.boost!vaccination!regimen!(A).!The!regimens!investigated,!categorised!as!either!protein.free!or!

protein.boosted!(B).!

!

week$

Immunisa,on$

Sampling$(serum/vaginal)$

Cull$+$sampling$

Week 0 Week 3 Week 6 Week 9 Week 10 
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to!the!difficulties!in!producing!high!yields!of!recombinant!MOMP!protein,!regimens!

without! any! recombinant! protein! was! investigated! alongside! regimens! with!

recombinant!protein!boosts.!Previous!work!in!our!laboratory!revealed!the!need!for!

two.three!initial!DNA!vaccinations!to!induce!sufficient!humoral!and!cellular!immune!

responses! in!mice!and!considerations! like! these!shaped! the! regimens! investigated.!

To!contrast!regimens!consisting!of!up!to!five!separate!immunisations,!we!considered!

short!regimens!within!our!investigations!such!as!AM!and!APP.!

!

4.2.2 Antibody! immunogenicity! of! C.) trachomatis! MOMP! vaccines! in!

intramuscular!heterologous!primeWboost!regimens!

The!immunogenicity!of!a!C.)trachomatis!antigen!MOMP!was!assessed!in!BALB/c!mice!

immunised! in! heterologous! prime.boost! regimens! with! DNA,! HuAd5,! MVA! and!

protein! (+! MF59)! based! vaccines.! Immunisations! were! administered! three! weeks!

apart! and! serum! and! vaginal! washes! sampled! two! weeks! post.final! immunisation!

(Figure! 4.2A).! Peak! MOMP.specific! serum! IgG! concentrations! were! measured! as!

described!in!Chapter!2.4.4,!with!the!highest!mean!concentration!afforded!by!the!PPP!

regimen! (mean! =! 1.27!mg/ml)! and! the! lowest! from! the!DDD! regimen! (mean! =! 15!

μg/ml).!

MOMP.specific! serum! IgG! concentrations! from! heterologous! prime.boost! vaccine!

regimens!(columns)!were!compared!against!other!heterologous!prime.boost!vaccine!

regimens!(rows)!by!one.way!ANOVAs!with!Bonferroni’s!multiple!comparison!post.!!
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!

! ! ! ! ! ! ! ! ! ***! !

!!

Table!4.1.!MOMPWspecific!serum!IgG!concentration!comparisons.!

One.way!ANOVA!with!Bonferroni’s!multiple! comparison!post.test! analysis! of!MOMP.specific! serum!

IgG!concentrations!elicited! following!heterologous!prime.boost!vaccine! regimens.!Column!regimens!

eliciting!significantly!greater!IgG!concentrations!than!row!regimens!are!marked!with!the!significance,!

*p!≤!0.05,!**p!≤!0.005,!***p!≤!0.0005!and!****p!≤!0.0001.!!!!!!

!
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tests! and! are! presented! in! Table! 4.1.! Regimens! (columns)! inducing! significantly!

greater!MOMP.specific! serum! IgG! concentrations! than! other! regimens! (rows)! are!

signified!by!their!degree!of!significance!(*p!≤!0.05,!**p!≤!0.005,!***p!≤!0.0005!and!

****p! ≤! 0.0001).! This! indicates! that! it! is! the! final! two! protein! (+! MF59)!

immunisations! that! significantly! increase!MOMP.specific! serum! IgG! concentrations!

above! prime.boost! regimen! without! two! protein! boosts.! The! MOMP.specific! IgG!

kinetics! following! the! differing! vaccination! regimens! are! provided! in! the! Appendix!

(Figure!9.4!&!Figure!9.5).!

Alongside! serum! measurements,! MOMP.specific! vaginal! IgG! concentrations! were!

measured! following! the! heterologous! prime.boost! vaccine! regimens.! With! a! one.

way! ANOVA! and! Bonferroni’s! multiple! comparison! post.test! analysis,! PPP! (*,! p! ≤!

0.05)! induced! significantly! higher!MOMP.specific! vaginal! IgG! than!DDDAM,!DDDA,!

DDDM,! DDD,! AM! or! the! naïve! group.! This! indicates! that! only! the! PPP! regimen!

induced!significantly!higher!vaginal!MOMP.specific!IgG!concentrations,!compared!to!

naïve!controls!and!regimen!without!protein!boosts!(Figure!4.2B).!!

Next! we! utilised! an! avidity! assay! (as! described! in! Chapter! 2.4.6)! as! a! means! to!

differentiate!and!qualitatively!evaluate!the!humoral!responses!(Figure!4.2C).!MOMP.

specific! serum! IgG!avidities! are! grouped! low,!medium!and!high!based!upon! the!%!

avidity!index.!Low!is!classified!as!<30%,!medium!is!30.50%,!and!high!avidity!are!>50%.!

All!protein! free! regimens! (DDDAM,!DDDA,!DDDM,!DDD!and!AM)!had!mean!avidity!

indices!of!<30%,!with!DDDM!having!the!lowest!mean!avidity!index!(mean!=!17.5).!In!

addition,! the! DAMP! and! PP! regimens! had! low! mean! avidity! indices,! with! these!
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regimens!only!having!a!single!protein!(+MF59)!boost.!The!regimens!with!two!protein!

(+MF59)! boosts! (AMPP,!DDPP! and! PPP)! all! had!medium!mean! avidity! indices.! The!

APP!regimen!was!the!only!regimen!to!induce!high!avidity!MOMP.specific!serum!IgG!

(mean!=!51.8).!!!

A!correlate!for!Th1!and!Th2!skewing!of!the!immune!response!in!mice!is!the!antigen.

specific! IgG2a! to! IgG1! ratio.!MOMP.specific! serum! IgG2a! and! IgG1! concentrations!

were!measured!by!ELISA,!and!the!ratios!calculated!(Figure!4.2D).!Mean!ratios!+!SEM!

are! represented.! The! highest!MOMP.specific! serum! IgG2a:IgG1! ratio! was! induced!

following!the!DAMP!regimen!(mean!=!14.2),!with!the!lowest!ratio!induced!following!

PP! (+! MF59)! vaccination! (mean! =! 0.0036).! ! There! was! a! significant! statistical!

difference! in! the! IgG2a:IgG1! ratios! between! DAMP! and! PPP! (**,! p! ≤! 0.005)! and!

DAMP! and! PP! (***,! p! ≤! 0.0005,! one.way! ANOVA! with! Bonferroni’s! multiple!

comparison! post.test).! Protein! only! vaccine! regimens! induced! Th2.biased! immune!

environments! indicated! by! IgG2a:IgG1! ratios! of! less! than! 1.! However,! vaccine!

regimens! with! a! vector.based! vaccine! prime! consistently! induced! a! Th1.biased,!

cytophilic!antibody!response!as! indicated!by! IgG2a:IgG1!ratios!of!greater! than!1.! It!

has!previously!been!shown!that!viral!vector!containing!regimens!induce!a!higher!and!

longer!lasting!cytophilic!antibody!response![239].!!!!

!

!

!
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Figure!4.2.!Antibody!responses!following!heterologous!primeWboost!intramuscular!vaccination.!

MOMP.specific! IgG! from! serum! (A)! and! vaginal!washes! (B)!were! assessed! in!BALB/c!mice! (n=8!per!

group)! two! weeks! after! completion! of! the! indicated! prime.boost! regimens.! Antibody! results! are!

expressed! as! group! means! (+SEM)! (μg/ml! or! ng/ml).! The! antibody! avidity! assessment! (C)! is! the!

corresponding! serum! MOMP.specific! IgG! ELISA! using! non.reducing! (PBS)! and! reducing! (8M! urea)!

washes!after!sample!addition.!Results!are!shown!as!percentage!(%)!change!in!binding!(
reducing!OD!650

!/non.

reducing!OD! x! 100).! Serum!MOMP.specific! IgG2a! and! IgG1! titres! were!measured! (n=8! per! group)! two!

weeks!after!completion!of!the!indicated!prime.boost!regimens!and!the!IgG2a:IgG1!ratio!represented!

as!group!means!+SEM!(D).!*!p!≤!0.05,!**!p!≤!0.005,!***!p!≤!0.0005!and!****!p!≤!0.0001!by!one.way!

ANOVA!with!Bonferroni’s!multiple!comparison!post.test.!

!

!
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4.2.3 T! cell! immunogenicity! of! C.) trachomatis! MOMP! vaccines! in!

intramuscular!heterologous!primeWboost!regimens!

T! cell! responses!were! also! assessed! in!BALB/c!mice! following!heterologous!prime.

boost!vaccine!regimens!with!DNA,!HuAd5,!MVA!and!protein!(+!MF59)!based!vaccines!

one!week!after!the!final! immunisation!(Figure!4.3).!Splenocytes!were!re.stimulated!

with! MOMP! peptides! as! described! in! Chapter! 2.4.9.! T! cell! IFN.γ! responses! were!

induced!by!all!prime.boost!regimens,!with!the!DDD!and!AM!regimens! inducing!the!

strongest! T! cell! responses,! with! a! median! of! 504! and! 502! SFU/10
6
! splenocytes!

respectively.! ! The! T! cell! responses! induced! by! the! DDD! and! AM! regimens! were!

significantly!higher!than!those! induced! in!the!PP!regimen!(p<0.05!by!Kruskal.Wallis!

test!with!Dunn’s!multiple!comparison!post.test)!(Figure!4.3).!!

Intracellular! cytokine! staining!was! used! to! assess! the! polyfunctionality! or! cytokine!

response! profile! of! CD4+! and! CD8+! T! cells! from! the! heterologous! prime.boost!

vaccinated! BALB/c! mice.! From! these! analyses! it! was! clear! that! the! CD4+! T! cells!

displayed! a! greater! degree! of! polyfunctionality! than! the! CD8+! T! cells.! Very! low!

percentages,! if!any,!of!CD8+!T!cells!expressed!all! three!of! the!measured!cytokines,!

IFN.γ,!TNF.α!and!IL.2.!CD4+!T!cells!from!DDPP!vaccinated!mice!exhibited!the!highest!

percentage!of!polyfunctionality,!with!0.5%!of!total!CD4+!T!cells!expressing!all!three!

cytokines.! There! was! expression! of! all! three! cytokines! by! CD4+! T! cells! from! the!

DAMP,!AMPP,!DDPP!and!APP!regimens,!while!there!was!poor!polyfunctionality!from!

the!PPP!and!PP!regimens,!indicating!a!greater!polyfunctionality!of!CD4+!T!cells!from!

vector.based!vaccine!primes!in!contrast!to!protein!alone.!The!PPP!regimen!did!!
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Figure!4.3.!Cellular!responses!following!heterologous!primeWboost!intramuscular!vaccination.!

Vaccinated! BALB/c! mice! (n! =! 8! per! group)! were! sacrificed! one.week! post.final! immunisation.! (A)!

Splenocytes!were!assessed!by!IFN.γ!ELISpot!for!MOMP.reactive!T!cells!using!15.mers!overlapping!by!

11! amino! acids.! Data! is! expressed! as! group! medians! (SFU/million! antigen! stimulated! cells! (+!

interquartile! range))! *! p! ≤! 0.05! by! Kruskal.Wallis! with! Dunn’s!multiple! comparison! test.! (B! and! C)!

MOMP.reactive!splenocytes!were!assessed!for!polyfunctional!cytokine!responses!of!IFN.γ,!TNF.α!and!

Il.2.! ! CD4+! (B)! and! CD8+! (C)! T! cell! populations! were! gated! and! single,! double! or! triple! cytokine!

expressing!cell!percentage!enumerated.!The!percentage!cytokine!expression!of!each!BALB/c!mouse!

was! averaged! within! the! group! and! expressed! as! a! pie! chart! of! relative! proportions! of! the! total!

cytokine!expressing!cell!population.!

!
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!

induce!2.5%!of! the!CD4+!T! cells! to!produce!TNF.α!alone! following!MOMP!peptide!

stimulation.! The! majority! of! CD8+! T! cells! specific! to! MOMP! following! peptide!

stimulation!expressed!IFN.γ!alone,!followed!by!IL.2!alone.!!

!

4.2.4 Antibody!immunogenicity!of!C.)trachomatis!MOMP!vaccines!following!

mucosal!application!in!primeWboost!regimens!

The!C.) trachomatis!MOMP!protein,! formulated!with! the!adjuvant!monophosphoryl!

lipid!A!(MPLA),!was!administered!intranasally!into!BALB/c!mice!as!a!mucosal!route!of!

delivery! to! assess! whether! enhanced! MOMP.specific! mucosal! immune! responses!

could!be!elicited.!Mucosal!immunisation!has!been!previously!shown!to!elicit!mucosal!

immune! responses,! in! particular! specific! IgA,! to! other! antigens! due! to! mucosal!

lymphoid! linkage! [240].! Immunisations! were! administered! three! weeks! apart! and!

serum!and!vaginal!washes!sampled!two!weeks!post.final!immunisation!(Figure!4.4A).!

While! the! third!protein! intranasal! immunisation!did!not! induce! significantly!higher!

MOMP.specific!serum!IgG!concentrations,! the! fourth!protein! intranasal! inoculation!

significantly! boosted!MOMP.specific! serum! IgG! concentrations! over! two! (***,!p! ≤!

0.0005)! and! three! immunisations! (**,! p! ≤! 0.005).! There! was! no! MOMP.specific!

serum!IgA!present!(Figure!4.4A).!!

Concentrations!of!MOMP.specific!vaginal! IgG!were!only!detectable! following! three!

intranasal! immunisations! (mean! =! 23.5! ng/ml)! (Figure! 4.4B).! Significantly! greater!

concentrations!(***!p!≤!0.0005,!mean!=!189.4!ng/ml)!were!induced!after!the!fourth!
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intranasal! immunisation.! Concurrently,! after! four! intranasal! immunisations!

detectable! concentrations! of! MOMP.specific! vaginal! IgA! were! induced! indicating!

that! antigen! specific! IgA!was! generated! in! the!mucosal! compartments! even!when!

absent!from!the!serum!(mean!=!48.8!ng/ml).!!

HuAd5!and!MVA!vectored! vaccines! expressing! the!MOMP! transgene!were!used! in!

adenoviral!prime.MVA!boost!regimens!(AM).!Both!these!viral!vectored!vaccines!can!

infect!through!the!mucosa,!and!thus!were!administered!both!intranasally!(I.N.)!and!

intravaginally! (I.Vag.)! and! compared! to! intramuscular! (I.M.)! injections.!!

Immunisations!were!administered!three!weeks!apart!and!serum!and!vaginal!washes!

sampled! two! weeks! post.final! immunisation! (Figure! 4.4C).! I.M.! AM! (mean! =! 46.4!

μg/ml)! induced!significantly!greater!MOMP.specific! serum! IgG!concentrations! than!

both!I.Vag.!AM!(*!p!≤!0.05,!mean!=!0.06!μg/ml)!and!I.N!AM!(*!p!≤!0.05,!mean!=!3.7!

μg/ml).! I.M.!AM!was! the!only! route!and! regimen! to! induce!vaginal!MOMP.specific!

IgG! (mean! =! 34.9! ng/ml)! and! the! specific.IgG! concentrations! were! significantly!

greater! than! I.N.!AM! (*p! ≤!0.05)!and! I.Vag.!AM! (*p! ≤!0.05).! There!was!no!MOMP.

specific!serum!or!vaginal!IgA!present.!

!
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Figure!4.4.!Antibody!responses!following!primeWboost!mucosal!vaccination.!!!

MOMP.specific! IgG! and! IgA! from! serum! (A)! and! specific! IgG! and! IgA! from!vaginal!washes! (B)!were!

assessed! in! BALB/c! mice! (n! =! 8! per! group)! two! weeks! after! each! MOMP+MPLA! intranasal!

immunisation.!MOMP.specific!IgG!from!serum!and!vaginal!washes!(C)!were!assessed!in!BALB/c!(n!=!8!

per! group)! two!weeks! after! Adenoviral! prime.MVA! boost! by! the! intranasal! route,! the! intravaginal!

route!or! the! intramuscular! route.!Antibody! results!are!expressed!as!group!means! (+SEM)! (μg/ml!or!

ng/ml).! Statistical! significance! was! assessed! by! one.way! ANOVA! with! Bonferroni’s! multiple!

comparison!post.test!with!*p!≤!0.05,!**p!≤!0.005!and!***p!≤!0.0005.!
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4.2.5 T! cell! immunogenicity! of! C.) trachomatis! MOMP! vaccines! following!

mucosal!application!in!primeWboost!regimens!

T!cell! responses!were!assessed! in!BALB/c!mice! following! intranasal!PPPP! (+!MPLA)!

immunisation!one!week!after!the!final!immunisation!(Figure!4.5A).!Splenocytes!were!

re.stimulated! with! MOMP! peptides! as! described! previously.! Low! T! cell! IFN.γ!

responses!were!induced!by!intranasal!PPPP!(+!MPLA),!with!a!median!of!48!SFU/10
6
!

splenocytes,! compared! to! a! median! of! 39! SFU/10
6
! splenocytes! for! unvaccinated!

naïve!BALB/c.!!There!was!no!statistical!difference!between!intranasal!PPPP!(+!MPLA)!

and! unvaccinated! controls! (Kruskal.Wallis! test! with! Dunn’s! multiple! comparison!

post.test).!Intracellular!cytokine!staining!was!used!to!assess!the!polyfunctionality!or!

cytokine! response! profile! of! CD4+! and! CD8+! T! cells! from! the! intranasal! PPPP! (+!

MPLA)! vaccinated! BALB/c! mice.! MOMP.specific! CD4+! T! cells! were! poorly!

polyfunctional,! with! 0.6%! of! MOMP.reactive! CD4+! T! cells! expressing! just! TNF.α.!

MOMP.specific! CD8+! were! polyfunctional! for! IFN.γ! and! TNF.α,! with! 0.4%! of! the!

reactive!CD8+!cells!expressing!both!together.!!

T! cell! responses! were! also! assessed! in! BALB/c! mice! following! intranasal! (I.N.),!

intravaginal!(I.Vag.)!and!intramuscular!(I.M.)!adenoviral!prime.MVA!boost!regimens!

(AM)! one! week! after! the! final! immunisation! (Figure! 4.5B).! Splenocytes! were! re.

stimulated!with!MOMP!peptides!as!described!previously.!Low!T!cell!IFN.γ!responses!

were! induced! by! both! intranasal! and! intravaginal! routes! of! immunisation,! with! a!

median! of! 82! and! 176! SFU/10
6
! splenocytes! respectively.! The! highest! T! cell! IFN.γ!

responses!were!induced!by!intramuscular!AM,!with!a!median!of!908!SFU/10
6
!!
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Figure!4.5.!Cellular!responses!following!primeWboost!mucosal!vaccination.!!

(A)!BALB/c!mice!(n!=!8!per!group)!after!four!MOMP+MPLA!intranasal! immunisations!were!sacrificed!

one! week! after! the! final! immunisation.! Splenocytes! were! assessed! by! IFN.γ! ELISpot! for! MOMP.

reactive! T! cells! using! 15.mers! overlapping! by! 11! amino! acid.! Data! is! expressed! as! group! means!

(SFU/million! antigen! stimulated! cells! (+! SEM)).! MOMP.reactive! splenocytes! were! assessed! for!
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polyfunctional!cytokine!responses!of! IFN.γ,!TNF.α!and! Il.2.! !CD4+!and!CD8+!T!cell!populations!were!

gated!and! single,!double!or! triple! cytokine!expressing! cell! percentage!enumerated.! The!percentage!

cytokine!expression!of!the!stimulated!cells!from!each!BALB/c!mouse!was!averaged!within!the!group!

and!expressed!as!a!pie!chart!of!relative!proportions!of!the!total!cytokine!expressing!cell!population.!

(B)! Identical!procedures!were!carried!out!on!BALB/c!mice! (n!=!8!per!group)!after!adenoviral!prime.!

MVA!boost! immunisations!via!alternate! immunisation! routes! including! intranasal! (I.N.),! intravaginal!

(I.Vag),!and! intramuscular! (I.M.).!Pie!charts!only!representing!CD4+!T!cell!populations.! !Table!shows!

cytokine!profile!provided!for!each!colour!represented!in!the!polyfunctionality!pie!charts.!

!

!

!

!

!

!

!

!

!

!

!

!

!
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splenocytes.! ! There! was! a! statistical! difference! between! the! intranasal! and!

intramuscular! route! of! immunisation! for! adenoviral! prime.MVA! boost! regimens!

(AM)! in!the! induction!of!T!cell! IFN.γ!responses!(*!p!≤!0.05,!Kruskal.Wallis! test!with!

Dunn’s!multiple! comparison! post.test).! Intracellular! cytokine! staining! was! used! to!

assess! the!polyfunctionality! or! cytokine! response!profile! of! CD4+!and!CD8+!T! cells!

from! the! intranasally! (I.N.),! intravaginally! (I.Vag.)! and! intramuscularly! (I.M.)!

immunised! adenoviral! prime.MVA! boost! regimens! (AM)! in! BALB/c! mice.! MOMP.

specific!CD4+!and!CD8+!T!cells!were!poorly!polyfunctional! irrespective!of!the!route!

of!immunisation!for!the!AM!regimens.!CD4+!T!cells!were!monofunctional!for!either!

TNF.α!or! IL.2! following! intranasal!and! intravaginal! immunisation,!with!CD8+!T!cells!

being!monofunctional!for!IFN.γ!following!intranasal!and!intravaginal!immunisation.!!

!

The! relative!degrees!of! immunogenicity! elicited! following! the!heterologous!prime.

boost!regimens!are!summarised!in!Table!4.2.!

!

!

!

!

!

!

! !
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!

Regimen! Serum!

IgG!

Vaginal!

IgG!

Vaginal!

IgA!

IFN.γ!

ELISpot!

Polyfunctionality!

DDDAM! +! +! ! ++! ND!

DDDA! ! ! ! !

DDDM! ! ! ! !

DDD! ! ! ! +++!

AM! ! ! ! +++!

DAMP! ++! ++! ! ! ++!

AMPP! +++! +++! ! ++! ++!

DDPP! ++! ++! ! ! +++!

APP! +++! +++! ! ! +!

PPP! +++! +++! ! ! !

PP! ++! ++! ! ! !

PPPP!+!MPLA!

(I.N).!

++! ++! +! ! !

AM!(I.N.)! ! ! ! ! !

AM!(I.Vag.)! ! ! ! ! !

!

Table!4.2.!Regimen!screening!immune!outcomes!in!BALB/c!mice.!

Relative! strength! of! specific! immunogenicities! for! each! regimen! represented! by! +.! CD4+!

polyfunctionality!not!determined!(ND)!for!five!of!the!vaccination!regimens.!!

!

!
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4.3 Discussion!

!

There!are!only!a! few!heterologous!prime.boost!regimens!that!have!been!tested!as!

potential! chlamydia! vaccine! candidates,! with! the! majority! of! chlamydia! vaccine!

research! concentrating! on! homologous! prime.boost! strategies.! One! heterologous!

study! examined! the! immune! response! induced! by! recombinant! adenovirus!

expressing!the!chlamydia!antigen!CPAF!(Chlamydia!Protease.like!Activity!Factor)!and!

recombinant! CPAF! subunit! vaccines,! adjuvanted! with! CpG! and! the!

immunomodulatory! peptide!HH2.! The! heterologous! adenovirus! prime! and! protein!

boost! induced!a!Th1.biased!cellular! immune!response,!while!the!homologous!CPAF!

subunit! induced! a! more! mixed! Th1/Th17! profile.! Despite! these! disparities! in! the!

regimen,! both! the! heterologous! and! homologous! prime.boost! regimens! conferred!

significant!protection!against!genital!C.)muridarum!challenge!in!BALB/c!and!C3H/HeN!

mice! [153].! Another! chlamydial! heterologous! prime.boost! vaccination! strategy!

involved!DNA!priming!and!protein!boosting!with!the!chlamydial!protein!CT043.!This!

regimen! resulted! in! a! 2.6.log! reduction! in! the! IFU! in! a! murine! chlamydia! lung!

infection!model![241].!!

There!have!been!previous!attempts!to!use!DNA!vaccines!against!Chlamydia,!though!

in! contrast! to! our! current! study! none! of! these! have! been! administered! with!

electroporation.! In! one! study,! intramuscular! DNA! immunisation! with! either! the!

MOMP!gene!or!the!cytosine!triphosphate!synthetase!(CTP)!gene!was!investigated!in!

the! C.) trachomatis! mouse! pneumonitis! (MoPn)! lung! challenge! model.! Only! the!
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MOMP!DNA!vaccine!generated!serum!antibodies!to!MoPn!EBs!and!reduced!the!peak!

growth!of!MoPn!by!more!than!100.fold!following!lung!challenge! [242].!In!2010!and!

2011,!Schautteet!et)al.,!investigated!the!protective!capacity!of!a!DNA!vaccine!based!

on!C.) trachomatis!MOMP! against! genital!C.) trachomatis! infection! in! their! recently!

developed!pig!model.!When!administering!the!DNA!vaccine!to!the!vaginal!mucosa,!a!

cellular! immune! response!was! induced!alongside! significant!protection! in!pigs,! yet!

infection! could! not! be! cleared! completely! [155].! When! the! DNA! vaccine! was!

administered!to!both!the!nasal!and!vaginal!mucosa!of!the!pig,!cellular!and!humoral!

immune! responses! were! induced! concurrently,! and! this! immunity! afforded!

significant!protection!to!the!pigs!against!a!genital!C.)trachomatis!infection![243].!

A! literature! review! revealed! only! one! previous! use! of! an! adenovirus.vectored!

vaccine! against! Chlamydia! in! the! mouse! model.! This! involved! priming! with! the!

recombinant! adenovirus! vector! expressing! CPAF! prior! to! a! recombinant! protein!

boost,! as! described! earlier! [153].! Lu! et) al.,! transfected! dendritic! cells! with!

recombinant! adenovirus! expressing! the!C.) trachomatis! serovar! E!MOMP!gene! and!

observed! an! increased! expression! of! CD80! and! enhanced! IL.12! secretion! and! the!

increased! secretion! of! IFN.γ! from! stimulated! T! cells.! When! the! Ad.MOMP!

transfected! DCs! were! adoptively! transferred! intravenously! into! naive! mice,! they!

generated! Th1.biased! cytokines! and! mucosal! IgA! responses! specific! for! C.)

trachomatis.! Furthermore,! following! the! adoptive! transfer! the! mice! mounted!

protection!against!genital!tract!challenge!infection,!with!lower!body!mass!loss,!lower!

chlamydial! loads! and! less! severe!pathology! [244].!One!other! viral! vector!has!been!

utilised,!with!a!poliovirus!used!to!express!a!MOMP.epitope.!A!poliovirus!hybrid!was!
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constructed! from! poliovirus! type! 1!Mahoney,! expressing! the! variable! domain! I! of!

MOMP! of! C.) trachomatis! serovar! A,! and! rabbit! antisera! raised! against! this! hybrid!

neutralised! chlamydia! infection! in) vitro.! Moreover,! this! antisera! when! passively!

infused! into! cynomolgus! monkeys! protected! against! ocular! infection,! with! no!

chlamydial!culture!from!the!conjunctivae!and!no!clinical!disease!score!post!challenge!

[245].!To!the!best!of!our!knowledge,!neither!the!MVA!viral!vector!nor!any!vaccinia.

based!vector!has!been!used!as!a!vaccine!vector!against!Chlamydia.!!

!

Within!our!studies!we! investigated!the!avidity!of! the!anti.MOMP!antibodies! raised!

following! the! differing! prime.boost! regimens.! There! can! be! more! to! antibody.

mediated! protection! than! the! peak! of! vaccine.induced! antibody! titres,! with! the!

quality! of! such! antibody! responses,! such! as! their! avidity,! identified! as! a! potential!

determining! factor! of! efficacy.! For! meningococcal! C! vaccines! only! high.avidity!

antibodies!are!bactericidal,!and!conjugate!vaccines!against!Streptococcus!pneumonia!

and!Haemophilus! influenza! type!b! (Hib)! specifically! induce!an! increase! in! antibody!

avidity![246]![247]![248].!Furthermore,!low!concentrations!of!passively!infused!high.

avidity! antibody! can! protect! experimentally! infected! animals! from! these! diseases!

[249]! [250],!with!avidity! likely!playing!a! role! in! the!antibody’s!neutralisation!ability!

[251].! At! the! date! of! writing,! no! publically! accessible! publications! have! examined!

anti.MOMP!polyclonal!antibody!avidities.!Our!data!suggests!that!two!protein!boosts!

are! required! to! push! the! antibody! avidities! into! a! medium! to! high! category! as!

assessed! by! the! urea! denaturation! avidity! ELISA! assay,!with! protein.free! regimens!
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inducing!consistently!low!avidity!anti.MOMP!antibodies.!

The! polyfunctionality! of! the! T! cells! following! vaccination! were! investigated.!

Polyfunctional! CD4+! T! cells! are! a! characteristic! of! HIV.controllers! [252],! and! in!

mouse! models,! vaccine.induced! polyfunctional! CD4+! T! cells! correlate! with!

protection! against! Leishmania) major! infection! [253].! Furthermore,! human! studies!

have!shown!that!triple!positive!T!cells!express!the!highest!levels!of!cytokines!per!cell,!

while!single!positive!T!cells!express!the!lowest![254]![255].!Therefore!polyfunctional!

T!cells!may!be!superior!both!in!terms!of!establishing!immunological!memory!as!well!

as! in! producing! high! amounts! of! cytokines! [256].! T! cell! polyfunctionality! has! only!

been! analysed! for! one! chlamydia! vaccine! to! date.! Following! subcutaneous!

immunisation! with! the! chlamydia! proteins! CT144! and! CT823! with! the! adjuvant!

AbISCO.100,! the! CD4+! polyfunctionality! for! IL.10,! TNF.α! and! IL.2!was! investigated!

[257].!T!cells!from!the!spleen!and!mediastinal!lymph!nodes!(MdLN)!of!mice!that!had!

been! vaccinated! with! MOMP! co.formulated! with! differing! adjuvants! and!

administered!by!differing!routes!were!harvested!and!restimulated!with!recombinant!

MOMP!antigen.!The!bulk!production!of!IFN.γ,!TNF.α,!IL.4,!IL.10!and!IL.17!from!these!

stimulation! cultures! was! assessed! using! a! Luminex.type! assay! but! the!

polyfunctionality!of!individual!T!cells!was!not!investigated![258].!!

!

From! our! results! it! is! apparent! that! DNA! priming! induces! the! greater! CD4+! T! cell!

polyfunctionality,!with!HuAd5!priming!also!affording!some!increase!in!polyfunctional!

cytokine! cellular! responses.! The! observation! that! DNA! priming! enhances! the!
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polyfunctionality!of!antigen.reactive!T!cells!has!been!demonstrated!in!other!vaccine!

studies![157].!The!PP!and!PPP!regimen,!however,!induced!no!polyfunctionality!of!the!

CD4+!T!cells.!For!HIV.1,!a!DNA!plus!NYVAC!vaccine!regimen!induced!T!cell!responses!

in!over!90%!of! vaccinees,!with!only!33%! responding! to! the!NYVAC!alone! regimen.!

These! T! cell! responses! from! DNA! priming! were! of! a! polyfunctional! cytokine!

phenotype!for!both!CD4+!and!CD8+!T!cells,!and!durable!for!up!to!72!weeks![259].!For!

hepatitis! C,! it! was! a! DNA! prime! and! MVA! boost! regimen! that! was! capable! of!

activating! quadrifunctional! T! cells! (IFN.γ/TNF.α/CD107a/IL.2)! in!mice,! and! showed!

protection!in!a!Listeria.NS3.1a!challenge!model![260].!

!

Another! potential! correlate! of! protection! that! we! analysed! following! the!

heterologous!prime!boost!regimen!was!the!MOMP.specific!IgG!isotypes,!in!particular!

IgG2a!and!IgG1.!An!IgG2a:IgG1!ratio!of!>1!is!associated!with!a!Th1!response,!while!a!

ratio! <1! is! associated!with! a! Th2! response.!A! significantly! greater! IgG2a:IgG1! ratio!

was!induced!following!the!DAMP!regimen,!with!a!mean!ratio!of!14.!Potential!roles!of!

antibody!isotypes!are!discussed!in!Chapter!5.!! !

!!

We!obtained!our!highest!serum!and!vaginal!anti.MOMP!IgG!concentrations!via!the!

PPP! regimen,! with! the! recombinant! protein! adjuvanted! with! MF59.! This! regimen!

induced!1.27!mg/ml!serum!anti.MOMP!IgG!and!2.13!μg/ml!vaginal!anti.MOMP!IgG.!

As!a!comparison,!a!native!preparation!of!C.)trachomatis!MoPn!adjuvanted!with!CpG!

and!Montanide®!induced!a!serum!specific!IgG!titre!of!409,600!and!a!vaginal!wash!IgG!
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titre!of!160! in!BALB/c!mice! [261],!while!MOMP!adjuvanted!with! cholera! toxin!and!

CpG!by! the! transcutaneous! route!elicited!a! serum!anti.MOMP! IgG! titre!of!400,000!

[258].!It!is!difficult!to!directly!compare!values,!with!our!antibody!quantification!being!

the!more!current!semi.quantitative!assay! in!contrast! to!the!end.point!titres,!which!

are!necessarily!assessed!at!the!non.linear!part!of!a!dilution!curve.!However,!for!the!

HIV.1!antigen!gp140,!antibody!concentrations!of!1!μg/ml!are!equivalent! to!an!end!

point! titre! of! approximately! 10,000! (Dr.! McKay,! personal! communication).! This!

would! suggest! the! antibody! levels! induced! in! our! studies! being!much! higher! than!

those!of!these!previous!studies.!!!!

!

We! obtained! our! highest! IFN.γ! ELISpot! SFU! from! the! splenocytes! of! BALB/c!mice!

vaccinated!with!the!DDD!and!AM!regimens.!The!DDD!regimen!had!a!median!SFU!of!

504,!and!AM!with!a!median!IFN.γ!SFU!of!503!/10
6
!cells.!Hansen!et!al.,! induced!483!

IFN.γ!SFU/10
6
!cells!from!their!liposomal!delivery!of!MOMP!with!the!adjuvant!CAF01!

[262],!whereas!four!MOMP!MoPn!DNA!vaccinations!in!BALB/c!mice!induced!150!EB.

specific! IFN.γ! SFU/10
6
! splenocytes! [263].! Alternative! chlamydial! antigens! have!

afforded! greater! IFN.γ! ELISpot! responses.! The! PmpG! antigen! adjuvanted! with!

AbISCO®! resulted! in! over! 1000! IFN.γ! secreting! splenocytes! per!million! cells! [264],!

while! CT144! also! adjuvanted! with! AbISCO®! induced! CT144! specific! responses! of!

~5000!IFN.γ!SFU/million!CD4+!T!cells![257].!

!

It!required!four!intranasal!protein!immunisations,!adjuvanted!with!MPLA,!to!induce!
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mean! MOMP.specific! vaginal! IgA! concentrations! of! 49! ng/ml.! None! of! the!

intramuscular!routes!of!immunisation!nor!the!mucosal!application!of!HuAd5!or!MVA!

were!capable!of!inducing!MOMP.specific!vaginal!IgA!in!our!studies.!Singh!et)al.!were!

capable!of! inducing!MOMP.specific! IgA! systemically!and!vaginally!by!administering!

the! recombinant! MOMP! protein! intranasally! with! the! mucosal! adjuvant! cholera!

toxin! [265].! Furthermore,! Vibrio! cholera! ghosts! expressing!MOMP! and! the! HSV.2!

glycoprotein!D!were!capable!of!eliciting!secretory!IgA!to!both!antigens!in!serum!and!

vaginal!secretions!following!intramuscular!immunisation![266].!These!studies!reveal!

other! ways! to! elicit! antigen.specific! IgA,! and! if! greater! concentrations! could! be!

generated!then!it!could!be!used!to!determine!whether!MOMP.specific!mucosal!IgA!

was!a!vaccine!immune!correlate!of!protection.!!!!

!

The! AM! regimen! via! mucosal! surfaces! was! a! poor! inducer! of! MOMP.specific!

responses.! Neither! the! AM! regimen! via! the! intranasal! nor! the! intravaginal! route!

induced!antigen.specific!humoral!or!cellular!responses.!There!are!no!publications!in!

which! the!AM!regimen! is!exclusively!used!on!mucosal! surfaces,!often! instead!with!

the!adenoviral!prime!being!intramuscular![267].!However,!BALB/c!mice!intranasally!

immunised!with!just!one!shot!of!rAd!expressing!the!G!protein!of!RSV!induced!strong!

serum! antibodies! [268],! and! an!MVA! expressing! HIV.1! Env! inoculated! intranasally!

induced! significant! immune! responses! to! the!HIV.1! antigen.!However,! intravaginal!

inoculation! of! the!MVA.Env!was! not! immunogenic! [269].! These! successful! uses! of!

mucosal! immunisations!by!viral!vectors! suggests! that! the!poor! immunogenicity!we!



!

142!

observed!may!be!a!MOMP.specific! issue,!or!potentially!due!to!the!timing!between!

prime.boost! immunisations.! ! Reyes.Sandoval!et!al.! observed! polyfunctional! T! cells!

with!strong!IFN.γ!production!following!an!AM!regimen!for!malarial!antigens,!with!8!

weeks!between! the!prime!and!boost! as! opposed! to!our! 3.week! interval! [91].! This!

timing! may! be! important! for! T! cell! contraction! and! maturation! of! the! immune!

response.!!!

We!set!out!to!comparatively!assess!the!induction!of!humoral!and!cellular!immunity!

against! MOMP! following! heterologous! prime.boost! vaccinations! with! DNA,!

Adenovirus,!MVA!and!recombinant!protein!based!vaccines.!Taken!all! together,! this!

chapter! revealed! a! capability! to! induce! an! array! of! MOMP.specific! immune!

responses,!both!cellular!and!humoral,!using!the!four!differing!MOMP.based!vaccines!

in!heterologous!prime.boost!regimens.!Protein!boosting!significantly!increased!both!

serum! and! vaginal! antibody! concentrations,! while! DNA! and! viral! vector! alone!

regimens! induced! the! greatest! cellular! responses! as! analysed! by! IFN.γ! ELISpot.!

Protein!boosts!increased!the!avidity!of!the!induced!specific.serum!antibodies,!while!

CD4+!T!cell!polyfunctionality!was!broadest! following! regimens!with!DNA!or!HuAd5!

prime.! The! regimens! will! be! grouped! according! to! the! distinct! MOMP.specific!

immune! environments! they! elicit,! and! in! the! subsequent! chapters! taken! through!

into! C.) trachomatis! vaginal! challenge! studies! to! shed! light! on! the! relative!

contribution!of!each!environment!to!protective!immunity.!!

!
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!

!

!

Chapter!5!

!

!

CD4Wdependent!protection!against!Chlamydia)trachomatis)

following!heterologous!vector!primeWprotein!boost!

vaccination!in!B6C3F1!and!BALB/c!mice!

!

!

!

!

!

!
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5 CD4Wdependent!protection!against!Chlamydia) trachomatis)

following! heterologous! vector! primeWprotein! boost!

vaccination!in!B6C3F1!and!BALB/c!mice!

!

5.1 Introduction!

Mice!are!the!most!commonly!used!animals!to!study!genital!chlamydial!infections!as!

the! female! mouse! genital! tract! is! susceptible! to! infection! with! both! Chlamydia)

muridarum! [120]! and! Chlamydia) trachomatis! [121]! strains! resulting! in! the!

establishment!of! two!murine!models;! the!C.) trachomatis!mouse!model! and! the!C.)

muridarum!mouse!model.!!

C.)muridarum!(also!termed!C.)trachomatis!MoPn)!is!a!natural!mouse!pathogen!that!

causes! pneumonitis! and! was! originally! isolated! from! the! lungs! of! mice! [270].!

Intravaginal! inoculation!of!C.)muridarum! in!mice! results! in!a! genital! tract! infection!

that!closely!resembles!acute!genital!C.)trachomatis!infections!in!women![120].!Mice!

generally! resolve! the!genital! tract! infection!within!4!weeks,!after! the! infection!has!

ascended!to!the!uterine!horns!and!oviducts!and!resulted!in!hydrosalpinx.!

Mice! can! also! be! genitally! infected! with! human! C.) trachomatis! serovars! [121].!

Intravaginal! inoculation!with!C.) trachomatis! typically! produces! a!mild! genital! tract!

infection!that!resolves!relatively!quickly!and!is!mostly!unable!to!ascend!to!the!upper!

genital!tract.!Only!when!high!doses!of!C.)trachomatis!are!inoculated!directly!into!the!

uterus!or!ovarian!bursa!can!C.)trachomatis!infections!cause!hydrosalpinx!or!infertility!
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in! the! mouse! model! [124]! [271]! [272].! Infection! by! vaginal! inoculation! normally!

resolves! without! complications! [273]! [274]! [275].! Lyons! et) al.! argue! that! the!

infection! of! mice! with! C.) trachomatis! mimics! in! many! ways! both! the! course! and!

outcome!of! infection! in!most!women!–!an!asymptomatic!and!self.limiting! infection!

that!only!rarely!results!in!severe!upper!genital!tract!disease![128].!This!was!a!strong!

rationale! for! us! using! the! human! C.) trachomatis! strains! in! our! murine! genital!

challenge!studies.! 

Genital!tract!infection!of!mice!with!C.)trachomatis!is!dependent!on!the!mouse!strain!

used,!with!C3H!mice!being!more!susceptible!to!infection!than!other!strains.!A!genital!

C.)trachomatis!serovar!E! infection!has!a!significantly! longer!duration!of! infection! in!

C3H/HeN!mice!than!in!C57BL/6![273].!C57BL/6,!BALB/c!and!CF.1!mice!infected!with!

C.) trachomatis! serovar! D! resulted! in! BALB/c! mice! having! significantly! shorter!

durations!of!infection!than!either!C57BL/6!or!CF.1.!However,!C57BL/6!and!CF.1!mice!

shed! significantly! less! chlamydia! than! BALB/c! mice! during! the! first! 2! weeks! of!

infection![108].!

We! employed! two! differing! mouse! strains! for! our! challenge! studies:! BALB/c! and!

B6C3F1!(female!C57BL/6!and!male!C3H/HeN!cross).!BALB/c!mice!have!been!used!in!C.)

trachomatis!recombinant!protein!vaccine!studies!by!the!Infectious!Disease!Research!

Institute!(Seattle,!USA)!and!GlaxoSmithKline!Biologicals!(Seattle,!USA)![276].!B6C3F1!

mice! have! recently! been! adopted! by! the! Statens! Serum! Institute! (Copenhagen,!

Denmark)!for!genital!C.)trachomatis!vaccine!antigen!screening.!B6C3F1!mice,!being!a!

cross!between!C57BL/6!and!C3H!mice,!provide!a!balanced!Th.profile,!unlike!BALB/c!
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mice!that!have!a!Th2.skewing!background.!

In! this! chapter! we! aim! to! assess! the! protective! capacity! of! MOMP.based!

heterologous!prime.boost! regimens!against!vaginal!C.) trachomatis! infection! in! two!

differing!mouse!models!and!to!investigate!the!mechanism!of!the!vaccine!induced!C.)

trachomatis! protection.! Following! vaccination! and! challenge,! any! protective!

immunity!observed!will!be! investigated!further!to! look!at!the!relative!roles!of!each!

arm!of!the!immune!system.!The!contribution!of!CD4+!T!cells!will!be!investigated!as!

they!have!been!previously!implicated!in!partially!protective!chlamydia!vaccines!and!

have! been! shown! to! confer! protection! to! secondary! chlamydial! infections! [262]!

[105]! [117].! A! role! of! CD8+! T! cells! in!murine! genital! chlamydial! immunity! has! not!

been!convincingly!shown!to!date,!with!CD8+!T!cell!depletions!having!no!significant!

effect! on! bacterial! loads! during! primary! nor! secondary! infections! [277]! [278].! In!

assessing!the!potential!humoral!contribution!to!protection,!the!role!of!antibody!will!

be! investigated! through! serum! transfer! and! their! neutralisation! ability! will! be!

explored.!!

!

Aim!

• To! reveal! a! MOMP.based! vaccination! regimen! which! protects! against!

intravaginal!C.)trachomatis!infection!in!mice.!!

• To! reveal! the! mechanism! by! which! the! MOMP.based! vaccination! regimen!

confers!intravaginal!C.)trachomatis!protection.!!
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Objective!

• Assess! the! protective! capacity! of! MOMP.based! heterologous! prime.boost!

regimens! against! vaginal! C.) trachomatis! infection! in! BALB/c! and! B6C3F1!

mouse! strains! by! measuring! the! vaginal! chlamydial! load! following!

heterologous!prime.boost!MOMP.based!vaccination!regimens.!

• Assess!the!role!of!CD4+!T!cells!in!the!vaccine.induced!protection!by!depleting!

them!in!vaccinated!mice,!prior!to!intravaginal!C.)trachomatis!infection.!!

• Assess! the! role! of! MOMP.specific! antibodies! in! the! vaccine.induced!

protection!by!passively!infusing!serum!from!vaccinated!mice!into!naïve!mice,!

prior!to!intravaginal!C.)trachomatis!infection.!!

• Assess! the! role! of! MOMP.specific! antibodies! from! the! protective! vaccine!

regimen!in!an! IFN.γ.deficient!environment!by!passively! infusing!serum!from!

vaccinated! mice! into! naïve! IFN.γ.receptor! knock.out! mice,! prior! to!

intravaginal!C.)trachomatis!infection.!

• Assess! the! role! of! antibody.mediated! neutralisation! in! the! protection!

conferred! by! the! heterologous! prime.boost! regimen(s)! by! performing!

neutralisation!assays!from!the!sera!of!differentially!vaccinated!mice.!

!

!

!
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5.2 Results!

5.2.1 C.)trachomatis! serovar!D!shedding!profiles! following!primary!vaginal!

infection!of!BALB/c!and!B6C3F1!mice!

Two!mouse!strains!used!for!the!screening!of!C.)trachomatis!vaccines!include!BALB/c!

(IDRI,! GSK)! and! B6C3F1! (SSI,! ADITEC).! Therefore! these! two! mouse! strains! were!

vaginally!infected!with!C.)trachomatis!to!investigate!any!differences!in!the!shedding!

profiles!between!the!two!mouse!strains!(Figure!5.1).!The!intravaginal!C.)trachomatis!

challenge,!infectivity!assay!and!titering!protocols!are!detailed!in!Chapters!2.5.5,!2.5.6!

and!2.5.4!respectively.!!

Mice!were!infected!with!4x10
5
!IFU!(Dr.!Frank!Follmann,!personal!communication)!at!

day!0.!At!day!3!post!challenge,!BALB/c!and!B6C3F1!mice!had!a!median!of!2381!and!

6500! IFU! per! swab! respectively.! With! sampling! every! 3! days! for! 15! days,! the!

chlamydial! load!continued!to!decrease.!At!the!final!sampling!time!point!of!15!days!

post!challenge,!BALB/c!and!B6C3F1!mice!had!a!median!of!25!and!13! IFU!per!swab!

respectively.! For! each! sampling! time! point! there! was! large! variation! in! the!

Chlamydial! shedding! IFUs,! resulting! in! no! statistical! difference! in! the! chlamydial!

loads!between!BALB/c!and!B6C3F1!miceat!any!time!point!(2.tailed!Mann.Whitney!U!

test).!!

!

!

!
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!

!

!

!

!

!

!

!

!

!

Figure! 5.1.! Chlamydia) trachomatis! shedding! profiles! following! primary! infection! in! BALB/c! and!

B6C3F1!mice.!!

Groups!of!mice!(N=5)!were!intravaginally!infected!with!4x105!IFU!of!C.trachomatis!D/UW.3/Cx,!7!days!

following!2!mg/mouse!subcutaneous!Depo.Provera!treatment.!Vaginal!bacterial!loads!were!sampled!

post! infection! and!median! vaginal! bacterial! loads! compared.! *! P<0.05,! **! P<0.01;! ***! P<0.001,! 2.

tailed!Mann.Whitney!U!test.!

!
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5.2.2 Intramuscular! heterologous! primeWboost! C.) trachomatis! MOMP!

vaccine! regimens! elicit! different! immune! responses! in! BALB/c! and!

B6C3F1!mice!!!

The! C.) trachomatis! antigen! MOMP! was! assessed! in! B6C3F1! mice! immunised! in!

heterologous!prime.boost!regimens!(Table!5.1)!with!DNA,!HuAd5,!MVA!and!protein!

(+!MF59)!based!vaccines!and!compared!against!their!immunogenicity!in!BALB/c!mice!

(Figure! 5.2).! Immunisations! were! administered! three! weeks! apart! and! serum! and!

vaginal! washes! sampled! two! weeks! post.final! immunisation.! The! DAMP! regimen!

induced! significantly! higher! MOMP.specific! serum! IgG! concentrations! in! B6C3F1!

mice!than!in!BALB/c!mice!(***!p!≤!0.0005,!2.way!ANOVA!with!Bonferroni’s!multiple!

comparisons!test),!with!respective!means!of!1796!μg/ml!and!258!μg/ml.!AMPP!also!

induced! significantly! higher! MOMP.specific! serum! IgG! concentrations! in! B6C3F1!

mice! than! in! BALB/c! (*! p! ≤! 0.05,! 2.way! ANOVA! with! Bonferroni’s! multiple!

comparisons! test)! with! respective! means! of! 1733! μg/ml! and! 741! μg/ml.! The!

regimens!AM,!DDD,!PPP!and!naïve!controls!did!not!significantly!differ!in!their!mean!

MOMP.specific!serum!IgG!concentrations!between!B6C3F1!and!BALB/c!mice.!!!

There! were! no! statistically! significant! differences! in! MOMP.specific! vaginal! IgG!

concentrations! between! B6C3F1! and! BALB/c! mice! for! any! of! the! regimen!

investigated!(2.way!ANOVA!with!Bonferroni’s!multiple!comparisons!test).!!

There!were!no! statistically! significant!differences! in! the! IgG2a:IgG1! ratios!between!

the!B6C3F1!and!BALB/c!mouse!strains!for!the!screen!regimens.!But!like!BALB/c!mice,!!!
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Table!5.1.!Challenge!Regimen!

The!prime.boost!regimens!chosen!for!challenge!experiments!in!BALB/c!and!B6C3F1!mice!due!to!the!

differing!MOMP.specific!immune!environments!they!induce.!

!

!

!

!

Regimen! Characteristic!

DAMP! Highest! MOMP.specific! IgG2a! serum!

concentration!

Lowest!MOMP.specific!IgG1!serum!concentration!

AMPP! ↑!Cellular!!!↑!Humoral!

AM! ↑!Cellular!!!↓!Humoral!

PPP! ↓!Cellular   ↑!Humoral!!

DDD! ↑!Cellular!!!↓!Humoral!

Naive! Non.intervention!control!
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Figure!5.2.!PrimeWboost!vaccine!immunogenicity!variation!between!BALB/c!and!B6C3F1!mice.!!

MOMP.specific! IgG! from! serum! and! vaginal! washes! were! assessed! two! weeks! after! prime.boost!

regimens!in!both!BALB/c!(n!=!8)!and!B6C3F1!(n!=!8)!mice!(A).!Antibody!results!are!expressed!as!group!

means! (+SEM)! (μg/ml! or! ng/ml).! Serum!MOMP.specific! IgG2a! and! IgG1! titres! were!measured! two!

weeks!after!prime.boost!regimens!in!both!BALB/c!(n!=!8)!and!B6C3F1!(n!=!8)!mice!and!the!IgG2a:IgG1!

ratio!represented!as!group!medians!(B).!Vaccinated!BALB/c!(n!=!8!per!group)!and!B6C3F1!(n!=!8!per!

group)!were!sacrificed!one!week!post!final! immunisation!and!splenocytes!assessed!by! IFN.γ!ELISpot!

for!MOMP.reactive!T!cells!using!15.mers!overlapping!by!11!amino!acid!(C).!Data!is!expressed!as!group!

medians![SFU/million!antigen!stimulated!cells!(+!interquartile!range)].!*!p!≤!0.05,!**!p!≤!0.005,!***!p!≤!

0.0005!and!****!p!≤!0.0001!by!one.way!ANOVA!with!Bonferroni’s!multiple!comparison!post.test!for!

(A)!and!(C).!**!p!≤!0.005!and!***!p!≤!0.0005!!by!Kruskal.Wallis!with!Dunn’s!multiple!comparison!test!

for!(B).!

!
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there!are!significant!differences! in!the!IgG2a:IgG1!ratio!for!the!differing!regimen!in!

B6C3F1!mice.!The!DAMP!(***!p!≤!0.0005)!and!DDD!(**!p!≤!0.005)!regimen!induced!

significantly! higher! IgG2a:IgG1! ratios! than! the! PPP! regimen! (Kruskal.Wallis! test,!

Dunn’s!multiple!comparisons!test).!!

T!cell!responses,!analysed!1!week!after!the!final!immunisation,!were!also!assessed!in!

B6C3F1! mice! following! heterologous! prime.boost! vaccine! regimens! with! DNA,!

HuAd5,!MVA! and! protein! (+!MF59)! based! vaccines! and! compared! against! BALB/c!

mice!(Figure!5.2C).!B6C3F1!splenocytes!were!re.stimulated!with!MOMP!peptides!as!

described! previously.! T! cell! IFN.γ! responses! were! induced! by! all! prime.boost!

regimens,!with!the!DAMP!and!DDD!regimens!inducing!the!strongest!T!cell!responses,!

with! a! median! of! 2580! and! 3190! SFU/10
6
! splenocytes! respectively.! The! T! cell!

responses! induced!by! the!DAMP! (****!p! ≤!0.0001),!DDD! (****!p! ≤!0.0001),!AMPP!

(***!p!≤!0.0005),!and!AM!(**!p!≤!0.005)!regimens!were!significantly!higher!in!B6C3F1!

mice! than! in! BALB/c! mice! (2.way! ANOVA! with! Bonferroni’s! multiple! comparisons!

test).!

!

!

!

!

!
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!

5.2.3 C.)trachomatis!protective!heterologous!primeWboost!vaccine!regimens!

in!B6C3F1!mice.!

Only!two!of!the!five!investigated!regimens!provided!some!protection!against!vaginal!

C.)trachomatis!infection!in!B6C3F1!mice!(Figure!5.3).!The!DAMP!regimen!significantly!

reduced!chlamydial!IFU!per!swab!at!day!3!post!challenge!(median!=!6531!IFU/swab)!

compared! to! unvaccinated! controls! (median! =! 34788! IFU/swab)! (*! p) =! 0.0303,! 2.

tailed!Mann.Whitney! test).! ! The!PPP! regimen!also! significantly! reduced!chlamydial!

IFU! per! swab! at! day! 3! post! challenge! (median! =! 8095! IFU/swab)! compared! to!

unvaccinated! controls! (median! =! 34788! IFU/swab)! (*! p! =! 0.0451,! 2.tailed! Mann.

Whitney!test).!There!was!no!statistical!difference!at!the!later!time!points!of!7,!10!and!

14!days!post!challenge!due!to!the!resolution!of!infection!by!the!unvaccinated!naïve!

controls.!The!DDD,!AM,!and!AMPP!regimens!did!not!significantly!reduce!chlamydial!

shedding!at!any!time!points!sampled!post!challenge!in!B6C3F1!mice.!

!

!

!

!

!

!
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Figure!5.3.!PrimeWboost!regimens!C.)trachomatis!protective!capacity!in!B6C3F1!mice.!!

Six! weeks! after! the! final! vaccination! and! 1! week! after! 2! mg/mouse! subcutaneous! Depo.Provera!

treatment,! B6C3F1!mice! (n! =! 5! to! 8)!were! infected! intravaginally!with! 4x10
5
! IFU! of!C.) trachomatis!

D/UW.3/Cx.!The!vaginal!vault!of!each!mouse!was!sampled!using!individual!swabs!at!3,!7,!10!and!14!

days!post!challenge,!and!vaginal!Chlamydial!loads!quantified!by!infection!assay!and!immunoflorescent!

microscopy.!Median!values!are! represented.!*)p! ≤!0.05,!**!p! ≤!0.01,!***!p! ≤!0.001,!2.tailed!Mann.

Whitney!U!test.!!!!!!

!

!

!
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5.2.4 Percentage! of! B6C3F1!mice! shedding! following! heterologous! primeW

boost!vaccine!regimens!

At! day! 3,! 7,! 10! and! 14! post! challenge,! the! number! of! B6C3F1! mice! shedding! C.)

trachomatis! was! assessed! via! the! infectivity! based! assay! from! the! vaginal! swabs!

(Figure!5.4).!All! naïve!mice!were! shedding!up! to!day!7,!before!a! reduction! to!only!

20%!shedding!at!day!10!and!day!14.!None!of!the!assessed!vaccination!regimens!had!

a! statistically! significant! difference! in! the! shedding! curves! compared! to! the! naïve,!

unvaccinated!mice!(by!either!Log.rank!(Mantel.Cox)!test!or!Gehan.Breslow.Wilcoxon!

test).!Though!not!significant,!at!day!10!post!challenge!only!20%!of!naïve!B6C3F1!mice!

were!shedding!while!71.4%!of!AMPP!vaccinated!mice!were!still!shedding.!!!!!!

!

!

!

!

!

!

!

!

!
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Figure!5.4.!Percentage!of!B6C3F1!mice!shedding!C.) trachomatis! following!vaccination!with!primeW

boost!regimens.!!

Six! weeks! after! the! final! vaccination! and! 1! week! after! 2! mg/mouse! subcutaneous! Depo.Provera!

treatment,! B6C3F1!mice! (n! =! 5! to! 8)!were! infected! intravaginally!with! 4x10
5
! IFU! of!C.) trachomatis!

D/UW.3/Cx.!The!vaginal!vault!of!each!mouse!was!sampled!using!individual!swabs!at!3,!7,!10!and!14!

days!post!challenge,!and!vaginal!Chlamydial!loads!quantified!by!infection!assay!and!immunoflorescent!

microscopy.! Mice! are! designated! non.shedding! when! below! the! limit! of! detection! (6! IFU/swab).!

Shedding! curve! differences! were! analysed! by! both! the! Log.rank! (Mantel.Cox)! test! and! Gehan.

Breslow.Wilcoxon!test.!

!
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5.2.5 Assay!used! to!measure!C.) trachomatis! shedding:!Droplet!digital!PCR!

(ddPCR)!compared!to!infectivity!assay!

Vaginal! swabs! from! days! 7! and! 14! post! challenge! were! analysed! by! ddPCR! as! a!

comparison!to!the!infectivity!based!assay!from!which!the!shedding!data!is!calculated!

(Figure!5.5).! The!ddPCR!assay! is!detailed! in!Chapter!2.2.13.!ddPCR!measures!exact!

copies!of!chlamydial!genes!(omcB) in!this!case)!and!is! independent!of!the!infectivity!

of! the! shed! bacterium.! ddPCR! was! carried! out! to! investigate! whether! chlamydial!

loads!remained!high!even!though!infectivity!diminished!as!revealed!by!the!infectivity!

assay.!OmcB!copies! followed!the!same!trend!as!the! infectivity!assay.!At!day!7!post!

challenge,! the!median! copies! of!omcB! per! swab! for! the! regimens!DAMP,! PPP! and!

unvaccinated! controls! were! 17094,! 12800,! and! 5272! respectively.! At! day! 14! post!

challenge,! the!median! copies! of!omcB! per! swab! for! the! regimens!DAMP,! PPP! and!

unvaccinated!controls!were!6,!6!and!6!respectively!(lowest!limit!of!detection!of!the!

assay).! This! similar! trend! between! ddPCR! chlamydial! copies! and! the! chlamydial!

infectivity! assay! reveals! there! is! likely! to! be! little! immune! pressure! driving! the!

Chlamydia!into!a!non.infectious!latent!state,!either!following!vaccination!or!not.!!

!

!

!

!

!
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Figure! 5.5.! Vaginal! C.) trachomatis! load! post! vaccination! as! determined! by! droplet! digital! PCR!

(ddPCR).!!

!Vaginal! samples! day! 7! and! 14! post! challenge! from!B6C3F1!mice! (n! =! 5! to! 6! per! group)!with! prior!

vaccination!with!the!DAMP!and!PPP!regimens!alongside!unvaccinated!controls!(naïve)!were!analysed!

by!ddPCR.!Median!values!are!indicated.!!!!
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5.2.6 C.)trachomatis!protective!heterologous!primeWboost!vaccine!regimens!

in!BALB/c!mice!

Only! two! of! the! five! investigated! regimens! provided! protection! to! vaginal! C.)

trachomatis! infection! in! BALB/c!mice! (Figure! 5.6).! The!DAMP! regimen! significantly!

reduced!chlamydial! IFU!per!swab!at!day!3!post!challenge!(median!=!354!IFU/swab)!

compared! to! unvaccinated! controls! (median! =! 22688! IFU/swab)! (*! p! =! 0.0359,! 2.

tailed!Mann.Whitney!test).!!The!AMPP!regimen!also!significantly!reduced!chlamydial!

IFU! per! swab! at! day! 3! post! challenge! (median! =! 2563! IFU/swab)! compared! to!

unvaccinated! controls! (median! =! 22688! IFU/swab)! (*! p! =! 0.0447,! 2.tailed! Mann.

Whitney!test).!There!was!no!statistical!difference!at!the!later!time!points!of!7,!10!and!

14!days!post!challenge!due!to!the!resolution!of!infection!by!the!unvaccinated!naïve!

controls.! The! DDD,! AM,! and! PPP! regimens! did! not! significantly! reduce! chlamydial!

shedding!at!any!time!points!sampled!post!challenge!in!BALB/c!mice.!

!

!

!

!

!

!

!
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Figure!5.6.!PrimeWboost!vaccine!regimens!C.)trachomatis!protective!capacity!in!BALB/c!mice.!!

Six! weeks! after! the! final! vaccination! and! 1! week! after! 2! mg/mouse! subcutaneous! Depo.Provera!

treatment,! BALB/c!mice! (n! =! 7! to! 10)!were! infected! intravaginally!with! 4x10
5
! IFU! of!C.trachomatis!

D/UW.3/Cx.!The!vaginal!vault!of!each!mouse!was!sampled!using!individual!swabs!at!3,!7,!10!and!14!

days!post!challenge,!and!vaginal!Chlamydial!loads!quantified!by!infection!assay!and!immunoflorescent!

microscopy.!Median!values!are! represented.!*)p! ≤!0.05,!**!p! ≤!0.01,!***!p! ≤!0.001,!2.tailed!Mann.

Whitney!U!test.!!
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5.2.7 Percentage! of! BALB/c!mice! shedding! following! heterologous! primeW

boost!vaccine!regimens!

At! day! 3,! 7,! 10! and! 14! post! challenge,! the! number! of! BALB/c! mice! shedding! C.)

trachomatis! was! assessed! via! the! infectivity! based! assay! from! the! vaginal! swabs!

(Figure! 5.7).! 80%! of! naïve! unvaccinated! mice! were! shedding! at! day! 7,! with! a!

reduction! to! only! 30%! shedding! at! day! 10.! None! of! the! assessed! vaccination!

regimens!had!a!statistically!significant!difference!in!the!shedding!curves!compared!to!

the! naïve,! unvaccinated! mice! (by! either! Log.rank! (Mantel.Cox)! test! or! Gehan.

Breslow.Wilcoxon!test).!Though!not!significant,!only!40%!of!DDD!vaccinated!BALB/c!

mice!were!shedding!at!day!7!post!challenge!while!80%!of!unvaccinated!mice!were!

still!shedding.!
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Figure!5.7.!Percentage!of!BALB/c!mice! shedding!C.) trachomatis! following!vaccination!with!primeW

boost!regimens.!!

Six! weeks! after! the! final! vaccination! and! 1! week! after! 2! mg/mouse! subcutaneous! Depo.Provera!

treatment,! BALB/c!mice! (n! =! 5! to! 8)! were! infected! intravaginally!with! 4x10
5
! IFU! of!C.) trachomatis!

D/UW.3/Cx.!The!vaginal!vault!of!each!mouse!was!sampled!using!individual!swabs!at!3,!7,!10!and!14!

days!post!challenge,!and!vaginal!Chlamydial!loads!quantified!by!infection!assay!and!immunoflorescent!

microscopy.! Mice! are! designated! non.shedding! when! below! the! limit! of! detection! (6! IFU/swab).!

Shedding! curve! differences! were! analysed! by! both! the! Log.rank! (Mantel.Cox)! test! and! Gehan.

Breslow.Wilcoxon!test.!
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5.2.8 A!common!protective!vaccination!regimen!in!both!B6C3F1!and!BALB/c!

mice.!

From! the! five! investigated! prime.boost! regimens,! only! the! DAMP! regimen! was!

consistently!protective,!significantly!reducing!chlamydial!IFU!per!swab!at!day!3!post!

challenge!compared!to!unvaccinated!controls!in!both!BALB/c!(*!p!=!0.0359,!2.tailed!

Mann.Whitney!test)!and!B6C3F1!!(*!p!=!0.0303,!2.tailed!Mann.Whitney!test)!(Figure!

5.8).! ! The! regimens!AM!and!DDD!were! consistently! non.protective! in! both!mouse!

strains,!while!PPP!was!protective!in!B6C3F1!and!AMPP!protective!in!BALB/c!though!

with!moderate!p.values!of!0.0451!and!0.0447!respectively! (2.tailed!Mann.Whitney!

test).!!
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Figure!5.8.!A!common!C.)trachomatis!protective!vaccine!regimen.!!

Vaginal! Chlamydial! loads! quantified! by! infection! assay! and! immunoflorescent!microscopy! at! day! 3!

post!challenge.!Groups!include!DAMP!vaccination!(n!=!7)!and!naïve!controls!(n!=!5)!for!B6C3F1!mice!

and! DAMP! vaccination! (n! =! 8)! and! naïve! controls! (n! =! 9)! for! BALB/c! mice.! Median! values! are!

represented!as!clear!bar!charts.!*)p!≤!0.05,!**!p!≤!0.01,!***!p!≤!0.001,!2.tailed!Mann.Whitney!U!test.!!
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5.2.9 CD4+! T! cells! contribute! to! the! DAMP! regimen! vaccineWinduced!

protective!response.!

In!an!effort! to!elucidate! the! role!of!CD4+!T! cells! in! the!vaccine.induced!protective!

response,! monoclonal! antibodies! were! used! to! deplete! CD4+! cells! in! DAMP!

vaccinated! and! unvaccinated! control! B6C3F1! mice! (Figure! 5.9).! The! CD4+! T! cell!

depletion! is!detailed! in!Chapter!2.4.11.! !The!significant! reduction! in!C.) trachomatis!

shedding!in!undepleted!B6C3F1!(*!p!=!0.0303,!2.tailed!Mann.Whitney!test)!was!lost!

when!CD4+!T!cells!were!depleted.!Following!CD4+!T!cell!depletion,!DAMP!vaccinated!

B6C3F1!mice! had!median! chlamydial! loads! of! 46888! IFU/swab!while! unvaccinated!

depleted! B6C3F1! had! median! loads! of! 15675! (N.S.! p! =! 0.1638,! 2.tailed! Mann.

Whitney! test).! Thus,! CD4+! T! cells! contribute! significantly! to! the! vaccine.induced!

protective! response.! Confirmation! of! the! CD4+!depletion! in! antibody.treated!mice!

by!FACS!analysis!is!provided!in!the!Appendix!(Figure!9.3).!
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Figure!5.9.!Importance!of!CD4+!T!cell!immunity!in!DAMP!vaccine!regimenWmediated!protection.!

B6C3F1!mice!were! depleted! of! CD4+! T! cells! by! i.p.! injections! of! 500! μg/mouse! of! anti.mouse! CD4!

monoclonal!antibody!(clone!GK1.5)!on!days!.1!and!+1!with!respect!to!day!of!challenge!day!0.!Day!3!

swab! samples! were! analysed! as! only! day! 3! provided! significant! reduction! in! chlamydial! load! in!

undepleted!controls.!Undepleted!DAMP!vaccinated!mice!(n!=!7)!and!undepleted!naïve!controls!(n!=!5),!

with!CD4!depleted!DAMP!vaccinated!mice!(n!=!7)!and!depleted!naïve!controls!(n!=!7).!Median!values!

are!represented!as!clear!bar!charts.!*)p!≤!0.05,!**!p!≤!0.01,!***!p!≤!0.001,!2.tailed!Mann.Whitney!U!

test.!!!!
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5.2.10 Serum! antibody! neutralisation! ability! does! not! contribute! to! the!

DAMP!regimen!vaccineWinduced!protective!response!

One! immunological! mechanism! that! could! potentially! contribute! to! Chlamydia!

immunity! is! the!elicitation!of!antibodies!that!neutralise!EB!cell!entry.!The!ability!of!

anti.MOMP!antibodies! from!the!heterologous!prime.boost! regimens! to!prevent!EB!

infection!of!McCoy!cells! in)vitro!was!therefore! investigated,!with!the!neutralisation!

assay! fully! detailed! in! Chapter! 2.5.7.! The! DAMP,! AMPP! and! PPP! regimens! have!

similar!neutralisation!profiles!with!mean!neutralisation!abilities!of!50.60%!at!a!1/10!

serum!dilution,!dropping!to!40.45%!at!1/20!and!~30%!at!1/40!serum!dilutions!(Figure!

5.10).! The! regimens! without! the! protein! boosts,! AM! and! DDD! had! mean!

neutralisation!abilities!of!around!20%!at!1/20!and!only!10%!at!1/40!serum!dilutions,!

perhaps! reflective! of! the! lower! quantity! of! antigen.specific! anti.MOMP! per! unit!

serum.! Interestingly,! the! AM! and! DDD! regimen! differed! greatly! in! their! mean!

neutralisation! ability! at! a! 1/10! serum! dilution,! with! AM! exhibiting! similar!

neutralisation!abilities!as!DAMP,!AMPP!and!PPP!(43%),!but!DDD!only!having!a!mean!

neutralisation! ability! of! 16%.! ! The! comparable! neutralisation! profiles! of! the!

protective! DAMP! regimen! and! the! non.protective! regimens! AMPP,! PPP! and! AM!

indicate! that! the! observed! protection! is! unlikely! dependent! on! the! induction! of!

neutralising!antibodies.!!
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Figure! 5.10.! Comparable! serum! neutralisation! ability! between! protective! and! nonWprotective!

vaccine!regimens.!!

Serum! antibodies! from! the! differing! prime.boost! regimens!were! pre.incubated! at! varying! dilutions!

with!infectious!C.)trachomatis!elementary!bodies!(EBs)!and!used!to!infect!McCoy!cell!monolayers!and!

compared!with!EBs!treated!with!corresponding!dilutions!of!naïve!sera.!The!antiserum!neutralisation!

activity! was! determined! by! measuring! the! reduction! of! the! number! of! inclusions! generated! by!

antibody.opsonised! EBs! after! correction! to! the! background! inhibition! observed! with! naïve! sera!

controls.!!!
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5.2.11 Serum! antibodies! do! not! contribute! to! the! DAMP! regimen! vaccineW

induced!protective!response!

To!assess! the! role!of! vaccine! induced!antibodies! via! the!DAMP!and!PPP! regimens,!

serum! from! these! vaccinated!mice! were! passively! transferred! into! naïve! C57BL/6!

mice! (Figure!5.11).!15!μg!of!anti.MOMP!serum!IgG!was! intravenously! injected! into!

each!mouse,! 4! hr! prior! to!C.) trachomatis! vaginal! challenge.!Naïve! serum!was! also!

intravenously! injected! for! the! naïve! control.! There! was! no! statistically! significant!

reduction!in!C.)trachomatis!vaginal!load!at!day!3,!6!or!10!post!challenge!in!C57BL/6!

mice! for! any! of! the! serum! transfused! groups! (Kruskal.Wallis! test! with! Dunn’s!

multiple! comparison! post.test).! To! assess!whether! the! vaccine! induced! antibodies!

via! the! DAMP! and! PPP! regimens! may! have! a! greater! effect! in! an! IFN.γ! deficient!

environment,!serum!from!these!vaccinated!mice!were!also!passively!transferred!into!

naïve!IFN.γ!knock.out!C57BL/6!mice.!C57BL/6!mice!were!genotyped!to!confirm!their!

IFN.γ! KO! status! as! described! in! Chapter! 2.2.12.! Again,! there! was! no! statistically!

significant!reduction!in!C.)trachomatis!vaginal!load!at!day!3,!6!or!10!post!challenge!in!

C57BL/6! for! any! of! the! serum! transfusion! groups! (Kruskal.Wallis! test! with! Dunn’s!

multiple! comparison! post.test).! Moreover,! none! of! the! IFN.γ! knock.out! C57BL/6!

mice!could!control!the!chlamydia!vaginal!loads,!with!median!loads!of!9040!IFU/swab,!

20418!IFU/swab!19662!IFU/swab!for!DAMP,!PPP!and!Naïve!transfusion!respectively!

at!10!days!post!challenge.!!
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Figure! 5.11.! No! role! for! serum! antiWMOMP! antibodies! in! DAMP! vaccine! regimenWmediated!

protection,!in!both!IFNWγ!present!and!IFNWγ!deficient!environments.!!!

Anti.MOMP!sera!from!either!DAMP!vaccinated!mice,!PPP!vaccinated!mice!or!naïve!unvaccinated!mice!

was!evaluated!by!ELISA!prior!to!passive!transfer.!15!μg!of!anti.MOMP!sera!was!intravenously!infused!

via!the!tail!vein!into!C57BL/6!mice!(n!=!7!per!group)!(A)!and!into!IFN.γ!K.O.!C57BL/6!mice!(n!=!7!per!

group)! (B)! 4! hours! prior! to! intravaginal! infection!with! 4x10
5
! IFU!of!C.) trachomatis! D/UW.3/Cx.! The!

vaginal!vault!of!each!mouse!was!sampled!using!individual!swabs!at!3,!7!and!10!days!post!challenge,!

and!vaginal!Chlamydial!loads!quantified!by!infection!assay!and!immunoflorescent!microscopy.!Median!

values!are!represented.!*)p!≤!0.05,!**!p!≤!0.01,!***!p!≤!0.001,!2.tailed!Mann.Whitney!U!test.!
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5.2.12 Intranasal!immunisation!with!MOMP!+MPLA!or!MPLA!alone!does!not!

protect!against!C.)trachomatis!vaginal!challenge!

The! intranasal! PPPP! regimen,! adjuvanted! with! MPLA,! was! the! only! regimen!

investigated!capable!of!inducing!MOMP.specific!vaginal!IgA.!To!assess!whether!these!

MOMP.specific! vaginal! IgA! antibodies! could! confer! a! protective! role,! mice!

immunised! with! the! intranasal! PPPP! regimen! adjuvanted! with! MPLA,! were!

subsequently!challenged!vaginally!with!C.)trachomatis.!!

The!intranasal!PPPP!regimen,!adjuvanted!with!MPLA,!did!not!significantly!reduce!the!

Chlamydial! bacterial! load! at! 3,! 7,! 10! or! 14! days! post! challenge! below! that! of!

unvaccinated! control! BALB/c! mice! (Figure! 5.12).! As! a! control,! four! intranasal!

immunisations! with! MPLA! alone! and! no! MOMP! antigen! were! carried! out.! This!

immunisation!regimen!also!did!not!significantly!reduce!the!Chlamydial!bacterial!load!

at!3,!7!or!10!days!post!challenge!below!that!of!untreated!control!BALB/c!mice.!!

The!intranasal!PPPP!+!MPLA!regimen!was!the!only!regimen!to!induce!MOMP.specific!

vaginal! IgA!concentrations,!and! the!absence!of!protection!suggests!a! lack!of!a! role!

for! the!MOMP.specific!vaginal! IgA!concentrations! induced.!This!may!be!due!to!the!

concentrations!of!IgA!induced!being!too!low,!or!the!IgA!antibodies!being!not!specific!

enough!to!the!infectious!Chlamydia!encountered.!The!lack!of!protection!may!also!be!

due!to!a!minimal!or!unnecessary!role! for!anti.MOMP!IgA!antibodies! in!this!murine!

model!of!C.)trachomatis!vaginal!infection.!!!
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Figure! 5.12.! PPPP! +! MPLA! intranasal! immunisation’s! protective! ability! against! C.) trachomatis! in!

BALB/c!mice.!!

Six!weeks! after! the! final! vaccination!and!1!week!after!2mg! subcutaneous!Depo.Provera! treatment,!

BALB/c!mice! (n! =! 8)! were! infected! intravaginally! with! 4x10
5
! IFU! of!C.trachomatis! D/UW.3/Cx.! The!

vaginal!vault!of!each!mouse!was!sampled!using!individual!swabs!at!3,!7,!10!and!14!days!post!challenge,!

and!vaginal!Chlamydial!loads!quantified!by!infection!assay!and!immunoflorescent!microscopy.!Median!

values!are!represented.!*)p!≤!0.05,!**!p!≤!0.01,!***!p!≤!0.001,!2.tailed!Mann.Whitney!U!test.!

!

PPPP + MPLA I.N. 

3 7 10 14

10

100

1000

10000

100000

0

PPPP I.N. 
+ MPLA

Naive

Days post challenge

M
ed

ia
n 

C
.tr

ac
ho

m
at

is
 

IF
U

 p
er

 s
w

ab

3 7 10

10

100

1000

10000

100000

0

MPLA I.N. 

Days post challenge

M
ed

ia
n 

C
.tr

ac
ho

m
at

is
 

IF
U

 p
er

 s
w

ab

MPLA I.N.

Naive 



!

174!

5.2.13 Intranasal!and!intravaginal!immunisation!with!Adenoviral!primeWMVA!

boost!does!not!protect!against!C.)trachomatis!vaginal!challenge!!

Neither! the! intranasal! administration! of! the! AM! regimen,! nor! the! intravaginal!

administration!of! the!AM!regimen!resulted! in!a!significant! reduction!of! the!vaginal!

chlamydial!bacterial!load!at!3,!7,!10!or!14!days!post!challenge!(Figure!5.13).!!

The! intranasal!and!the! intravaginal!administration!of!the!AM!regimen!did!not!elicit!

significantly!greater!humoral!or!cellular!responses!than!naïve!controls,!so!the!lack!of!

protection! afforded! is! not! surprising.! If! there! were! any! significant! reduction! in!

chlamydial! load! following! these! regimens! it! would! have! suggested! an! immune!

mechanism!that!we!did!not!screen!for!such!as!NK!cell!killing.!!
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Figure! 5.13.! AM! regimen! by! intranasal! or! intravaginal! immunisation! and! it’s! protective! ability!

against!C.!trachomatis!in!BALB/c!mice.!!

Six! weeks! after! the! final! vaccination! and! 1! week! after! 2! mg/mouse! subcutaneous! Depo.Provera!

treatment,!BALB/c!mice!(n!=!10)!were!infected!intravaginally!with!4x10
5
!IFU!of!C.trachomatis!D/UW.

3/Cx.!The!vaginal!vault!of!each!mouse!was!sampled!using!individual!swabs!at!3,!7,!10!and!14!days!post!

challenge,! and! vaginal! Chlamydial! loads! quantified! by! infection! assay! and! immunoflorescent!

microscopy.!Median!values!are! represented.!*)p! ≤!0.05,!**!p! ≤!0.01,!***!p! ≤!0.001,!2.tailed!Mann.

Whitney!U!test.!
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5.3 Discussion!

!

We! employed! two! differing! mouse! strains! for! our! challenge! studies:! BALB/c! and!

B6C3F1! (female!C57BL/6!and!male!C3H/HeN!cross).!Genital! tract! infection!of!mice!

with!C.)trachomatis!has!been!previously!shown!to!be!dependent!on!the!mouse!strain!

used,!with!a!genital!C.) trachomatis! serovar!E! infection!having!a!significantly! longer!

duration! of! infection! in! C3H/HeN! mice! than! in! C57BL/6! [273].! Furthermore,! C.)

trachomatis! serovar!D!genital! infections! in!BALB/c!mice!are!of! significantly! shorter!

duration!than!infection!of!both!C57BL/6!and!CF.1![108].!We!observed!no!statistical!

differences! in! the!C.) trachomatis! serovar! D! chlamydial! loads! between! our! BALB/c!

and!B6C3F1!at!any!sampling!point!within!the!first!15!days!post!challenge,!but!there!

were!statistically!different!immune!responses!in!the!differing!mice!strains!to!certain!

regimens.! ! The!DAMP! regimen! induced! significantly! greater!MOMP.specific! serum!

IgG! concentrations! in! B6C3F1!mice! than! in! BALB/c!mice,! and! the! T! cell! responses!

induced!by! the!DAMP,!DDD,!AMPP! and!AM! regimens!were! significantly! greater! in!

B6C3F1! mice! than! in! BALB/c! mice.! The! DAMP! regimen! was! the! only! regimen! to!

significantly!reduce!C.)trachomatis!vaginal!shedding!in!both!BALB/c!and!B6C3F1!mice,!

and! this! protection! was! subsequently! lost! following! CD4+! T! cell! depletion.! There!

appears!to!be!a!lack!of!a!role!for!antibodies!in!the!protection!afforded!by!the!DAMP!

regimen,! as! shown! by! passive! serum! transfer! experiments! and! C.) trachomatis! EB!

serum!neutralisation!assays.!!!!

!
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Our! DAMP! vaccination! regimen! resulted! in! a! median! reduction! in! genital! C.)

trachomatis)serovar!D!bacterial!load!by!~1!log10!in!B6C3F1!and!by!~2!log10!in!BALB/c!

at! day! three! post! infection.! Both! are! significant! reductions! compared! to!

unvaccinated! naïve! mice.! Previous! chlamydia! vaccine! studies! have! resulted! in!

differing! degrees! of! protection.! In! BALB/c!mice,! compared! to! the! AS01B! adjuvant!

alone,! there! were! 1! log10! reductions! in! genital! C.) trachomatis! serovar! K! bacterial!

loads! at! day! 7! post! infection! in! groups! vaccinated! with! either! PmpDpd,! CT622,!

MOMP.F,!or!CT875![276].)Following!a!challenge!with!105!IFU!of!C.)trachomatis!MoPn!

in!the!left!ovarian!bursa,!the!number!of!IFU!recovered!was!on!average!1!log10!lower!

in!mice!immunised!with!glutaraldehyde.fixed!MoPn!MOMP!than!in!those!inoculated!

with! ovalbumin! [148].! Pal! et) al.! investigated! the! protection! afforded! by! MOMP!

formulated!with!adjuvants!developed!for!human!vaccines.!!In!BALB/c!mice,!MOMP!+!

MF59!resulted!in!a!genital!bacterial!load!of!10!IFU!after!7!days,!however!the!OVA!+!

MF59! control! also! had! a! low! bacterial! load! of! only! 30! IFU.! Furthermore,! the!

percentage! shedding! between! the! two! groups! were! similar! with! 69%! to! 78%!

respectively! [279].! We! could! only! obtain! significant! reductions! in! chlamydial!

shedding!compared!to!unvaccinated!naïve!controls!at!day!3!post!challenge,!as!by!day!

7! the! unvaccinated! naïve! mice! appear! to! control! the! infection,! with! a! dramatic!

reduction!in!shedding!in!both!vaccinated!and!unvaccinated!BALB/c!and!B6C3F1!mice.!

The! use! of! Chlamydia) muridarum! as! the! challenge! species! may! have! provided! a!

longer! sampling! window! to! investigate! differences! in! shedding! loads! between!

vaccinated! and! unvaccinated! mice! but! would! have! involved! redesigning! and!

remaking!all!vaccines!against!this!murine.specific!Chlamydia.!!
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It!is!important!to!note!that!the!DAMP!regimen!was!not!compared!against!the!other!

investigated!regimens!directly,!so!it!has!not!been!proven!to!be!superior!to!say!PPP!or!

AMPP.! The!DAMP! regimen!has! been! shown,! however,! to! afford! protection! that! is!

significantly! better! than! no! intervention! (the! unvaccinated! naïve! control! mice)! in!

both!BALB/c!and!B6C3F1!mouse!strains.!

!

We! decided! to! screen! the! protective! efficacy! of! our! vaccine! regimens! in! two!

different!mouse!strains:!BALB/c!and!the!cross!strain!B6C3F1.!These!are!two!currently!

used! models,! and! have! distinct! Th1/Th2! profiles.! Few! chlamydia! vaccine! studies!

examine!vaccine!efficacy!in!multiple!mouse!strains,!one!of!note!being!the!screening!

of!human!adjuvants!alongside!MOMP! in!both!BALB/c!and!C3H/HeN!mice.!None!of!

the!three!human!adjuvants!tested!in!that!study!was!convincingly!protective!in!either!

mouse!strain![279].!Another!study!investigated!live!intranasal!immunisation!with!the!

elementary!bodies!of!C.)trachomatis!MoPn!in!C3H/HeN,!BALB/c!and!C57BL/6!mouse!

strains.! Eight! weeks! following! the! intranasal! immunisations! the! mice! were!

challenged! in! the! genital! tract! and! all! three! strains! of! mice! were! significantly!

protected,! with! no! shedding! at! any! time! point! post! challenge! in! C3H/HeN! and!

C57BL/6,! but! with! low! bacterial! shedding! in! the! BALB/c! mice! [280].! These! subtle!

infection! differences! in! the! differing!mouse! strains! even! following! live! chlamydial!

immunisation! indicate! the! importance! of! screening! novel! vaccines! and! the!

vaccination!regimens!in!multiple!mouse!strains.!!

The! distinct! characteristic! of! the! DAMP! vaccination! regimen! was! the! significantly!
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high! IgG2a:IgG1! ratio! it! induced.! There! are! examples! of! chlamydial.specific! IgG2a!

antibody! concentrations! correlating! with! protection! in! animal! studies.! Anti.CPAF!

IgG2a! levels!were! significantly! elevated! in! both! the! serum! and! vaginal! fluids! after!

CPAF!+!IL.12!vaccination!in!comparison!to!animals!that!received!CPAF!alone,!and!it!

was!the!CPAF!+!IL.12!vaccinated!mice!which!displayed!significantly!reduced!bacterial!

shedding! upon! challenge! [151].! MOMP! with! Freund’s! adjuvant,! formulated! by!

vortexing,! elicited!higher! IgG2a! than! IgG1,!while! formulation!by! sonication!elicited!

the!reverse.! It!was! then!only! the!mice! immunised!with!vortexed!MOMP!that!were!

significantly! protected! against!C.)muridarum! challenge! in! terms!of! number!of! IFUs!

and!length!of!shedding!time,!compared!to!sonicated!MOMP!vaccinated!mice![148].!

Intramuscular! immunisation! with! recombinant! MIP! (macrophage! infectivity!

potentiator! –! an! immunodominant! C.) muridarum! antigen)! induced! more! antigen!

specific! IgG2a! than! IgG1!as!well! as!elevated! IFN.γ,! and! these! immunised!mice!had!

significantly! reduced! vaginal! bacterial! shedding! by! day! 12! after! intravaginal!

chlamydial! challenge! and! less! severe! hydrosalpinx! compared! to! GST.immunised!

controls! [281].! An! intramuscular! immunisation! with! a! C.) trachomatis! serovar! D!

MOMP! formulation! that! included! a! PorB! DNA! plasmid! and! a! Vibrio! cholera! ghost!

preparation!elicited!high!concentrations!of!IgG2a!and!IgA,!and!significantly!reduced!

vaginal! C.) trachomatis! shedding! both! in! terms! of! duration! and! intensity,! with!

complete! resolution! by! two! weeks! post! challenge! [282].! There! are! potential!

mechanisms!by!which!these!high!IgG2a!and!low!IgG1!chlamydial.specific!antibodies!

may! be! operating.! EB! opsonisation! by! IgG! isotypes! has! been! shown! to! affect! the!

uptake! of! chlamydia! into! cells.! The! coating! of! EBs!with! the!mouse! isotype! IgG2b,!
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resulted! in! the! increased! infection!of! cells! through! the! interaction!with! the!mouse!

FcγRII! [283].!More! recently,! EB! opsonisation!with! a! high! IgG1! and! low! IgG2a! anti.

MOMP! polyclonal! sera!was! shown! to! enhance! infection! of! a! cell! line! through! the!

FcRn! mediated! uptake! of! these! IgG.coated! EBs,! suggesting! a! negative! role! for!

MOMP.specific! IgG1! antibodies! [284].! ! The! IgG2a! isotype! can! mediate! effector!

functions! such! as! antibody.dependent! cellular! cytotoxicity! (ADCC)! through! it’s! Fc!

region! binding! to! FcγR! [285]! [286].! Specific! anti.chlamydial! antibodies! have!

previously!been!shown!to!augment!the!macrophage!killing!of!infected!epithelial!cells!

via! ADCC! suggesting! this! effector! function! may! facilitate! the! early! clearance! of! a!

chlamydial! infection! [287].! Collectively,! these! suggest! that! the! anti.MOMP! IgG!

isotype! may! have! a! causative! role! in! the! protection! observed! from! the! DAMP!

regimen,!though!this!would!need!to!be!investigated!further.!!

!

The! protection! afforded! by! the! DAMP! regimen! was! lost! when! CD4+! T! cells! were!

depleted! prior! to! genital! challenge,! revealing! the! protection! is! CD4.dependent.!

Previous!chlamydia!vaccine!investigations!have!also!revealed!a!role!for!CD4+!T!cells!

in! their! protection.! Olsen! et) al.,! showed! that! the! genital! protection! induced! by!

subcutaneous!immunisation!with!recombinant!CTH1!adjuvanted!with!CAF01!in!mice!

was!solely!CD4+!T!cell!mediated![105].!The!same!research!group!also!revealed!that!

the! genital! protection! provided! to! C57BL/6!mice! by! the! liposomal! delivery! of! a!C.!

muridarum!MOMP!antigen!was!dependent!on!CD4+!T! cells! and!not!dependent!on!

the! conformation! of!MOMP! in! this! instance! [262].! Farris! et) al.,! vaccinated! female!
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mice!with!C.)muridarum!MOMP!and!the!adjuvants!CpG.1826!and!Montanide!ISA!720!

resulting!in!2.3!log10!fewer!IFU!than!naïve!controls.!The!depletion!of!CD4+!T!cells,!but!

not! the!depletion!of!CD8+!T!cells,!diminished! the!vaccine.induced!protection,!with!

CD4.depleted!mice!shedding!2.4! log10!more! IFU!than!CD8.depleted!or!nondepleted!

mice![288].!The!role!of!CD4+!T!cells! in!protection!were!clearly!confirmed!following!

their! depletion! after! CPAF! +! IL.12! vaccination,! but! moreover,! anti.chlamydial!

immunity! could! be! adoptively! transferred! to! naïve! recipients! using! CPAF.specific!

CD4+! T! cells.! Therefore! this! CPAF! mediated! anti.chlamydial! immunity! is! highly!

dependent!upon!antigen.specific!CD4+!T!cells![289].!Our!observation!of!the!inability!

of!IFN.γ!KO!mice!to!control!chlamydial!infection!further!supports!the!role!of!CD4+!T!

cell!responses!in!Chlamydia!control.!!

Following! our! serum!passive! infusion! experiments,! in!which! the! transfer! of! DAMP!

serum! did! not! significantly! reduce! the! genital! bacterial! loads! compared! to! naïve!

serum! controls,! we! concluded! a! lack! of! a! role! for! antibody! below! the! transfused!

amount! of! 15! μg/ml! MOMP.specific! IgG.! Of! course,! serum! antibody! may! have! a!

significant! protective! effect! at! concentrations! higher! than! the! amount! we! could!

transfuse.! There!are,!however,! a! few!chlamydial! vaccine! studies!where! the! role!of!

antibody! is! debatable.! The! contribution! of! antibodies! to! the! vaccine.induced!

protection! of! a! C.) muridarum! MOMP! based! vaccine! was! demonstrated! by! the!

absence!of!protection!in!vaccinated!B.cell.deficient!mice,!and!by!a!2.3!log10!decrease!

in!bacterial!shedding!by!mice!passively!administered!an!anti.MOMP!serum![288].! In!

contrast,!B.cell.deficient!(micromT)!mice!were!used!to!evaluate!the!role!of!antibody!

in! vaccination! with! CPAF! +! CpG,! and! there! was! in! fact! comparable! chlamydial!
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clearance! in! both!micromT! and!wild.type!mice! after! vaccination.! In! addition,! both!

vaccinated! micromT! and! vaccinated! WT! mice! exhibited! similar! reductions! in!

pathology,!revealing!the!antibodies!playing!a!largely!dispensable!role!in!CPAF+!CpG!

induced!chlamydial!clearance![290].!While!antibodies!may!have!had!a!protective!role!

in!the!liposomal!delivered!C.)muridarum!MOMP!adjuvanted!with!CAF01!vaccine,!the!

equal! protection! yielded! by! the! native! and! recombinant!MOMP! antigens! suggests!

the! protective! mechanism! isn’t! reliant! on! conformationally! dependent! antibodies!

[262].!!!!!!!

The!serum!neutralisation!abilities!did!not!significantly!differ!between!the!protective!

and!non.protective!regimens,! implying!a!minimal!role!for!neutralising!antibodies! in!

the! DAMP! protection.! The! role! of! neutralising! antibodies! in! previous! chlamydia!

vaccine!studies!is!chequered.!An!alum.adsorbed!MOMP.derived!oligopeptide!which!

when! immunised! subcutaneously! elicited! high! levels! of! anti.chlamydial! serum! IgG!

neutralising!antibodies!did!not!in!fact!protect!against!intravaginal!or!intrauterinal!C.)

trachomatis! serovar! D! challenge.! There! were! no! significant! differences! between!

immunised!or!control!mice!in!either!colonisation,!shedding,!or!duration!of!infection,!

leading! the!authors! to! suggest! the! serum!neutralising! antibodies! are! ineffective! in!

preventing! chlamydial! genital! tract! infection! [291].! In! another! study!native!MOMP!

proteins! were! stabilised! with! two! differing! detergents,! with! the! amphipol! A8.35!

providing! higher! neutralising! titres! (titre! =! 1250)! than! sera! from!mice! immunised!

with! nMOMP/Z3.14! (titre! =! 250).! The! nMOMP/A8.35! did! elicit! more! robust!

protection!against!C.)muridarum,!but!it!was!not!investigated!whether!it!was!due!to!

the!neutralising!ability!of! the! induced!antibodies.! The!authors!used!cell!depletions!
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and! demonstrated! that! protection!was! CD4+! but! not! CD8+! T! cell!mediated! [292].!

Novartis!Vaccines!expressed!the!chlamydia!antigen!HtrA!in!outer!membrane!vesicles!

(OMVs)! to! try! and! conserve! native! conformation,! and! following! immunisation! in!

mice!they!analysed!the!neutralising!ability!of!the!elicited!serum.!They!observed!60%!

neutralisation!at! the!serum!dilution!of!1/30,!and!40%!neutralisation!at!1/90,!more!

effective!sera!than!that!elicited!with!our!various!heterologous!prime!boost!regimens.!

However,!none!of! these!vaccinated!mice!were!challenged,! so! there! is!no!evidence!

that!these!neutralising!anti.HtrA!antibodies!are!protective!in)vivo![293].!!!!!!

Our! vaccine! regimen! involving! four! intranasal! protein! immunisations! adjuvanted!

with!MPLA!was!the!only!regimen!to!elicit!vaginal!MOMP.specific!IgA!antibodies,!yet!

this!group!was!still!not!statistically!protected!from!vaginal!C.)trachomatis!challenge.!!

In! Brunham! et! al.,! from! 95! women! naturally! infected! with! C.) trachomatis,! the!

secretory!IgA!specific!to!C.)trachomatis!in!cervical!secretions!demonstrated!a!striking!

inverse!correlation!with!recovery!of!the!bacteria!from!the!cervix,!suggesting!IgA!may!

regulate!chlamydial! shedding! in!humans! [294].!However,! the! resolution!of!primary!

and!secondary!C.)muridarum!genital!infections!in!IgA.deficient!(IgA./.)!mice!was!not!

different!from!that!in!IgA!+/+!mice.!Furthermore,!the!depletion!of!CD4+!T!cells!prior!

to! the! reinfection! of! IgA+/+! or! ./.! mice! had! limited! impact! on! immunity! to!

reinfection! indicating! that! IgA! antibodies! are! not! an! absolute! requirement! of! the!

protective! response! [295].! However,! IgA! may! play! a! different! role! in! humans!

compared!to!mice.!!

Our!vaginal!challenge!in!IFN.γ!receptor!./.!mice!revealed!an!inability!of!these!mice!to!
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control! and! reduce!bacterial! load! levels! for! 14!days!post! infection.! This! confirmed!

the! importance! of! IFN.γ! in) vivo! to! chlamydia! control! and! that! our! intravaginal! C.)

trachomatis! infection! procedure! is! correct! and! capable! of! establishing! a! vaginal!

infection.! The! importance! of! IFN.γ! in) vivo! to! chlamydia! control! has! been!

demonstrated! previously! in! IFN.γ! ./.! mice,! and! mice! treated! with! anti.IFN.γ!

antibodies![114]![296]![297].!The!indoleamine!2,3.dioxygenase!(IDO)!pathway!which!

converts!L.tryptophan!to!N.formylkynurenine,!and!thus!limits!tryptophan!availability,!

is! implicated! in! the! IFN.γ!mediated! inhibition! of! chlamydial! replication! [298].! The!

mechanism! of! IFN.γ! depleting! tryptophan! availability! is! supported! by! the!

observation!that!C.)trachomatis!trachoma!serovars!whose!growth!is!inhibited!by!IFN.

γ! lack! tryptophan! biosynthesis! genes! [299].! IFN.γ! mediated! iron! deprivation! has!

been!suggested!to!control!chlamydial!infections!in)vitro![300]![301]![302],!and!IFN.γ!

may! have! a! regulatory! role! through! its! ability! to! alter! the! Th1/Th2! balance,! or! by!

enhancing!the!expression!of!chemokines!or!adhesion!molecules![303]![304],!though!

the!relative!roles!of!these!mechanisms!remains!to!be!studied.!NK!cells!participate!in!

the! resistance! against! a! number! of! bacterial! infections! through! their! ability! to!

secrete!IFN.γ,!and!dendritic!cells!and!macrophages!have!been!shown!to!produce!IFN.

γ!in!response!to!stimulation!with!bacteria,!IL.12!and!IFN.γ!itself![305].!Furthermore,!

both!CD4+!and!CD8+!T!cells!produce!IFN.γ!in!response!to!infection,!and!are!probably!

complementary! in!providing!protective! levels!of! this! cytokine! [306].!Our! IFN.γR! ./.!

mice!did!eventually!resolve!the!genital!chlamydial!infection,!suggesting!the!presence!

of!IFN.γ.independent!mechanisms!of!chlamydial!load!reduction.!!

In! this! chapter! we! aimed! to! assess! the! protective! capacity! of! MOMP.based!
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heterologous!prime.boost! regimens!against!vaginal!C.) trachomatis! infection! in! two!

differing!mouse!models!and!to!investigate!the!mechanism!of!the!vaccine!induced!C.)

trachomatis! protection.! The! major! finding! from! this! chapter! is! that! the! DAMP!

vaccination! regimen! significantly! reduced! the!C.) trachomatis! vaginal! load! at! day! 3!

post.infection! in! both! BALB/c! and! B6C3F1! mouse! strains.! This! vaccine.induced!

reduction! in! chlamydial! load!was! lost! following! the!depletion!of!CD4+!T! cells! from!

vaccinated! mice! indicating! the! protection! is! CD4+! mediated.! Protective! and! non.

protective! vaccination! regimens! yielded! similar! C.) trachomatis! EB! serum!

neutralisation! profiles! suggesting! a!minimal! role! for! neutralising! antibodies! in! this!

vaccine.induced! protection,! and! the! passive! transfer! of! DAMP! serum! into! naïve!

C57BL/6!mice!did!not!significantly!reduce!C.)trachomatis!shedding,!further!indicating!

a!lesser!role!for!antibodies!in!this!vaccine.induced!protection.!Antibodies!may!play!a!

role! in! the! protection! as! suggested! by! the! DAMP! regimen’s! significantly! skewed!

IgG2a:IgG1!ratio,!but!they!would!be!required!at!higher!concentrations!than!what!we!

could!passively!transfer!in!these!experiments.!!!!!!!!

!!

!!

!
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6 Inducing!ChlamydiaWspecific!ocular!antibodies!

!

6.1 Introduction!

!

Trachoma! is!a! chronic! conjunctivitis! caused!by! the! infection!of!epithelial! cells!with!

Chlamydia) trachomatis) and) is! the! worlds! leading! cause! of! preventable! blindness,!

with!approximately!146!million!people!affected!globally!according!to!WHO!estimates.!

540!million!people!live!in!trachoma!endemic!areas!and!are!at!risk!from!the!disease!

and!trachoma!is!currently!the!target!of!a!WHO!campaign!to!eradicate!the!disease!by!

2020.! Trachoma! is! caused! by! the! eye.to.eye! transmission! of! infection! with! C.)

trachomatis,!and!in!many!areas!eye.seeking!(synanthropic)!flies!are!the!major!factor!

in!bacterial!spread![307].!Another!significant!route!of!trachoma!transmission! is! the!

close!contact!with!infected!ocular!secretions!within!the!family![308]![309].!!

Active!trachoma,!which!involves!the!intermittent!shedding!of!viable!chlamydiae,!has!

five! clinical! grading’s.! Follicular! trachoma! (TF! grade)! is! mild! asymptomatic!

inflammation! with! immune! cells! visible! on! the! upper! tarsal! conjunctiva;! intense!

inflammatory!response!(TI!grade)!has!most!of!the!tarsal!plate!obscured!by!capillary!

congestion;! scaring! trachoma! grade! (TS)! is! the! scaring! of! the! conjunctiva! from!

repeated! ocular! infections;! trichiasis! grade! (TT)! is! the! distortion! of! the! eye.lids!

(entropion)!and!deviation!of!the!eyelashes!to!cause!abrasion!of!the!orb!of!the!eye,!

ultimately! resulting! in! the! most! severe! clinical! outcome,! corneal! opacity! and!
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blindness!(grade!CO).!!

Surgery!and!antibiotic!therapy!dominate!the!trachoma!prevention!programs.!Surgery!

has!a! sustained!effect! in!preventing!an! individual! going!blind!but!has!no!effect!on!

trachoma! transmission,! while! prophylactic! antibiotics! reduce! the! transmission! of!

infection! but! unless! frequently! repeated! has! no! long.lasting! effect! on! disease!

eradication! [310].! Sustainable! reductions! in! transmission! are! likely! through!

environmental! improvement! and! improved! hygiene.! ! Having! said! this,! the! most!

effective! treatment! in! terms! of! practicality! and! cost! would! be! a! vaccine! against!

trachoma.!Empirical!attempts!in!the!1960s!and!1970s!to!vaccinate!with!crude!whole!

organism! vaccines! were! unsuccessful,! with! some! subjects! protected,! but! a!

suggestion! that! other! vaccinees! in! fact! developed! enhanced! disease! [311].! ! These!

adverse!hypersensitivity! responses!were!not! related!to!serovar,!and!they!persisted!

longer! than! the! protective! immunity! [312].! Chlamydial! heat! shock! proteins! have!

been!notably!implicated!in!these!exaggerated!responses,!with!higher!antibody!levels!

to!chlamydial!HSP60!found!in!subjects!with!trachomatous!scarring!compared!to!non.

disease!controls![313].! ! Interestingly,!the!antibody!response!to!chlamydial!HSP!was!

found!to!be!associated!with!specific!HLA!class!II!alleles!indicating!that!there!are!also!

host! genotype! determined! differences! in! susceptibility! to! severe! scarring! disease!

[314].!!

Research! into! the! protective! immune! responses! required! against! trachoma! is!

currently!on!going,!using!both!nonhuman!primate!models!alongside!human!sampling.!

Kari! et! al.! recently! investigated! potential! contributing! factors! to! the! protracted!
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clearance!of!a!primary!C.)trachomatis!ocular!infection!in!nonhuman!primates![315].!

It!was! found! that! a! slow!maturation! of! the! humoral! immune! response! specific! to!

some!chlamydial!antigens!correlated!strongly!with!the!reduction! in!early! infectious!

burden,!and!other!chlamydial!antigens!correlated!with!the!complete!eradication!of!

infection.!

Kari!et!al.!used!a!serovar!A!trachoma!clinical!isolate!(A2497),!a!strain!with!enhanced!

virulence!characteristics!for!macaques,!and!ocular!infection!with!A2497!resulted!in!a!

long!duration!primary!infection!that!did!not!spontaneously!resolve!until!~9.15!weeks!

post.challenge.!This!A2497!ocular!infection!had!a!phenotype!of!intermittent!disease,!

changing! from! culture! negative! to! culture! positive! periods! over! the! course! of! a!

primary!infection!and!was!accompanied!by!moderate!to!severe!clinical!disease.!Thus!

A2497! infection! of! NHPs! closely!mimics! trachoma! in! humans! and! the! authors! re.

challenged! A2497! infected! macaques! after! spontaneous! clearance! to! evaluate!

protective!immunity.!They!employed!radioimmunoprecipitation!(RIP)!as!opposed!to!

Western!blotting!to!study!the!humoral!immune!response!to!the!A2497!infection,!an!

assay!that!utilises!radiolabeled!chlamydiae!and!is!methodologically!important!due!to!

the!ability!of!this!assay!to!detect!all!chlamydial!antigens!associated!with!both!the!EB!

and!RB!forms,!in!addition!to!any!chlamydial!secreted!antigens.!This!provided!a!larger!

diversity!of!antigenic! targets!extracted!under!non.denaturing!native! conditions,! an!

important!difference!from!Western!blotting!which!usually!involves!denatured,!non.

native! antigen! conformations.! Antibody! recognition! from! the! NHP! sera! was!

restricted! to! the! antigenically! variable! MOMP! and! a! few! antigenically! conserved!

antigens.! Recognition! of! MOMP! occurred! early! (2.4! weeks)! post.infection,! and!
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correlated!with! the! reduction! in! infectious! ocular! burdens,! but! not! with! infection!

eradication.! However,! antibody! recognition! against! the! conserved! antigens! PmpD,!

Hsp60,!CPAF!and!Pgp3!appeared!late!(9.14!weeks!post!infection)!and!correlated!with!

infection!eradication.!!

Though! in! the! previous! chapter! we! revealed! CD4+! T! cells! to! be! important! in!

conferring! protection! against! the! vaginal! infection! with! C.) trachomatis,! with! a!

minimal!role!(if!any)!for!antibodies,!it!is!entirely!feasible!for!a!differing!mechanism!to!

be! at! play! in! the! ocular! environment.! Ocular! strains! of! C.) trachomatis! lack!

tryptophan!synthase!function,!a!function!thought!to!have!arisen!or!maintained!due!

to! IFN.γ! pressure,! suggesting! a! lack! of! a! sole! role! for! IFN.γ! in! the! clearance! of!

trachoma![316].!Any!role!for!IFN.γ!dependent!Th1!cells!in!human!ocular!infection!has!

yet! to! be! confirmed! and! the! importance! of! humoral! immunity! to! trachoma! is!

currently!unclear![317].!!!!

MOMP! has! already! been! extensively! discussed! within! this! thesis.! PmpD! is! a!

polymorphic!outer!membrane!protein! found!on! the! surface!of! chlamydial! EBs! and!

has! previously! been! shown! to! generate! neutralising! antibodies! [205].! It! is! highly!

conserved! and! involved! in! the! chlamydial! attachment! to! host! cells! [318].! Pgp3! is!

transcribed! and! expressed! from! a! highly! conserved! gene! contained! within! an!

episomal!cryptic!plasmid!of!C.)trachomatis!and!is!secreted!into!the!inclusion!lumen!

and! the! host! cell! cytosol.! Purified! Pgp3! can! stimulate! macrophages! to! release!

inflammatory!cytokines!suggesting!a!role!in!chlamydial!pathogenesis![319].!!

In! this! chapter! we! aim! to! assess! whether! heterologous! prime.boost! vaccine!
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regimens! utilising! the! third! generation! vaccines! constructed! within! this! thesis! are!

capable! of! inducing! Chlamydial! specific! antibody! responses! on! the! murine! ocular!

mucosa.!As!trachoma!is!an!ocular!disease!and!the!MOMP.,!PmpD.,!and!Pgp3.specific!

antibodies! correlated! with! reduction! and! eradication,! we! wanted! to! investigate!

whether!a!vaccination!regimen!could!induce!antibodies!specific!to!these!potentially!

important!chlamydial!antigens!on!the!murine!eye.!We!screened!a!set!of!prime.boost!

regimens! using! DNA,! HuAd5,! MVA! and! recombinant! protein! vaccines! expressing!

MOMP! to! test!which!were! capable!of! inducing! the!highest! concentrations!of! anti.

MOMP! antibodies! on! the! murine! eye.! This! regimen! was! then! used! with! the!

additional! recombinant!protein!antigens!PmpD!and!Pgp3!to! investigate!whether!as!

vaccine! cocktails! all! antigen! specific! antibodies! could!be! raised! and!whether! there!

was!any!ability!of!these!elicited!immune!responses!to!protect!from!infection.!Here,!

we!used!the!vaginal!mucosal!infection!model!to!gauge!the!protective!capacity!of!the!

immunity,!as!we!do!not!have!an!ocular!challenge!model.!!

Aim!

• To!investigate!whether!DNA,!HuAd5,!MVA!and/or!recombinant!protein.based!

vaccines!can!elicit!antigen.specific!antibody!responses!on!the!ocular!mucosa!

of!mice.!

Objectives!

• To! screen! a! set! of! prime.boost! regimens! using! DNA,! HuAd5,! MVA! and!

recombinant! protein! vaccines! expressing! MOMP! to! investigate! which! are!

capable!of! inducing!the!highest!concentrations!of!anti.MOMP!antibodies!on!
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the!murine!eye!by!ELISA.!

• To!take!this!regimen!and!utilise!it!with!additional!chlamydial!antigens!which!

have!been!implicated!in!having!a!protective!role!in!trachoma.!!!

!

!

!

!

!
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6.2 Results!

6.2.1 Intramuscular! heterologous! primeWboost! regimens! induce! MOMPW

specific!ocular!IgG!responses!

The! C.) trachomatis! antigen! MOMP! was! assessed! in! BALB/c! mice! immunised! in!

heterologous!prime.boost! regimens!with!DNA,!HuAd5,!MVA!and!protein! (+!MF59)!

based!vaccines.!Immunisations!were!administered!three!weeks!apart!and!the!ocular!

mucosa! sampled! two! weeks! post.final! immunisation! (Figure! 6.1A).! The! ocular!

mucosa!sampling! is!described!in!detail! in!Chapter!2.4.12.! !PPP!induced!significantly!

higher!MOMP.specific!ocular!IgG!concentrations!than!DDPP!(**!p!≤!0.005)!and!naïve!

unvaccinated! controls! (**! p! ≤! 0.005,! one.way! ANOVA! with! Bonferroni’s! multiple!

comparison!post.test).!PPP!+!MF59!induced!the!highest!mean!MOMP.specific!ocular!

IgG!concentrations!of!38.28!ng/ml,!with!the!DDPP!regimen!inducing!the!lowest!mean!

MOMP.specific!ocular!IgG!concentrations!with!4.13!ng/ml.!!

Total! IgG! concentrations! of! the! ocular! samples! were! measured! by! ELISA! and! the!

MOMP.specific! ocular! IgG! concentrations! were! normalised! to! 1! μg! total! IgG!

revealing!the!proportion!of!total!ocular! IgG!which! is!specific!to!the!antigen! in!each!

heterologous! prime.boost! vaccination! regimens! (Figure! 6.1B).! The! PPP! regimen!

induced!MOMP.specific!ocular! IgG!antibodies!that!accounted!for!more!than!half!of!

the! total! IgG!on! the!ocular!mucosa! (mean!=!511!ng! specific/μg! total).! ! The!AMPP,!

APP!and!PP! regimens! induced!MOMP.specific!ocular! IgG!antibodies!accounting! for!

around!a!third!of!the!total!IgG!on!the!ocular!mucosa,!with!DAMP!and!DDPP!inducing!

less!than!10%!of!the!total!IgG!to!be!MOMP.specific.!!
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Figure!6.1.!Ocular!antibody!responses!following!primeWboost!intramuscular!vaccination.!!

MOMP.specific! ocular! IgG! (A)! and! normalised! specific! to! total! ocular! IgG! (B)! from! BALB/c! ocular!

mucosa!were!assessed!(n!=!8!per!group)!two!weeks!after!the!final!immunisation.!Antibody!results!are!

expressed!as!group!means!(+SEM).!*!p!≤!0.05,!**!p!≤!0.005,!***!p!≤!0.0005!and!****!p!≤!0.0001!by!

one.way!ANOVA!with!Bonferroni’s!multiple!comparison!post.test.!!!!!

!

D A M
P

A M
P P

D D P P
A P P

P P P P P

N a iv
e

0

2 0

4 0

6 0

8 0

1 0 0

R e g im e n

O
c

u
la

r 
M

O
M

P
-s

p
e

c
if

ic
 I

g
G

 (
n

g
/m

l) **
**

A!

D A M
P

A M
P P

D D P P
A P P

P P P P P

N a iv
e

0

2 0 0

4 0 0

6 0 0

8 0 0

1 0 0 0

R e g im e n

N
o

rm
al

is
ed

 o
cu

la
r 

M
O

M
P

-s
p

ec
if

ic
 Ig

G
 (

n
g

 s
p

ec
if

ic
/u

g
 t

o
ta

l)

B!



!

195!

6.2.2 PPP!regimen!induces!chlamydialWspecific!ocular!IgG!antibodies.!

Three! selected! chlamydial! antigens,!MOMP,! PmpD,! and! Pgp3,!were! used! in! three!

protein! immunisations! adjuvanted!with!MF59.!Hsp60!was!not! chosen!as! a! vaccine!

antigen! due! to! its! potential! immunopathogenic! effect.! Exposure! to! the! chlamydial!

hsp60! is! thought! to! generate! an! immune! response! that! also! recognises! regions!of!

human! hsp60! due! to! their! close! homology! and! this! production! of! cross.reactive!

antibodies! and! cell.mediated! immunity! to! human! hsp60! is! implicated! in! increase!

susceptibility!to!atherosclerosis!and!autoimmune!disorders![320].!With!MOMP!being!

implicated! in! the! chlamydial! load! reduction! and!PmpD!and!Pgp3! implicated! in! the!

chlamydial!eradication,!the!antigens!were!thus!investigated!in!cocktail!formulations!

as! they!would! likely! be! in! an! actual! vaccine! formulation.!Mice!were! vaccinated! in!

groups!(n!=!8)!with!individual!or!combinations!of!recombinant!proteins;!PmpD!alone,!

Pgp3!alone,!MOMP!+!Pgp3!cocktail,!and!MOMP!+!Pgp3!+!PmpD!cocktail!(Figure!6.2A).!

PmpD,! whether! administered! alone,! or! in! combination,! consistently! had! lower!

PmpD.specific!ocular!IgG!concentrations!(PmpD!alone,!mean!=!7.5!ng/ml;!PmpD!with!

MOMP! and! Pgp3,! mean! =! 1.06! ng/ml)! than! MOMP.! or! Pgp3.specific! ocular! IgG!

concentrations.! Pgp3.specific! ocular! IgG! concentrations! were! consistent! whether!

immunised!with!Pgp3!alone!(mean!=!24.2!ng/ml)!or!immunised!in!combination!with!

MOMP!(mean!=!18.4!ng/ml)!or!with!MOMP!and!PmpD!(mean!=!14.2!ng/ml).!!MOMP.

specific! ocular! IgG! concentrations!were!mean! =! 31.1! ng/ml!when! co.administered!

with!Pgp3,!and!mean!=!15.6!ng/ml!when!co.administered!with!Pgp3!and!PmpD.!!!

The!vaccine!cocktail!of!MOMP!+!Pgp3!+!PmpD!elicited!statistically!different!antigen.!
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Figure!6.2.!Ocular!and!serum!IgG!antibody!responses!following!PPP!+!MF59!vaccination.!!

Antigen.specific!IgG!from!ocular!mucosa!(A)!and!serum!(B)!were!assessed!(n!=!8!per!group)!two!weeks!

after!the!final!immunisation.!Antibody!results!are!expressed!as!group!means!(+SEM)!(ng/ml!or!mg/ml).!

*!p!≤!0.05,!**!p!≤!0.005,!***!p!≤!0.0005!and!****!p!≤!0.0001!by!one.way!ANOVA!with!Bonferroni’s!

multiple!comparison!post.test.!!
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specific! ocular! IgG! concentrations.! There! were! significantly! higher! MOMP.specific!

ocular! IgG! concentrations! (***! p! ≤! 0.0005)! and! significantly! higher! Pgp3.specific!

ocular! IgG! concentrations! (**! p! ≤! 0.005)! than! PmpD.specific! ocular! IgG! (one.way!

ANOVA!with! Bonferroni’s! multiple! comparison! post.test).! There! was! no! statistical!

difference! between! the! antigen.specific! ocular! IgG! concentrations! in! the!MOMP!+!

Pgp3!vaccine!cocktail.!!!!!!

The! same! trend! was! observable! in! the! serum,! with! the! lowest! serum! IgG!

concentrations!being!specific!to!PmpD!(PmpD!alone!mean!=!124!μg/ml,!PmpD!with!

MOMP!+!Pgp3!mean!=!0.3!μg/ml),!and!comparable!specific!serum!IgG!concentrations!

for!the!MOMP!and!Pgp3!antigens!whether!alone!or! in!combination.!The!ocular! IgG!

concentrations! were! compared! against! the! antigen.specific! serum! IgG!

concentrations! for! all! the! antigens! (Figure! 6.3).! A! significant! correlation! was!

observed!between! the! antigen.specific! serum! IgG! concentrations! and! the! antigen.

specific!ocular!IgG!concentrations!(*!p!=!0.0131)!with!a!Pearson!R!squared!of!0.1107.!

This! significant! correlation! in! IgG! concentrations! between! the! serum! and! ocular!

samples!suggests!the!ocular!antibodies!are!likely!to!be!serum!exudates.!!

!

!

!

!
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Figure!6.3.!Correlation!between!antigenWspecific!serum!IgG!and!ocular!IgG!concentrations!

Antigen.specific! IgG!concentrations!from!the!serum!and!ocular!sampling!were!compared.!There! is!a!

significant!correlation!(*,!p!=!0.0131)!between!the!serum!and!ocular!concentrations,!with!a!Pearson!R!

squared!of!0.1107.!!The!Pearson!product.moment!correlation!test!was!performed!on!55!sample!pairs!

from!PmpD,!Pgp3,!MOMP!+!Pgp3,!and!MOMP!+!Pgp3!+!PmpD!immunisation!regimens.!
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6.2.3 PPP! regimen! does! not! induce! chlamydialWspecific! ocular! IgA!

antibodies!

The! chlamydial! antigens! MOMP,! Pgp3,! and! PmpD! did! not! induce! antigen.specific!

ocular! IgA! antibodies! in! detectable! concentrations! (Figure! 6.4).! This! is! interesting!

because!there! is!a!high!concentration!of!total! IgA!on!the!ocular!mucosa!as!evident!

from!total!IgA!ELISAs!on!the!ocular!samples,!with!naïve!unvaccinated!BALB/c!ocular!

samples! having! a! mean! total! IgA! concentration! of! 494! ng/ml.! The! mean!

concentration!of!total!IgA!differed!following!the!heterologous!prime.boost!regimens,!

though!not!significantly!from!the!naïve.!The!PPP!regimen!had!mean!total!ocular!IgA!

concentrations! of! 1.01! μg/ml,! and! the! DAMP! regimen! of! 0.98! μg/ml.! This! is! in!

comparison! to! total! IgG! concentrations! of!mean! 67! ng/ml! for! PPP! and! 127! ng/ml!

total! IgG! for! DAMP.! The! proportions! of! IgG! to! IgA! differ! on! the! ocular! surface! in!

comparison!to!the!serum!suggesting!that! if!a!vaccination!regimen!could! induce!IgA!

antibodies,! the! active! transport! of! IgA! should! allow! for! appreciable! and! perhaps!

effective!antigen.specific!IgA!on!the!murine!ocular!mucosa.!Either!the!three!antigens!

used!here!are!poor!at! inducing! IgA!antibodies,!or! the!use!of! the!adjuvant!MF59!or!

the!intramuscular!route!of!vaccination!all!contributed!to!this!lack!of!antigen.specific!

IgA!antibody.!!!!

!

!
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Figure!6.4.!Ocular!IgA!antibody!responses!following!primeWboost!vaccination.!!

Antigen.specific!IgA!from!ocular!mucosa!(A)!and!total!IgA!from!the!ocular!mucosa!(B)!were!assessed!

(n!=!8!per!group)! two!weeks!after! the! final! immunisation.!Antibody! results! are!expressed!as!group!

means!(+SEM)!(ng/ml).!!
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6.2.4 Pgp3,! PmpD! and!MOMP! protein! vaccine! cocktails! in! a! PPP! regimen!

are!not!protective!against!vaginal!C.)trachomatis!challenge!

The!mouse!model!for!trachoma!is!rarely!used,!with!the!establishment!of!a!chlamydia!

infection! technically! difficult! on! the! small! size! of! the! mouse! eye.! Therefore,! as! a!

potential!correlate,! the! immunised!BALB/c!mice!were! infected!vaginally!with!4x10
5
!

IFU!of!C.) trachomatis!D/UW.3/Cx!as! in!previous!challenge!experiments! throughout!

this! work.! None! of! the! vaccines! (PmpD,! Pgp3,! MOMP+Pgp3,! nor!

MOMP+Pgp3+PmpD)! in! the! PPP! regimen! (adjuvanted! with! MF59)! significantly!

reduced! chlamydial! loads! compared! to! unvaccinated! controls! (Figure! 6.5).! Though!

different!antigens,!this!data!corroborates!with!the!lack!of!protection!seen!for!MOMP!

alone!+!MF59! in!the!PPP!regimen! in!BALB/c! (chapter!5.2.6).! It!would!have!been!of!

interest!to!investigate!the!partially!protective!DAMP!regimen!utilising!the!additional!

antigens! PmpD! and! Pgp3,! to! assess! whether! the! chlamydial! load! reduction! was!

greater! and! the! chlamydial! clearance! was! quicker! with! respect! to! MOMP! alone.!

Unfortunately! this! would! have! required! the! production! of! six! extra! vaccine!

constructs!and!wasn’t!feasible!within!the!scope!of!this!thesis.!!

!
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Figure!6.5.!PPP+MF59!vaccine!regimens!C.trachomatis!protective!capacity!in!BALB/c!mice.!!

Six! weeks! after! the! final! vaccination! and! 1! week! after! 2! mg/mouse! subcutaneous! Depo.Provera!

treatment,!BALB/c!mice!(n!=!8)!were!infected!intravaginally!with!4x10
5
!IFU!of!C.)trachomatis!D/UW.

3/Cx.!The!vaginal!vault!of!each!mouse!was!sampled!using!individual!swabs!at!3,!7,!and!10!days!post!

challenge,! and! vaginal! Chlamydial! loads! quantified! by! infection! assay! and! immunoflorescent!

microscopy.!Median!values!are! represented.!*)p! ≤!0.05,!**!p! ≤!0.01,!***!p! ≤!0.001,!2.tailed!Mann.

Whitney!U!test.!
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6.3 Discussion!

To!the!best!of!our!knowledge,!our!sampling!of!chlamydia.specific!antibodies!on!the!

murine! eye! following! vaccination! is! unique.! From! literature! searches,! ocular!

antibodies! are! normally! sampled! from! non.human! primates! (NHPs)! [321]! [322]! or!

humans![323]![324].!!

!

Kari! et) al.! showed! that! specific! serum! antibody! signatures! correlated! with! ocular!

infection! reduction! and! differing! signatures! correlated! with! ocular! infection!

eradication!in!macaques![315].!If!the!antigen.specific!antibodies!have!in!fact!a!direct!

mechanistic!role,!we!have!developed!an!optimal!vaccination!regimen!to!induce!them!

on! the!murine!eye! allowing! the! future!prospect!of! screening! the! specific! antibody!

induction!potential!of!new!chlamydia!vaccine!antigens.!Our!data!demonstrated!that!

not!all!antigens!are!capable!of!inducing!equal!concentrations!of!antigen.specific!IgG,!

with! for! example! the! PmpD! inducing! significantly! less! than! either! Pgp3! or!MOMP!

antigens.!This!may!be!because!PmpD! is!a! less! immunogenic!antigen,!or!due!to! the!

slight!dose!difference!during!vaccinations.!Our!model!for!the!induction!of!chlamydial!

specific! antibodies! also! lends! itself! to! the! screening! of! antigens! that! may! induce!

neutralising! antibodies,! with! the! antibodies! sampled! from! the! eye! being! used! in!

neutralisation! assays.! This! is! certainly! an! avenue! that! needs! to! be! explored! in! the!

future!development!of!this!model.!

!
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The! chlamydial.specific! ocular! IgG! concentrations! significantly! correlated! with! the!

chlamydial.specific! serum! IgG! concentrations! (Figure! 6.3),! strongly! suggesting! that!

the! antibodies! detected! on! the! ocular!mucosa! are! serum! exudate.! It!would! be! of!

interest!in!future!studies!to!investigate!whether!this!holds!true!outside!of!the!mouse!

model.! Other! experimental! data! have! shown! that! establishing! a! high.level! serum!

response! can!protect!mucosally! through! the! antibody!exudation!mechanism.!HPV.

specific! neutralising! serum! antibodies! that! are! important! for! reliable! protection!

against! HPV! infection! are! able! to! transudate! or! exudate! from! the! serum! to! the!

cervical! mucosa! and! may! protect! against! new! HPV! infection,! prevent! a! current!

infection! from! becoming! established! at! other! sites! and/or! reduce! viral! load! after!

shedding!of!viral!particles![325]![326]![327]![328].!

The!PPP!regimen!adjuvanted!with!MF59!induced!the!highest!MOMP.specific!ocular!

IgG!concentrations!from!the!regimen!screening.!It!would!be!of!interest!to!investigate!

whether! other! adjuvants! used! in! the! PPP! regimen! could! elicit! equally! high! IgG!

concentrations! but! of! differing! isotypes,! as! MF59! skews! the! IgG! type! to! IgG1!

predominance! [329]! [330].!With! the! same! antigen,! differing! adjuvants! have! been!

shown! to! influence! the! antibody! isotype! in!mice.! The! IgG3! isotype!was! produced!

mainly! after! immunisation! with! lipopolysaccharide! (LPS)! or! Lithium! salt,! IgG1!was!

produced! with! incomplete! Freund's! adjuvant! (IFA),! complete! Freund's! adjuvant!

(CFA),!alum!and!poly!I:C.!Poly!A:U!favoured!the!production!of!IgG2b,!and!CFA,!alum!

and! poly! I:C! favoured! the! IgG2a! isotype! besides! the! main! isotype! [331].! Similar!

adjuvant!inducing!antibody!isotype!skewing!has!been!observed!against!Mycoplasma)
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agalactiae)in!mice,!with!poly!I:C!again!shifting!towards!IgG2a/IgG3!production![332].!!!!!

!

There! was! a! high! concentration! of! measurable! total! IgA! on! the! murine! ocular!

mucosa,! however! neither! MOMP,! PmpD,! nor! Pgp3! by! the! PPP! +! MF59! regimen!

induced! any! specific! IgA.! This! maybe! an! antigen! issue,! or! an! effect! of! the!

adjuvantation! or! due! to! the! intramuscular! route! of! immunisation.! Concerning!

adjuvantation,! the! TLR.independent! molecule! Cholera! Toxin! subunit! B! (CTB)! is!

widely!used!as!a!mucosal!adjuvant!to!induce!IgA![333]![334],!with!CTB!enhanced!IgA!

responses! against! inhaled! allergens! in! the! mouse! model! [335].! The! route! of!

immunisation! has! been! shown! to! alter! IgA! induction,! with! the! intranasal!

immunisation!of!the!influenza!X:31!antigen!inducing!significantly!higher!IgA!titres!in!

all!mucosal!secretions!(lungs,!nasal!and!vaginal)!compared!to!the!subcutaneous,!oral!

and! intrarectal! routes! [336].! Moreover,! oral! administration! of! a! GBS! type! III! CPS!

conjugated! vaccine! with! the! recombinant! cholera! toxin! B! subunit! induced! high!

specific! IgA! levels! in! the! lungs!and! rectum!of!mice! [337].! In!Chapter!4!we! showed!

that! four! intranasal!MOMP! immunisations! adjuvanted!with!MPLA!were! capable!of!

inducing!MOMP.specific!IgA!in!the!vaginal!washes,!yet!the!IgA!concentrations!were!

low! suggesting! there! may! be! issues! in! inducing! sizable! MOMP.specific! IgA!

concentrations!with!this!antigen!or!adjuvant!combination.!!!!!

!

There! is! a! school! of! thought! in!which! antibodies! do! not! have! a! role! in! controlling!

trachoma.!This!may!be!the!case!in!natural!infection,!but!vaccine!induced!protection!
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can!act!through!different!mechanisms!to!that!of!naturally!acquired!immunity.!!Bailey!

et!al.,!found!that!the!presence!of!antichlamydial!IgG!antibodies!in!ocular!secretions!

of! disease.free! individuals! was! in! fact! associated! with! an! increased! incidence! of!

trachoma.! IgA! antibody! showed! an! opposite! trend,! but! was! not! statistically!

significant.!This!led!the!authors!to!conclude!that!antichlamydial!IgG!antibodies!could!

possibly!enhance!the!infectivity!of!C.)trachomatis!for!the!human!eye![338].!The!IgG!

isotype!might!be!of!importance!in!this!case!as!well!as!the!chlamydial!protein!the!IgG!

antibodies! are! raised! against,! as! isotype! differences! and! antigen.specificities! have!

shown!differential!uptake!and!translocation!of!chlamydia!into!cells!in)vitro![284].!

!

There! is! a!murine!model! of! ocular! infection! by! a! human!biovar! of!C.) trachomatis.!

Unfortunately! this! could!not!be!explored!within! the! scope!of! this!work!due! to! the!

serovar! specificity! of! the! MOMP! sequences! in! our! vaccines,! due! to! the! lack! of!

availability! of! high! titre! C.) trachomatis! ocular! serovar! stocks,! due! to! our! serovar!

specific!chlamydia!detection!reagents,!and!due!to!the!local!animal!facility!guidelines.!

However,! future!work!would! be! to! assess! the! different! antigens! in! varying! prime.

boost! regimens!within! this!murine!model!of!ocular! infection.!The!murine!model!of!

ocular! infection! has! been! established! in! BALB/c! and! C3H/HeN!mice! involving! the!

topical!infection!of!the!conjunctiva!with!C.)trachomatis!serovar!C!at!a!dose!of!5000!

IFU.!The!conjunctival!surfaces!of!both!eyes!are!then!swabbed!with!Dacron!urethral!

swabs,! with! these! strains! of! mice! exhibiting! microbiologic,! histopathologic! and!

immunologic!evidence!of!ocular! infection,!and!a!peak!of! infection!at!10!to!14!days!
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post!infection![339].!Though!there!is!this!murine!model!of!ocular!infection,!there!is!

no!apparent!evidence!of!trachoma!vaccine!efficacy!testing!or!screening!in!this!mouse!

model.!The!vast!majority!of!trachoma!vaccine!testing!has!instead!been!undertaken!in!

NHPs![340].!

We! carried! out! vaginal! chlamydial! challenges! as! a! surrogate,! to! investigate! any!

protective! efficacy! of! the! three! antigens,! either! individually! or! in! combination.!

However! none! of! the! vaccinated! groups! significantly! reduced! chlamydial! shedding!

below!that!of!unvaccinated!naïves.!Potentially! relevant! to!PmpD!and!MOMP! is! the!

likely! requirement! to! induce! humoral! immunity! to! conformationally! dependent!

epitopes,! such! as! epitopes! capable! of! inducing! neutralising! antibodies.! This! is!

supported!by! the! findings! that!native!MOMP! is!a! superior! immunogen! for!eliciting!

protective!immunity!in!both!the!mouse!and!NHP![163]![341].!More!recently!Lu!et)al.!

used! GST.tagged! antigens! expressed! in! a! heterologous! system! and! described! the!

recognition! of! multiple! potentially! important! chlamydial! proteins! in! trachoma!

patients.!However,!their!experiments!failed!to!recognise!PmpD!and!MOMP,!the!two!

most! immunogenic! proteins! of! Chlamydia,! likely! because! recognition! of! these!

antigens! in! humans! is! dependent! on! native! confirmation! [342].! Another! potential!

reason!why! none! of! the! antigens! (either! individually! or! in! combination)! conferred!

protection! may! be! due! to! the! swift! clearance! of! chlamydia! in! our! mouse! model.!

From!the!Kari!et)al.!paper,! the!antibodies!specific! for!MOMP!appeared!to! function!

early! in! infection! thus! reducing! early! chlamydial! burdens,! whereas! antibodies!

specific! to! Pgp3! and! PmpD! appeared! later! and!were! suggested! to! be! required! to!

eradicate!infection!at!later!time!points![315].!In!a!separate!study,!the!use!of!Pgp3!as!
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an! immunogen! in!BALB/c!mice! revealed!protection!against!C.)muridarum!was!only!

limited! to! later! time!points! [343].!An! issue!with! the!murine! genital!C.) trachomatis!

challenge!model! is! that! the!mice!do!not! have! long! enough!periods! of! infection! to!

assess! the! role!of! late!acting!antibodies.!Due! to! the!clearance!of!C.) trachomatis! in!

naïve! mice,! there! are! only! three! days! post! challenge! where! one! can! confidently!

observe! any! significant! chlamydial! load! reduction! via! vaccination.! The! use! of! C.)

muridarum!may!avoid!this!issue.!A!final!reason!for!the!lack!of!significant!protection!

afforded!by!the!antigens!and!a!major!caveat!of!the!research!from!Kari!et)al.,!is!that!

one! cannot! conclude! that! antibodies! are! the! primary! protective! mechanism.! The!

antibody! signatures! observed! in! the! NHPs! may! simply! be! surrogate! markers! of!

protective! T! cell! immune! responses.! However,! if! antibodies! (whether! neutralising,!

opsonising,! ADCC)! do! prove! to! be! of! protective! importance! from! future! trachoma!

research,! we! have! developed! a! model! for! the! sampling! and! analysis! of! ocular!

antibodies! and! have! revealed! the! vaccination! regimen! required! to! induce!

significantly!greater!concentrations!on!the!ocular!mucosa.!!!!!!

This! chapter! aimed! to! assess!whether! heterologous! prime.boost! vaccine! regimens!

utilising! the! third! generation! vaccines! constructed! in! this! thesis! were! capable! of!

inducing! Chlamydial! specific! antibody! responses! on! the!murine! ocular!mucosa.! All!

the!heterologous!prime.boost!vaccine!regimens!tested!using!the!DNA,!HuAd5,!MVA!

and! recombinant!MOMP! based! vaccines!were! capable! of! inducing!MOMP.specific!

IgG! antibodies! on! the! murine! ocular! mucosa,! however! the! PPP! regimen! induced!

significantly! greater! anti.MOMP! ocular! antibody! concentrations.! This! regimen!was!

employed! with! the! additional! chlamydial! antigens! PmpD! and! Pgp3,! of! which! all!
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antigens! induced! antigen.specific! ocular! IgG! antibodies! but! no! antigen.specific!

ocular! IgA!antibodies.!Antigen.specific!serum!IgG!concentrations!directly!correlated!

with!the!antigen.specific!ocular!IgG!concentrations!suggesting!serum!exudation.!!We!

believe!this!is!the!first!study!to!investigate!whether!different!prime.boost!regimens!

are!capable!of!inducing!chlamydial!specific!antibodies!on!the!murine!ocular!mucosa.!

As!such!the!work!presented!in!this!chapter!provides!a!potential!new!model!for!the!

screening!of!future!potential!trachoma!vaccines.!

!

!

!

!

!
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7 Discussion!and!Future!Directions!

!

It!is!widely!held!that!a!chlamydia!vaccine!is!of!urgent!need.!Chlamydia)trachomatis!is!

the!most!commonly! reported!communicable!disease! in!North!America!and!Europe!

[344].! It! is! the!most! prevalent! sexually! transmitted! bacterial! infection;! indeed! the!

highest!clinically!reported!bacterial!infection!in!the!United!States!and!in!many!other!

developed!countries! [345]. Chlamydia! is!as! important! in!developing!countries!with!

the!WHO!estimating! that! 92!million! sexually! transmitted! infections! occur! annually!

and! the!majority! of! infections! occur! in! the!most! impoverished! areas! of! the!world!

where!control!programs!are!effectively!absent! [94].!Due! to!untreated! infections! in!

women!that!result!in!long.term!reproductive!problems!such!as!infertility!and!ectopic!

pregnancy,! Chlamydia! has! been! the! focus! of! public! health! control! programs! for!

nearly!two!decades.!In!2002!estimates!of!the!tangible!costs!of!C.)trachomatis!illness!

in!the!United!States!exceeded!$2.6!billion,!with!the!costs!uncalculated!and!perhaps!

incalculable!on!a!global!scale![346].!National!screening!programs!for!C.)trachomatis!

have!been!in!place!for!nearly!20!years!in!many!countries,!and!despite!the!wide!scale!

roll!out!of!such!control!programs!in!the!United!States,!Canada!and!Scandinavia,!the!

reported! case! counts! have! not! exhibited! sustained! declines! [347].! In! 2000,! in! the!

United! States!nearly! 710,000! cases!of!Chlamydia!were! reported,! rising! to!over!1.2!

million! reported! infections! in! 2009,! and! 2.8! million! infections! estimated! to! have!

occurred!that!year! [345].!Over! the!course!of! the!British!Columbia! (Canada)!control!

program,!Chlamydia!cases!initially!declined!but!since!1998!have!risen!to!levels!~50%!
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above!what!was!seen!prior!to!the!introduction!of!the!program,!with!reinfection!rates!

significantly! increasing! at! ~5%! per! year! in! particular! among! young! women! [348].!

Brunham! &! Rappuoli! (2013)! propose! that! due! to! these! important! public! health!

issues,!an!accelerated!C.)trachomatis!vaccine!effort!is!required!with!a!C.)trachomatis!

vaccine!as!a!global!public!health!priority![344].!!

The! significance! of! this! work! and! a!major! accomplishment! of! this! research! is! the!

discovery!of!a!protective!vaccination!regimen,!which!furthermore!was!protective!in!

two! mouse! models! that! had! differing! immune! bias! potentials.! The! vaccination!

regimen!was! protective! in! that! it! significantly! reduced! the! vaginal! chlamydial! load!

compared! to! unvaccinated! controls! and! though! not! sterilising! in! its! protection,! a!

protective!regimen!nonetheless.!It!is!important!to!note!that!the!DAMP!regimen!was!

not! compared! against! the!other! investigated! regimens!directly,! so! it! has! not! been!

proven! to! be! superior! to! say! PPP! or! AMPP.! The! DAMP! regimen! has! been! shown,!

however,! to! afford!protection! that! is! significantly! better! than!no! intervention! (the!

unvaccinated! naïve! control!mice)! in! both! BALB/c! and!B6C3F1!mouse! strains.! ! This!

DAMP!regimen!has!a!distinct!characteristic!and!thus!provides!a!potential!correlate!of!

protection!–! the!significantly!greater! IgG2a:IgG1!ratio! than!any!of! the!other! tested!

regimens.!This!IgG2a:IgG1!ratio!is!unlikely!a!mechanistic!correlate,!but!a!surrogate!of!

a! good! CD4+! T! cell! response.! The! transcription! factor! T.bet! directly! regulates! Th1!

commitment! by! CD4+! T! cells! but! also! regulates! IgG! class! switching,! especially! to!

IgG2a!in!response!to!IFN.γ.!T.bet!serves!as!a!mediator!to!activate!the!classical!IFN.γ!

related!Ig!isotype!IgG2a!yet!inhibit!the!classical!Th2.related!isotype!IgG1![349].!Thus!
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CD4+!Th1!commitment!can!be!inferred!from!the!IgG2a:IgG1!ratio.!!

This! is! the! first! use! of! DNA,! HuAd5,! MVA! and! recombinant! protein! in! sequential!

immunisations!against!Chlamydia,!and!the! first!ever!use!of! the!MVA!viral!vector! in!

chlamydia!vaccine!research.!Another!first! is!the!use!of!a!bioinformatically!designed!

MOMP!antigen!to!encompass!the!variability!of!C.)trachomatis!serovars!D!and!E,!and!

which! has! been! shown! here! to! provide! protection! against! a! challenge! with! C.)

trachomatis!serovar!D/UW.3/Cx.!!! 

A! vaccine! conferring! even! partial! protection,! such! as! this! DAMP! regimen! in! the!

mouse! models,! may! still! have! significant! population! effects! if! it! confers! partial!

protection!in!humans.!!Gray!et)al.,!mathematically!modeled!the!impact!of!potential!

vaccines! on! the! epidemics! of! C.) trachomatis,! and! showed! that! a! fully! protective!

vaccine!could!eradicate!epidemics!of!chlamydia!infection!within!20!years.!If!lifelong!

sterilising! immunity! cannot!be!attained,! then! their!models! reveal! that!a! chlamydia!

vaccine! would! need! to! be! effective! for! at! least! 10! years! for! population.level!

eradication! to! take! place.! However,! partially! protective! vaccines! could! still! be!

beneficial!at!the!population.level!as!long!as!they!increased!the!infectious!threshold!

required! for! transmission! to!~1.2! log10! from!the!peak! load.!Similarly,! vaccines! that!

reduce! the! peak! load! or! the! duration! of! infection! in! infected! individuals! can! have!

substantial! population.level! effects! [350].! As! it! is! still! unknown! what! the!

development! of! PID! is!most! dependent! on,! both! a! vaccine! that! reduces! the! peak!

load!and!reduces!the!duration!of!infection!will!likely!have!an!effect!on!pathology.!!

It!is!of!importance!to!place!this!work!in!the!context!of!the!most!recent!approaches!to!
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Chlamydia! vaccination.! Plasmid.free,! attenuated! strains! of! Chlamydia! have! shown!

promising!results!in!both!mouse!and!NHP!models.!A!plasmid.free,!attenuated!strain!

of! C.) muridarum) was! revealed! to! be! attenuated! during! murine! genital! tract!

infections! and! thus! not! result! in! upper! genital! tract! disease! [351].! This! plasmid.

deficient!strain!also!functioned!as!a!live!attenuated!vaccine!in!mice,!with!vaccination!

with! the! plasmid.deficient! strain! protecting! against! oviduct! disease! following!

subsequent! genital! infections! [352].! A! plasmid.deficient! C.) trachomatis! strain! has!

also!been! recently!utilised! in! the!macaque!model! to! investigate!protection!against!

virulent!ocular!C.)trachomatis!challenge.!This!vaccine!delivered!ocularly!elicited!solid!

and!partial!protective! immunity! in!macaques![353],!with!mechanistic! investigations!

later! revealing! an! important! and! unexpected! role! for! CD8+! T! cells! in! the! solid!

protection!observed![354].!!Plasmid.deficient!Chlamydial!strains!are!another!vaccine!

approach! to! induce! both! B! and! T! cell! responses,! but! with! the! added! potential! of!

inducing! responses! against! an! array!of! antigens.!However,! these! vaccines! have!no!

safety!record!to!date,!with!genetically!manipulated!Chlamydia!being!a!relatively!new!

advancement!in!the!field.!The!full!molecular!mechanisms!behind!the!action!of!these!

plasmid.deficient,!future!“vaccine”!strains!will!need!to!be!elucidated!before!they!are!

a!viable!vaccine!platform![355].!!!!!!

!

!!!

!
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7.1 Conclusions!

An! initial! aim!of! this! thesis!was! to!computationally!assess!whether! the!amino!acid!

variability! within! the! Chlamydial! antigen! MOMP! could! be! encompassed! within! a!

consensus!or!a!mosaic!based!vaccine.!We!bioinformatically!attempted!to!encompass!

the! variability! of! the! chlamydial! antigen! MOMP,! with! the! consensus! approach!

providing!greater!epitope!coverage!and!native!structure!than!a!mosaic!antigen,!and!

DNA,! HuAd5! and!MVA! based! vaccines! were! successfully! constructed! expressing! a!

consensus!MOMP.!A! recombinant!consensus!MOMP!was!poorly!expressed! from!E.)

coli,!so!a!closely!related!MOMP!serovar!D!antigen!was!adopted!as!the!recombinant!

protein.! This! toolbox! of! MOMP.based! vaccines! allowed! us! to! investigate! which!

vaccine.induced!immune!responses!may!be!protective!against!C.)trachomatis!genital!

infections!in!the!murine!model.!!!!!!!!

We! subsequently! set! out! to! comparatively! assess! the! induction! of! humoral! and!

cellular! immunity! against! the! MOMP! antigen! following! heterologous! prime.boost!

vaccinations!with!the!newly!constructed!DNA,!HuAd5,!MVA!and!recombinant!protein!

based! vaccines.! This! revealed! a! capability! to! induce! an! array! of! MOMP.specific!

immune!responses,!both!cellular!and!humoral,!using!the!four!differing!MOMP.based!

vaccines! in! heterologous! prime.boost! regimens.! Protein! boosting! significantly!

increased! both! serum! and! vaginal! antibody! concentrations,! while! DNA! and! viral!

vector!alone!regimens!induced!the!greatest!cellular!responses!as!analysed!by!IFN.γ!

ELISpot.! Protein! boosts! increased! the! avidity! of! the! induced! specific.serum!

antibodies,!while!CD4+!T!cell!polyfunctionality!was!broadest!following!regimens!with!
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DNA! or! HuAd5! prime.! Regimens! were! grouped! on! the! distinct! MOMP.specific!

immune!environments! they!elicited,!and!taken!through! into!C.) trachomatis! vaginal!

challenge!studies!to!shed! light!on!the!relative!contribution!of!each!environment!to!

protective!immunity.!

We! then! aimed! to! assess! the! protective! capacity! of! these! MOMP.based!

heterologous!prime.boost! regimens!against!vaginal!C.) trachomatis! infection! in! two!

differing!mouse!models!and!to!investigate!the!mechanism!of!the!vaccine!induced!C.)

trachomatis!protection.!The!major! finding!was! that! the!DAMP!vaccination!regimen!

significantly!reduced!the!C.)trachomatis!vaginal!load!at!day!3!post.infection!in!both!

BALB/c!and!B6C3F1!mouse!strains.!This!vaccine.induced!reduction!in!chlamydial!load!

was! lost! following! the! depletion! of! CD4+! T! cells! from! vaccinated! mice! indicating!

CD4+! mediated! protection.! Protective! and! non.protective! vaccination! regimens!

yielded!similar!C.)trachomatis!EB!serum!neutralisation!profiles!suggesting!a!minimal!

role! for! neutralising! antibodies! in! this! vaccine.induced!protection,! and! the!passive!

transfer! of! DAMP! serum! into! naïve! C57BL/6! mice! did! not! significantly! reduce! C.)

trachomatis!shedding,!further! indicating!a! lesser!role!for!antibodies! in!this!vaccine.

induced!protection.!!

!The!final!aim!of!this!thesis!was!to!assess!whether!heterologous!prime.boost!vaccine!

regimens! utilising! the! third! generation! vaccines! constructed! in! this! thesis! were!

capable! of! inducing! Chlamydial! specific! antibody! responses! on! the! murine! ocular!

mucosa.!Recently,!Kari!et)al.!revealed!serum!anti.MOMP!antibodies!correlated!with!

the!reduction!in!chlamydial!ocular!burden!in!non.human!primates,!while!anti.PmpD!
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and!anti.Pgp3!serum!antibodies!correlated!with!chlamydial!eradication,!and!thus!we!

sought! to! investigate! whether! such! antibodies! could! be! induced! ocularly.! All! the!

heterologous!prime.boost!vaccine!regimens!tested!using!the!DNA,!HuAd5,!MVA!and!

recombinant!MOMP! based! vaccines! were! capable! of! inducing!MOMP.specific! IgG!

antibodies! on! the! murine! ocular! mucosa,! however! the! PPP! regimen! induced!

significantly! greater! anti.MOMP! ocular! antibody! concentrations.! This! regimen!was!

therefore!employed!with!the!additional!chlamydial!antigens!PmpD!and!Pgp3,!and!all!

antigens! induced!antigen.specific!ocular! IgG!antibodies.!We!believe! this! is! the! first!

study! to! have! evaluated! the! effects! of! vaccination! on! the! induction! of! chlamydial!

specific! antibodies! on! the! murine! ocular! mucosa.! This! provides! a! potential! new!

model!for!the!screening!of!future!potential!trachoma!vaccines.!

!

7.2 Future!Directions!

One!criticism!of! the!protective!DAMP!regimen! is! the! requirement!of! four! separate!

immunisations.! It! is! not! unusual! to! have! three! immunisations! in! a! vaccination!

regimen,! yet! the! addition! of! another! intervention! significantly! increases! the! costs!

and! reduces! patient! adherence.! A! potential! way! to! circumvent! this! issue! is! the!

option!of!mixed!vector!immunisation.!Reyes.Sandoval!et)al.,!have!recently!revealed!

that! the! administration! of! mixed! HuAd5! and!MVA! delivered! as! part! of! the! same!

formulation! in! fact! elicited! optimal! immunogenicity! and! conferred! protection! to!

mice!against!a!Plasmodium!challenge.!This!vector!mixture!was!dose!dependent!with!

higher! doses! of! vector! having! detrimental! effects! on! immunogenicity! [219].! This!
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mixed! vector! immunisation! could! be! tested! with! our! MOMP.based! vectors! to!

establish!whether! it! can! still! elicit! such! IgG2a:IgG1! ratios! for! this! antigen,! and! is! a!

potential!avenue!for!future!work.!!!!!!!!!!

There!are!other!potential!vaccine!delivery!platforms!that!warrant!investigation!in!C.)

trachomatis! vaccine! research.! Vaccine! antigens! expressed! in! attenuated! strains! of!

Salmonella)enterica!(Vaxonella®)!have!been!proven!safe!in!clinical!trials.!The!bacteria!

is! ingested,!passes! through! the! stomach!and! then! traverses! the! lining!of! the! small!

intestine! via!M! cells! into! lymphatic! nodules.! Here! they! are! phagocytosed! by! APCs!

such!as!macrophages!and!express!the!antigen!genes!to!stimulate!both!humoral!and!

cellular! immune! responses! [356].! Salmonella! is! an! intracellular! Gram.negative!

bacteria!like!Chlamydia,!so!the!presentation!of!antigens!in!this!similar!way!may!be!of!

importance! in! stimulating! a! protective! immune! response.! Another! recent! delivery!

platform!are!outer!membrane!vesicles!(OMVs).!OMVs!are!closed!spheroid!particles!

released!from!all!Gram.negative!bacteria!studied!so!far!and!are!generated!through!a!

budding!out!of!the!bacterial!outer!membrane![357].!OMVs!purified!from!Neisseria,!

Salmonella,! Pseudomonas,! Vibrio! and! E.) coli! have! all! induced! potent! protective!

immune! responses! against! the! pathogens! they! are! derived! from! [358]! [359]! [360]!

[361],! and! anti.Neisseria) OMV.based! vaccines! are! already! licensed! [362].! The!

protection!may! not! be! provided! only! by! the! presence! of! conformationally! correct!

immunogenic!antigens!but!also! that!OMVs!carry!many!PAMPs!which!play!a! role! in!

stimulating!innate!immunity!and!promoting!adaptive!immune!responses![363]![364]!

[365].!OMVs!would!appear! to!be!a!promising!delivery!platform! for! the!Chlamydial!

MOMP!antigen,!as!MOMP!is!membrane!bound!and!requires!the!native!conformation!
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to!induce!the!most!robust!immune!responses![163].!!!!

!

The! antibody! responses! elicited! by! our! vaccines! were! poorly! neutralising.! If!

neutralising!antibodies!were! found! to!have!a!positive!mechanistic! role! in! reducing!

chlamydial! loads,!approaches!to! induce!such!neutralising!antibodies!would!need!to!

be! explored.! The! neutralising! epitopes! of! MOMP! or! other! chlamydial! surface!

exposed!proteins!would!need!to!be!defined!using!a!panel!of!neutralising!mAbs![366],!

following!which! they!could!be!presented!on! scaffold!proteins! to!ensure! they!were!

conformationally!correct.!This!scaffold!approach!has!recently!been!used!to!present!

conformational!HIV!Env!epitopes!in!an!attempt!to!elicit!broad!neutralising!antibodies!

[367],!and!these!heterologous!recombinant!protein.based!vaccines!could!be!used!to!

attempt!to!induce!highly!neutralising!antibodies!against!C.)trachomatis.!

!

One! issue! with! the! murine! genital! C.) trachomatis! challenge! model! that! we!

encountered!was!that!the!mice!did!not!have!long!enough!infection!periods!to!assess!

any! late! acting! immune! responses.! With! naïve! mice! clearing! the! C.) trachomatis!

genital! infection,! it! leaves!only!three!days!post!chlamydial! infection!where!one!can!

confidently!observe!any!significant!chlamydial!load!reduction!due!to!vaccination.!The!

use!of!C.)muridarum!as!the!challenge!species!could!avoid!this!issue.!The!intravaginal!

inoculation!of!C.)muridarum! in!mice! results! in! a! genital! tract! infection! that! closely!

resembles! acute! genital! C.) trachomatis! infections! in! women,! with! mice! generally!

resolving!the!genital!tract!infection!within!4!weeks![120].!The!use!of!C.)muridarum!as!
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the! challenge! species! may! provide! a! longer! sampling! window! to! investigate!

differences!in!shedding!loads!between!vaccinated!and!unvaccinated!mice!but!would!

require! redesigning! and! remaking! all! the! vaccines! against! this! murine.specific!

Chlamydia.!

!!

The!four!vaccine!constructs!created!as!part!of!this!research!are!to!be!carried!through!

into! immunogenicity! and! intravaginal! C.) trachomatis! challenge! studies! in!

cynomolgus! macaques! (Macaca) fascicularis)! by! the! ADITEC! Consortium.! Several!

species! of! nonhuman! primates! (marmoset! [368],! grivet! [369],! baboon! [370])! have!

previously!been!used!as!models!for!genital!C.)trachomatis!infections,!with!the!most!

frequently! used! model! being! the! pig.tailed! macaque! (Macaca) nemestrina)!!

developed! by! Patton! et) al.! [371,! 372].! Macaques! have! a! similar! anatomy! and!

physiology! to! the! female! reproductive! tract! of! humans,! with! a! similar! 28.30.day!

menstrual! cycle! and! similar! vaginal! microflora! [135].! ! They! are! also! naturally!

susceptible! to! genital! tract! infection!with!human!biovars!of!C.) trachomatis! and!do!

not! need! hormonal! pretreatment! to! influence! the! infection! [136].! In! the! in) situ)

model,!macaques!are!infected!with!C.)trachomatis!by!cervical!inoculation,!producing!

cervicitis! and! salpingitis! [373]! [374],! with! repeated! salpingeal! infections! causing!

tubal! scarring! and! distal! tubal! obstruction! –! similar! to! the! development! of! pelvic!

inflammatory! disease! (PID)! in!women! [137].!Macaques! are! a! very! good!model! for!

human!chlamydial!disease,!but!there!are!practical!disadvantages!such!as!high!costs,!

adequate!facilities!and!expertise.!!
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!

Short.term!future!work!should!involve!further!characterisation!of!the!DAMP!regimen.!

Though!the!antibodies!induced!following!the!DAMP!regimen!have!low!neutralisation!

ability,!and!there!appeared!to!be!no!role!for!antibodies!following!our!passive!serum!

transfer!experiments,! it!should!be!considered!whether!high!enough!concentrations!

of!MOMP.specific!antibodies!were! transfused.!This!would!be! tested!by! transfusing!

higher!concentrations!of!MOMP.specific!DAMP!sera!from!concentrating!the!MOMP.

specific!antibodies!from!multiple!DAMP!vaccinated!mice.!The!antibodies!induced!by!

the! DAMP! regimen! could! be! further! characterised! in! functional! experiments!

including! transwell! assays! to!assess!antibody.mediated!phagocytosis!or! chromium.

51!release!assays!to!assess!ADCC!potential.!!

As!well!as! these,! further!optimisation!of! the!murine!ocular!sampling!model! should!

be!carried!out.!We!have!used!the!ocular!sampling!method!to!assess!antibody!type!

and!their!concentrations,!yet!this!same!procedure!could!be!used!to!assess!cytokine!

type! and! cytokine! concentration,! either! by! ELISA! or! Luminex®! assays.! This! would!

provide!indicators!of!cellular!responses!on!the!ocular!mucosa!following!vaccinations,!

alongside!the!humoral!responses.!The! logical!conclusion!to!this!model!would!be!to!

set!up!an!ocular! infection!model!with!C.)trachomatis,! in!a!similar!vein!to!Whittum.

Hudson!et) al.! [339],! to! assess! the!protective! efficacy! of! future!potential! trachoma!

vaccines.!!

!



!

222!

7.3 Final!Remarks!

An! efficacious! vaccine! for!Chlamydia) trachomatis! would! have! an! enormous! public!

health! impact.! Infection.induced! immunity! in! both! animal! models! and! humans!

suggests!a! strong! role! for!CD4+!Th1.biased! immune! responses.!Work! in! this! thesis!

described! the! utility! of! DNA,! HuAd5,! MVA! and! recombinant! protein! vaccines! in!

heterologous! prime.boost! vaccine! regimens! to! elicit! an! array! of! MOMP.specific!

immune! responses,! following! which! the! protection! of! genital! C.) trachomatis!

infection! was! assessed.! The! DAMP! regimen,! which! induced! a! significantly! greater!

MOMP.specific! IgG2a:IgG1!ratio!than!any!other! investigated!regimen,!was!the!only!

regimen! to! significantly! reduce! genital! C.) trachomatis! loads! below! that! of!

unvaccinated!control!mice.!This!protection!was!shown!to!be!CD4+!T!cell!mediated.!

The!vaccines!constructed!within!this!thesis!and!their!use! in!the!DAMP!regimen!are!

soon! to! be! assessed! in! macaque! experiments! to! reveal! whether! their!

immunogenicity!and!their!protective!capacity!translates!out!of!the!mouse!model.!!

!

!

!

!

!

!



!

223!

8 References!

!

1.! Jenner,!E.,!An#inquiry#into#the#causes#and#effects#of#the#variolae#vaccinae,#a#
disease#discovered#in#some#of#the#western#counties#of#England,#particularly#

Gloucestershire,# and# known# by# the# name# of# the# cow# pow.! London,,! 1798.!
Printed(for(the(author(Sampson(Law([1],!iv,!75,![71]!p.p.).!

2.! Ehrenfeld,!E.,!J.!Modlin,!and!K.!Chumakov,!Future#of#polio#vaccines.!Expert!
Rev!Vaccines,!2009.!8(7):!p.!899K905.!

3.! Moss,!W.J.!and!D.E.!Griffin,!Global#measles#elimination.!Nat!Rev!Microbiol,!
2006.!4(12):!p.!900K8.!

4.! Plotkin,! S.A.,! W.A.! Orenstein,! and! P.A.! Offit,! Vaccines.! Sixth! edition.! ed.!
2013,!Philadelphia,!Pa.:!Elsevier!Saunders.!xix,!1550!pages.!

5.! Hanekom,!W.A.,!The#immune#response#to#BCG#vaccination#of#newborns.!Ann!
N!Y!Acad!Sci,!2005.!1062:!p.!69K78.!

6.! Biron,! C.A.,! et! al.,! Natural# killer# cells# in# antiviral# defense:# function# and#
regulation#by#innate#cytokines.!Annu!Rev!Immunol,!1999.!17:!p.!189K220.!

7.! Thomas,! L.L.,! L.M.! Zheutlin,! and! G.J.! Gleich,! Pharmacological# control# of#
human#basophil#histamine#release# stimulated#by#eosinophil#granule#major#

basic#protein.!Immunology,!1989.!66(4):!p.!611K5.!
8.! Allison,! T.J.,! et! al.,! Structure# of# a# human# gammadelta# THcell# antigen#

receptor.!Nature,!2001.!411(6839):!p.!820K4.!
9.! Faurschou,! M.! and! N.! Borregaard,! Neutrophil# granules# and# secretory#

vesicles#in#inflammation.!Microbes!Infect,!2003.!5(14):!p.!1317K27.!
10.! Akira,! S.,! S.! Uematsu,! and! O.! Takeuchi,! Pathogen# recognition# and# innate#

immunity.!Cell,!2006.!124(4):!p.!783K801.!
11.! Trinchieri,!G.!and!A.!Sher,!Cooperation#of#TollHlike#receptor#signals#in#innate#

immune#defence.!Nat!Rev!Immunol,!2007.!7(3):!p.!179K90.!
12.! Higgins,! S.C.! and! K.H.! Mills,! TLR,# NLR# Agonists,# and# Other# Immune#

Modulators# as# Infectious# Disease# Vaccine# Adjuvants.! Curr! Infect! Dis! Rep,!
2010.!12(1):!p.!4K12.!

13.! Invivogen,!NodHLike#Receptors#Review.!2012.!
14.! Yoneyama,! M.! and! T.! Fujita,! Function# of# RIGHIHlike# receptors# in# antiviral#

innate#immunity.!J!Biol!Chem,!2007.!282(21):!p.!15315K8.!
15.! Banchereau,! J.! and! R.M.! Steinman,! Dendritic# cells# and# the# control# of#

immunity.!Nature,!1998.!392(6673):!p.!245K52.!
16.! Qi,! H.,! et! al.,! Extrafollicular# activation# of# lymph# node# B# cells# by# antigenH

bearing#dendritic#cells.!Science,!2006.!312(5780):!p.!1672K6.!
17.! Steinman,! R.M.! and! J.! Banchereau,! Taking# dendritic# cells# into# medicine.!

Nature,!2007.!449(7161):!p.!419K26.!
18.! Demoulin,!S.,!et!al.,!Production#of#large#numbers#of#plasmacytoid#dendritic#

cells#with#functional#activities#from#CD34(+)#hematopoietic#progenitor#cells:#

use#of#interleukinH3.!Exp!Hematol,!2012.!40(4):!p.!268K78.!
19.! Reizis,! B.,! et! al.,! Plasmacytoid# dendritic# cells:# recent# progress# and# open#

questions.!Annu!Rev!Immunol,!2011.!29:!p.!163K83.!
20.! Szabo,! S.J.,! et! al.,! A# novel# transcription# factor,# THbet,# directs# Th1# lineage#



!

224!

commitment.!Cell,!2000.!100(6):!p.!655K69.!
21.! Zhu,!J.!and!W.E.!Paul,!CD4#T#cells:#fates,#functions,#and#faults.!Blood,!2008.!

112(5):!p.!1557K69.!
22.! Ansel,! K.M.,! et! al.,! Regulation# of# Th2# differentiation# and# Il4# locus#

accessibility.!Annu!Rev!Immunol,!2006.!24:!p.!607K56.!
23.! Abbas,!A.K.,!A.H.!Lichtman,!and!S.!Pillai,!Basic#immunology#:#functions#and#

disorders#of#the#immune#system.!Fourth!edition.!ed.!2014,!Philadelphia,!PA:!
Elsevier/Saunders.!ix,!320!pages.!

24.! Ogra,!P.L.,!Handbook#of#mucosal#immunology.!1994,!San!Diego:!Academic!
Press,!Inc.!xxi,!766!p.!

25.! Wong,! P.! and! E.G.! Pamer,! CD8# T# cell# responses# to# infectious# pathogens.!
Annu!Rev!Immunol,!2003.!21:!p.!29K70.!

26.! MacLennan,! I.C.,! et! al.,! Extrafollicular# antibody# responses.! Immunol! Rev,!
2003.!194:!p.!8K18.!

27.! Kim,! C.H.,! The# greater# chemotactic# network# for# lymphocyte# trafficking:#
chemokines#and#beyond.!Curr!Opin!Hematol,!2005.!12(4):!p.!298K304.!

28.! Muller,!G.!and!M.!Lipp,!Concerted#action#of#the#chemokine#and#lymphotoxin#
system# in# secondary# lymphoidHorgan# development.! Curr! Opin! Immunol,!
2003.!15(2):!p.!217K24.!

29.! Pereira,! J.P.,! L.M.! Kelly,! and! J.G.! Cyster,! Finding# the# right# niche:# BHcell#
migration# in# the# early# phases# of# THdependent# antibody# responses.! Int!
Immunol,!2010.!22(6):!p.!413K9.!

30.! Firestein,!G.S.! and!W.N.!Kelley,!Kelley's#textbook#of#rheumatology.! 9th!ed.!
2013,!Philadelphia,!PA:!Elsevier/Saunders.!v.!<1!>.!

31.! Alley! CD,! M.J.,! The# mucosal# immune# system.! Bird! G,! Calvert! JE,! eds.! B!
lymphocytes!in!human!disease.,!1988:!p.!222–54.!

32.! McGhee,! J.R.! and! K.! Fujihashi,! Inside# the# Mucosal# Immune# System.! PLoS!
Biology,!2012.!10(9):!p.!e1001397.!

33.! Cheroutre,! H.,! F.! Lambolez,! and! D.! Mucida,! The# light# and# dark# sides# of#
intestinal#intraepithelial#lymphocytes.!Nature!Reviews!Immunology,!2011.!
11(7):!p.!445K456.!

34.! Kiyono! H,! K.J.,! McGhee! JR,! Mestecky! J,! The#mucosal# immune# system.! In:!
Paul!WE,!editor.!Fundamental!immunology.,!2008:!p.!pp.!983–1030.!

35.! Campbell,!D.J.!and!E.C.!Butcher,!Rapid#Acquisition#of#TissueHspecific#Homing#
Phenotypes# by#CD4+#T#Cells#Activated# in# Cutaneous# or#Mucosal# Lymphoid#

Tissues.!Journal!of!Experimental!Medicine,!2002.!195(1):!p.!135K141.!
36.! Brandtzaeg,! P.,! Induction# of# secretory# immunity# and#memory# at#mucosal#

surfaces.!Vaccine,!2007.!25(30):!p.!5467K5484.!
37.! Brandtzaeg,!P.,!Function#of#MucosaHAssociated#Lymphoid#Tissue#in#Antibody#

Formation.!Immunological!Investigations,!2010.!39(4K5):!p.!303K355.!
38.! Mestecky,! J.,! C.! Lue,! and!M.W.!Russell,!Selective# transport#of# IgA.#Cellular#

and#molecular#aspects.!Gastroenterol!Clin!North!Am,!1991.!20(3):!p.!441K
71.!

39.! Kilian!M,!R.M.,!Function#of#mucosal#immunoglobulins.!Ogra!PL,!Mestecky!J,!
Lamm!ME,!et!al.,!eds.!Handbook!of!mucosal!immunology.! ,!1994:!p.!127–
37.!

40.! Saroja,!C.,!P.!Lakshmi,!and!S.!Bhaskaran,!Recent#trends#in#vaccine#delivery#
systems:#A#review.!Int!J!Pharm!Investig,!2011.!1(2):!p.!64K74.!

41.! Draper,! S.J.! and! J.L.! Heeney,! Viruses# as# vaccine# vectors# for# infectious#



!

225!

diseases#and#cancer.!Nat!Rev!Microbiol,!2010.!8(1):!p.!62K73.!
42.! Brave,!A.,! et! al.,!Vaccine#delivery#methods#using#viral#vectors.!Mol! Pharm,!

2007.!4(1):!p.!18K32.!
43.! Liu,!M.A.,!Immunologic#basis#of#vaccine#vectors.! Immunity,!2010.!33(4):!p.!

504K15.!
44.! de! Cassan,! S.C.! and! S.J.! Draper,! Recent# advances# in# antibodyHinducing#

poxviral# and# adenoviral# vectored# vaccine# delivery# platforms# for# difficult#

disease#targets.!Expert!Rev!Vaccines,!2013.!12(4):!p.!365K78.!
45.! Orubu,! T.,! et! al.,! Expression# and# cellular# immunogenicity# of# a# transgenic#

antigen#driven#by# endogenous#poxviral# early#promoters#at# their#authentic#

loci#in#MVA.!PLoS!One,!2012.!7(6):!p.!e40167.!
46.! Tine,! J.A.,! et! al.,!NYVACHPf7:#a#poxvirusHvectored,#multiantigen,#multistage#

vaccine# candidate# for# Plasmodium# falciparum# malaria.! Infect! Immun,!
1996.!64(9):!p.!3833K44.!

47.! Kutzler,!M.A.!and!D.B.!Weiner,!DNA#vaccines:#ready#for#prime#time?!Nat!Rev!
Genet,!2008.!9(10):!p.!776K88.!

48.! Danko,!I.,!et!al.,!High#expression#of#naked#plasmid#DNA#in#muscles#of#young#
rodents.!Hum!Mol!Genet,!1997.!6(9):!p.!1435K43.!

49.! Sardesai,!N.Y.! and!D.B.!Weiner,!Electroporation#delivery#of#DNA#vaccines:#
prospects#for#success.!Curr!Opin!Immunol,!2011.!23(3):!p.!421K9.!

50.! Kadowaki,! S.,! et! al.,! Protection# against# influenza# virus# infection# in# mice#
immunized# by# administration# of# hemagglutininHexpressing# DNAs# with#

electroporation.!Vaccine,!2000.!18(25):!p.!2779K88.!
51.! Babiuk,!S.,!S.!van!Drunen!LittelKvan!den!Hurk,!and!L.A.!Babiuk,!Delivery#of#

DNA#vaccines#using#electroporation.!Methods!Mol!Med,!2006.!127:!p.!73K
82.!

52.! Capone,! S.,! et! al.,! Modulation# of# the# immune# response# induced# by# gene#
electrotransfer#of#a#hepatitis#C#virus#DNA#vaccine#in#nonhuman#primates.! J!
Immunol,!2006.!177(10):!p.!7462K71.!

53.! Kurth,!R.,!Risk#potential#of#the#chromosomal#insertion#of#foreign#DNA.!Ann!
N!Y!Acad!Sci,!1995.!772:!p.!140K51.!

54.! MacGregor,! R.R.,! et! al.,! First# human# trial# of# a# DNAHbased# vaccine# for#
treatment# of# human# immunodeficiency# virus# type# 1# infection:# safety# and#

host#response.!J!Infect!Dis,!1998.!178(1):!p.!92K100.!
55.! Cranenburgh,!R.M.,!et!al.,!Escherichia#coli#strains#that#allow#antibioticHfree#

plasmid# selection# and# maintenance# by# repressor# titration.! Nucleic! Acids!
Res,!2001.!29(5):!p.!E26.!

56.! Gasteiger,! G.,! et! al.,! CrossHpriming# of# cytotoxic# T# cells# dictates# antigen#
requisites#for#modified#vaccinia#virus#Ankara#vector#vaccines.! J!Virol,!2007.!
81(21):!p.!11925K36.!

57.! Tatsis,!N.! and!H.C.! Ertl,!Adenoviruses#as#vaccine#vectors.!Mol! Ther,! 2004.!
10(4):!p.!616K29.!

58.! Xiang,! Z.Q.,! et! al.,! A# replicationHdefective# human# adenovirus# recombinant#
serves# as# a# highly# efficacious# vaccine# carrier.! Virology,! 1996.! 219(1):! p.!
220K7.!

59.! Saito,!I.,!et!al.,!Construction#of#nondefective#adenovirus#type#5#bearing#a#2.8H
kilobase# hepatitis# B# virus# DNA# near# the# right# end# of# its# genome.! J! Virol,!
1985.!54(3):!p.!711K9.!

60.! He,!Z.,!et!al.,!Viral#recombinant#vaccines#to#the#E6#and#E7#antigens#of#HPVH



!

226!

16.!Virology,!2000.!270(1):!p.!146K61.!
61.! Sullivan,!N.J.,! et! al.,!Accelerated#vaccination# for#Ebola#virus#haemorrhagic#

fever#in#nonHhuman#primates.!Nature,!2003.!424(6949):!p.!681K4.!
62.! Letvin,!N.L.,! et! al.,!Preserved#CD4+#central#memory#T#cells#and#survival# in#

vaccinated#SIVHchallenged#monkeys.!Science,!2006.!312(5779):!p.!1530K3.!
63.! ReyesKSandoval,! A.,! et! al.,! SingleHdose# immunogenicity# and# protective#

efficacy# of# simian# adenoviral# vectors# against# Plasmodium# berghei.! Eur! J!
Immunol,!2008.!38(3):!p.!732K41.!

64.! Catanzaro,! A.T.,! et! al.,!Phase#1#safety#and# immunogenicity#evaluation#of#a#
multiclade# HIVH1# candidate# vaccine# delivered# by# a# replicationHdefective#

recombinant#adenovirus#vector.!J!Infect!Dis,!2006.!194(12):!p.!1638K49.!
65.! Fitzgerald,!D.W.,!et!al.,!An#Ad5Hvectored#HIVH1#vaccine#elicits#cellHmediated#

immunity# but# does# not# affect# disease# progression# in# HIVH1Hinfected# male#

subjects:# results# from# a# randomized# placeboHcontrolled# trial# (the# Step#

study).!J!Infect!Dis,!2011.!203(6):!p.!765K72.!
66.! Zak,! D.E.,! et! al.,!Merck# Ad5/HIV# induces# broad# innate# immune# activation#

that#predicts#CD8(+)#THcell# responses#but# is#attenuated#by#preexisting#Ad5#

immunity.!Proc!Natl!Acad!Sci!U!S!A,!2012.!109(50):!p.!E3503K12.!
67.! O'Brien,!K.L.,! et! al.,!AdenovirusHspecific#immunity#after#immunization#with#

an#Ad5#HIVH1#vaccine#candidate#in#humans.!Nat!Med,!2009.!15(8):!p.!873K
5.!

68.! Buchbinder,! S.P.,! et! al.,! Efficacy# assessment# of# a# cellHmediated# immunity#
HIVH1# vaccine# (the# Step# Study):# a# doubleHblind,# randomised,# placeboH

controlled,#testHofHconcept#trial.!Lancet,!2008.!372(9653):!p.!1881K93.!
69.! Nwanegbo,! E.,! et! al.,! Prevalence# of# neutralizing# antibodies# to# adenoviral#

serotypes# 5# and# 35# in# the# adult# populations# of# The# Gambia,# South#Africa,#

and#the#United#States.!Clin!Diagn!Lab!Immunol,!2004.!11(2):!p.!351K7.!
70.! Thorner,! A.R.,! et! al.,! Age# dependence# of# adenovirusHspecific# neutralizing#

antibody# titers# in# individuals# from# subHSaharan# Africa.! J! Clin! Microbiol,!
2006.!44(10):!p.!3781K3.!

71.! Dudareva,! M.,! et! al.,! Prevalence# of# serum# neutralizing# antibodies# against#
chimpanzee#adenovirus#63#and#human#adenovirus#5#in#Kenyan#children,#in#

the#context#of#vaccine#vector#efficacy.!Vaccine,!2009.!27(27):!p.!3501K4.!
72.! CDC,! The# Live# Virus# Smallpox# Vaccine.! Centers! for! Disease! Control! and!

Prevention,!2002.!Emergency(Preparedness(&(Response.!
73.! Drexler,!I.,!C.!Staib,!and!G.!Sutter,!Modified#vaccinia#virus#Ankara#as#antigen#

delivery# system:#how#can#we#best#use# its#potential?! Curr!Opin!Biotechnol,!
2004.!15(6):!p.!506K12.!

74.! Li,! S.,! et!al.,!Viral#vectors#for#malaria#vaccine#development.!Vaccine,!2007.!
25(14):!p.!2567K74.!

75.! Im,!E.J.! and!T.!Hanke,!MVA#as#a#vector# for#vaccines#against#HIVH1.! Expert!
Rev!Vaccines,!2004.!3(4!Suppl):!p.!S89K97.!

76.! Vordermeier,! H.M.,! et! al.,! Viral# booster# vaccines# improve#Mycobacterium#
bovis# BCGHinduced# protection# against# bovine# tuberculosis.! Infect! Immun,!
2009.!77(8):!p.!3364K73.!

77.! Whelan,!K.T.,!et!al.,!Safety#and#immunogenicity#of#boosting#BCG#vaccinated#
subjects# with# BCG:# comparison# with# boosting# with# a# new# TB# vaccine,#

MVA85A.!PLoS!One,!2009.!4(6):!p.!e5934.!
78.! Anderson,! R.J.,! et! al.,! Enhanced# CD8+# T# cell# immune# responses# and#



!

227!

protection# elicited# against# Plasmodium# berghei# malaria# by# prime# boost#

immunization#regimens#using#a#novel#attenuated#fowlpox#virus.!J!Immunol,!
2004.!172(5):!p.!3094K100.!

79.! Recombinant/Purified# Protein# Vaccines.! BIO! Ventures! for! Global! Health,!
2013.!

80.! Janeway,!C.A.,! Jr.,!Approaching#the#asymptote?#Evolution#and#revolution#in#
immunology.!Cold!Spring!Harb!Symp!Quant!Biol,!1989.!54(Pt(1:!p.!1K13.!

81.! Khurana,! S.,! et! al.,! Vaccines# with# MF59# adjuvant# expand# the# antibody#
repertoire# to# target# protective# sites# of# pandemic# avian# H5N1# influenza#

virus.!Sci!Transl!Med,!2010.!2(15):!p.!15ra5.!
82.! Vandepapeliere,! P.,! et! al.,! Vaccine# adjuvant# systems# containing#

monophosphoryl# lipid# A# and# QS21# induce# strong# and# persistent# humoral#

and# T# cell# responses# against# hepatitis# B# surface# antigen# in# healthy# adult#

volunteers.!Vaccine,!2008.!26(10):!p.!1375K86.!
83.! Wiley,! S.R.,! et! al.,! Targeting# TLRs# expands# the# antibody# repertoire# in#

response#to#a#malaria#vaccine.!Sci!Transl!Med,!2011.!3(93):!p.!93ra69.!
84.! Ott,!G.,!G.L.!Barchfeld,!and!G.!Van!Nest,!Enhancement#of#humoral#response#

against# human# influenza# vaccine# with# the# simple# submicron# oil/water#

emulsion#adjuvant#MF59.!Vaccine,!1995.!13(16):!p.!1557K62.!
85.! Galli,!G.,!et!al.,!Adjuvanted#H5N1#vaccine#induces#early#CD4+#T#cell#response#

that#predicts#longHterm#persistence#of#protective#antibody#levels.!Proc!Natl!
Acad!Sci!U!S!A,!2009.!106(10):!p.!3877K82.!

86.! Mosca,! F.,! et! al.,! Molecular# and# cellular# signatures# of# human# vaccine#
adjuvants.!Proc!Natl!Acad!Sci!U!S!A,!2008.!105(30):!p.!10501K6.!

87.! Ellebedy,! A.H.,! et! al.,! InflammasomeHindependent# role# of# the# apoptosisH
associated#speckHlike#protein#containing#CARD#(ASC)#in#the#adjuvant#effect#

of#MF59.!Proc!Natl!Acad!Sci!U!S!A,!2011.!108(7):!p.!2927K32.!
88.! Reed,!S.G.,!R.N.!Coler,!and!A.!CamposKNeto,!Development#of#a#leishmaniasis#

vaccine:#the#importance#of#MPL.!Expert!Rev!Vaccines,!2003.!2(2):!p.!239K
52.!

89.! Baldridge,!J.R.!and!R.T.!Crane,!Monophosphoryl#lipid#A#(MPL)#formulations#
for#the#next#generation#of#vaccines.!Methods,!1999.!19(1):!p.!103K7.!

90.! Hill,! A.V.,! et! al.,! PrimeHboost# vectored# malaria# vaccines:# progress# and#
prospects.!Hum!Vaccin,!2010.!6(1):!p.!78K83.!

91.! ReyesKSandoval,! A.,! et! al.,!PrimeHboost# immunization#with#adenoviral#and#
modified# vaccinia# virus# Ankara# vectors# enhances# the# durability# and#

polyfunctionality# of# protective# malaria# CD8+# THcell# responses.! Infect!
Immun,!2010.!78(1):!p.!145K53.!

92.! Igietseme,! J.U.,! F.O.! Eko,! and! C.M.! Black,! Chlamydia# vaccines:# recent#
developments#and#the#role#of#adjuvants#in#future#formulations.!Expert!Rev!
Vaccines,!2011.!10(11):!p.!1585K96.!

93.! Schachter,! J.,!Which#test#is#best#for#chlamydia?!Curr!Opin!Infect!Dis,!1999.!
12(1):!p.!41K5.!

94.! WHO,! Global# Prevalence# and# Incidence# of# Selected# Curable# Sexually#
Transmitted# Diseases:# Overview# and# Estimates.! Geneva,! Switzerland:!
World!Health!Organisation,!2001.!

95.! CDC,!Sexually#Transmitted#Disease#Surveillance#2010.!Atlanta,!GA:!Centers!
for!Disease!Control!and!Prevention,!2010.!

96.! Choices,!N.,!Pelvic#Inflammatory#Disease.!2013.!



!

228!

97.! Plummer,! F.A.,! et! al.,! Cofactors# in# maleHfemale# sexual# transmission# of#
human#immunodeficiency#virus#type#1.!J!Infect!Dis,!1991.!163(2):!p.!233K9.!

98.! Anttila,! T.,! et! al.,! Serotypes# of# Chlamydia# trachomatis# and# risk# for#
development#of#cervical#squamous#cell#carcinoma.! JAMA,!2001.!285(1):!p.!
47K51.!

99.! Brunham,! R.C.! and! J.! ReyKLadino,! Immunology# of# Chlamydia# infection:#
implications#for#a#Chlamydia#trachomatis#vaccine.!Nat!Rev!Immunol,!2005.!
5(2):!p.!149K61.!

100.! Schachter,!J.,!NAATs#to#diagnose#Chlamydia#trachomatis#genital#infection:#a#
promise#still#unfulfilled.!Expert!Rev!Mol!Diagn,!2001.!1(2):!p.!137K44.!

101.! Peipert,! J.F.,!Clinical#practice.#Genital#chlamydial# infections.!N!Engl! J!Med,!
2003.!349(25):!p.!2424K30.!

102.! Cohen,! C.R.! and! R.C.! Brunham,!Pathogenesis# of# Chlamydia# induced#pelvic#
inflammatory#disease.!Sex!Transm!Infect,!1999.!75(1):!p.!21K4.!

103.! Brunham,!R.C.!and!M.L.!Rekart,!The#arrested#immunity#hypothesis#and#the#
epidemiology#of#chlamydia#control.!Sex!Transm!Dis,!2008.!35(1):!p.!53K4.!

104.! Rank,! R.G.! and! J.A.! WhittumKHudson,! Protective# immunity# to# chlamydial#
genital# infection:# evidence# from# animal# studies.! J! Infect! Dis,! 2010.! 201(
Suppl(2:!p.!S168K77.!

105.! Olsen,! A.W.,! et! al.,! Protection# against# Chlamydia# promoted# by# a# subunit#
vaccine# (CTH1)# compared#with#a#primary# intranasal# infection# in#a#mouse#

genital#challenge#model.!PLoS!One,!2010.!5(5):!p.!e10768.!
106.! Peterson,!E.M.,!et!al.,!Intranasal#immunization#with#Chlamydia#trachomatis,#

serovar# E,# protects# from# a# subsequent# vaginal# challenge# with# the#

homologous#serovar.!Vaccine,!1999.!17(22):!p.!2901K7.!
107.! Ramsey,! K.H.,! et! al.,!Prior#genital# tract# infection#with#a#murine#or#human#

biovar# of# Chlamydia# trachomatis# protects# mice# against# heterotypic#

challenge#infection.!Infect!Immun,!1999.!67(6):!p.!3019K25.!
108.! Lyons,! J.M.,! et! al.,! Comparison# of# multiple# genital# tract# infections# with#

Chlamydia# trachomatis# in# different# strains# of# female# mice.! J! Microbiol!
Immunol!Infect,!2005.!38(6):!p.!383K93.!

109.! Williams,! D.M.,! et! al.,! Pneumonia# due# to# Chlamydia# trachomatis# in# the#
immunocompromised#(nude)#mouse.!J!Infect!Dis,!1981.!143(2):!p.!238K41.!

110.! Magee,! D.M.,! et! al.,! Role# of# CD8# T# cells# in# primary# Chlamydia# infection.!
Infect!Immun,!1995.!63(2):!p.!516K21.!

111.! Su,! H.! and! H.D.! Caldwell,! CD4+#T# cells# play# a# significant# role# in# adoptive#
immunity# to# Chlamydia# trachomatis# infection# of# the# mouse# genital# tract.!
Infect!Immun,!1995.!63(9):!p.!3302K8.!

112.! Li,!W.,!et!al.,!AntigenHspecific#CD4+#T#cells#produce#sufficient#IFNHgamma#to#
mediate#robust#protective#immunity#against#genital#Chlamydia#muridarum#

infection.!J!Immunol,!2008.!180(5):!p.!3375K82.!
113.! Hawkins,!R.A.,!R.G.!Rank,!and!K.A.!Kelly,!A#Chlamydia#trachomatisHspecific#

Th2# clone# does# not# provide# protection# against# a# genital# infection# and#

displays#reduced#trafficking#to# the# infected#genital#mucosa.! Infect! Immun,!
2002.!70(9):!p.!5132K9.!

114.! Cotter,!T.W.,!et!al.,!Dissemination#of#Chlamydia#trachomatis#chronic#genital#
tract# infection# in# gamma# interferon# gene# knockout# mice.! Infect! Immun,!
1997.!65(6):!p.!2145K52.!

115.! Perry,! L.L.,! K.! Feilzer,! and! H.D.! Caldwell,! Immunity# to# Chlamydia#



!

229!

trachomatis#is#mediated#by#T#helper#1#cells#through#IFNHgammaHdependent#

and#Hindependent#pathways.!J!Immunol,!1997.!158(7):!p.!3344K52.!
116.! Johansson,! M.,! M.! Ward,! and! N.! Lycke,! BHcellHdeficient# mice# develop#

complete#immune#protection#against#genital#tract#infection#with#Chlamydia#

trachomatis.!Immunology,!1997.!92(4):!p.!422K8.!
117.! Morrison,! S.G.! and! R.P.! Morrison,! Resolution# of# secondary# Chlamydia#

trachomatis#genital# tract# infection# in# immune#mice#with#depletion#of#both#

CD4+#and#CD8+#T#cells.!Infect!Immun,!2001.!69(4):!p.!2643K9.!
118.! Morrison,! S.G.! and! R.P.! Morrison,! A# predominant# role# for# antibody# in#

acquired# immunity# to# chlamydial# genital# tract# reinfection.! J! Immunol,!
2005.!175(11):!p.!7536K42.!

119.! Vanrompay,!D.,! J.M.!Lyons,!and!S.A.!Morre,!Animal#models#for#the#study#of#
Chlamydia# trachomatis# infections# in# the# female# genital# infection.! Drugs!
Today!(Barc),!2006.!42(Suppl(A:!p.!55K63.!

120.! Barron,! A.L.,! et! al.,! A# new# animal# model# for# the# study# of# Chlamydia#
trachomatis# genital# infections:# infection# of#mice# with# the# agent# of#mouse#

pneumonitis.!J!Infect!Dis,!1981.!143(1):!p.!63K6.!
121.! Tuffrey,! M.! and! D.! TaylorKRobinson,! Progesterone# as# a# key# factor# in# the#

development# of# a# mouse# model# for# genitalHtract# infection# withChlamydia#

trachomatis.!FEMS!Microbiology!Letters,!1981.!12(2):!p.!111K115.!
122.! de!la!Maza,!L.M.,!et!al.,!Intravaginal#inoculation#of#mice#with#the#Chlamydia#

trachomatis#mouse#pneumonitis#biovar#results# in#infertility.! Infect! Immun,!
1994.!62(5):!p.!2094K7.!

123.! Shah,! A.A.,! et! al.,! Histopathologic# changes# related# to# fibrotic# oviduct#
occlusion#after#genital# tract# infection#of#mice#with#Chlamydia#muridarum.!
Sex!Transm!Dis,!2005.!32(1):!p.!49K56.!

124.! Carmichael,! J.R.,!et!al.,!Differences#in#infectivity#and#induction#of#infertility:#
a#comparative#study#of#Chlamydia#trachomatis#strains#in#the#murine#model.!
Microbes!Infect,!2013.!15(3):!p.!219K29.!

125.! Morrison,! S.G.,! et! al.,! Murine# Chlamydia# trachomatis# genital# infection# is#
unaltered#by#depletion#of#CD4+#T#cells#and#diminished#adaptive#immunity.!J!
Infect!Dis,!2011.!203(8):!p.!1120K8.!

126.! Morrison,! R.P.! and!H.D.! Caldwell,! Immunity# to#murine#chlamydial#genital#
infection.!Infect!Immun,!2002.!70(6):!p.!2741K51.!

127.! Morre,! S.A.,! J.M.! Lyons,! and! J.I.! Ito,! Jr.,! Murine# models# of# Chlamydia#
trachomatis#genital#tract#infection:#use#of#mouse#pneumonitis#strain#versus#

human#strains.!Infect!Immun,!2000.!68(12):!p.!7209K11.!
128.! Lyons,! J.M.,! et! al.,! Differences# in# growth# characteristics# and# elementary#

body# associated# cytotoxicity# between# Chlamydia# trachomatis# oculogenital#

serovars#D#and#H#and#Chlamydia#muridarum.!J!Clin!Pathol,!2005.!58(4):!p.!
397K401.!

129.! Mount,! D.T.,! P.E.! Bigazzi,! and! A.L.! Barron,! Infection# of# genital# tract# and#
transmission# of# ocular# infection# to# newborns# by# the# agent# of# guinea# pig#

inclusion#conjunctivitis.!Infect!Immun,!1972.!5(6):!p.!921K6.!
130.! Rank,!R.G.!and!M.M.!Sanders,!Pathogenesis#of#endometritis#and#salpingitis#

in#a#guinea#pig#model#of# chlamydial#genital# infection.! Am! J! Pathol,! 1992.!
140(4):!p.!927K36.!

131.! Mount,!D.T.,!P.E.!Bigazzi,!and!A.L.!Barron,!Experimental#genital#infection#of#
male#guinea#pigs#with#the#agent#of#guinea#pig# inclusion#conjunctivitis#and#



!

230!

transmission#to#females.!Infect!Immun,!1973.!8(6):!p.!925K30.!
132.! Rank,!R.G.,!B.E.!Batteiger,! and!L.S.! Soderberg,!Susceptibility#to#reinfection#

after#a#primary#chlamydial#genital#infection.!Infect!Immun,!1988.!56(9):!p.!
2243K9.!

133.! Tuggle,! C.K.,! et! al.,! ESTHbased# gene# discovery# in# pig:# virtual# expression#
patterns# and# comparative# mapping# to# human.! Mamm! Genome,! 2003.!
14(8):!p.!565K79.!

134.! De! Clercq,! E.,! I.! Kalmar,! and! D.! Vanrompay,! Animal#models# for# studying#
female#genital# tract# infection#with#Chlamydia# trachomatis.! Infect! Immun,!
2013.!81(9):!p.!3060K7.!

135.! Patton,!D.L.,! et! al.,!The#vaginal#microflora#of#pigHtailed#macaques#and# the#
effects# of# chlorhexidine# and#benzalkonium#on# this# ecosystem.! Sex! Transm!
Dis,!1996.!23(6):!p.!489K93.!

136.! Patton,!D.L.,!Y.T.! Sweeney,! and!K.J.!Paul,!A#summary#of#preclinical#topical#
microbicide# rectal# safety# and# efficacy# evaluations# in# a# pigtailed#macaque#

model.!Sex!Transm!Dis,!2009.!36(6):!p.!350K6.!
137.! Patton,!D.L.,!et!al.,!Distal#tubal#obstruction#induced#by#repeated#Chlamydia#

trachomatis#salpingeal#infections#in#pigHtailed#macaques.!J!Infect!Dis,!1987.!
155(6):!p.!1292K9.!

138.! Patton,! D.L.,! et! al.,!Effects# of# doxycycline#and#antiinflammatory#agents# on#
experimentally# induced# chlamydial# upper# genital# tract# infection# in# female#

macaques.!J!Infect!Dis,!1997.!175(3):!p.!648K54.!
139.! Brunham,! R.C.,! et! al.,! The# potential# for# vaccine# development# against#

chlamydial#infection#and#disease.!J!Infect!Dis,!2000.!181(Suppl(3:!p.!S538K
43.!

140.! Yu,! H.,! et! al.,! Immunization# with# live# and# dead# Chlamydia# muridarum#
induces# different# levels# of# protective# immunity# in# a# murine# genital# tract#

model:# correlation# with# MHC# class# II# peptide# presentation# and#

multifunctional#Th1#cells.!J!Immunol,!2011.!186(6):!p.!3615K21.!
141.! van! Drunen! LittelKvan! den! Hurk,! S.,! et! al.,!Recent# advances# in# the#use# of#

DNA# vaccines# for# the# treatment# of# diseases# of# farmed# animals.! Adv! Drug!
Deliv!Rev,!2000.!43(1):!p.!13K28.!

142.! Collier,! L.H.,! et! al.,! Immunogenicity# of# experimental# trachoma#vaccines# in#
baboons:# III.# Experiments# with# inactivated# vaccines.! J! Hyg! (Lond),! 1967.!
65(1):!p.!97K107.!

143.! Dhir,!S.P.,!et!al.,!Field#trial#of#two#bivalent#trachoma#vaccines#in#children#of#
Punjab#Indian#villages.!Am!J!Ophthalmol,!1967.!63(5):!p.!Suppl:1639K44.!

144.! Woolridge,! R.L.,! et! al.,! LongHterm# followHup# of# the# initial# (1959H1960)#
trachoma#vaccine#field#trial#on#Taiwan.!Am!J!Ophthalmol,!1967.!63(5):!p.!
Suppl:1650K5.!

145.! Longbottom,! D.! and! M.! Livingstone,! Vaccination# against# chlamydial#
infections#of#man#and#animals.!Vet!J,!2006.!171(2):!p.!263K75.!

146.! Caldwell,! H.D.,! J.! Kromhout,! and! J.! Schachter,! Purification# and# partial#
characterization# of# the# major# outer# membrane# protein# of# Chlamydia#

trachomatis.!Infect!Immun,!1981.!31(3):!p.!1161K76.!
147.! Pal,!S.,!et!al.,!Immunization#with#an#acellular#vaccine#consisting#of#the#outer#

membrane#complex#of#Chlamydia#trachomatis#induces#protection#against#a#

genital#challenge.!Infect!Immun,!1997.!65(8):!p.!3361K9.!
148.! Pal,! S.,! et! al.,! Immunization# with# the# Chlamydia# trachomatis# mouse#



!

231!

pneumonitis#major#outer#membrane#protein#can#elicit#a#protective#immune#

response#against#a#genital#challenge.!Infect!Immun,!2001.!69(10):!p.!6240K
7.!

149.! Berry,! L.J.,! et! al.,! Transcutaneous# immunization# with# combined# cholera#
toxin# and# CpG# adjuvant# protects# against# Chlamydia# muridarum# genital#

tract#infection.!Infect!Immun,!2004.!72(2):!p.!1019K28.!
150.! Pal,! S.,! et! al.,! Immunization#with# the# Chlamydia# trachomatis#major# outer#

membrane#protein,#using#the#outer#surface#protein#A#of#Borrelia#burgdorferi#

as# an# adjuvant,# can# induce# protection# against# a# chlamydial# genital#

challenge.!Vaccine,!2003.!21(13K14):!p.!1455K65.!
151.! Murthy,! A.K.,! et! al.,! Intranasal# vaccination# with# a# secreted# chlamydial#

protein# enhances# resolution# of# genital# Chlamydia# muridarum# infection,#

protects# against# oviduct# pathology,# and# is# highly# dependent# upon#

endogenous#gamma#interferon#production.! Infect! Immun,! 2007.!75(2):! p.!
666K76.!

152.! Finco,!O.,!et!al.,!Approach#to#discover#TH#and#BHcell#antigens#of#intracellular#
pathogens# applied# to# the# design# of# Chlamydia# trachomatis# vaccines.! Proc!
Natl!Acad!Sci!U!S!A,!2011.!108(24):!p.!9969K74.!

153.! Brown,!T.H.,!et!al.,!Comparison#of#immune#responses#and#protective#efficacy#
of# intranasal# primeHboost# immunization# regimens# using# adenovirusHbased#

and# CpG/HH2# adjuvantedHsubunit# vaccines# against# genital# Chlamydia#

muridarum#infection.!Vaccine,!2012.!30(2):!p.!350K60.!
154.! Pal,! S.,! et! al.,! Vaccination# of# mice# with# DNA# plasmids# coding# for# the#

Chlamydia# trachomatis#major# outer#membrane# protein# elicits# an# immune#

response# but# fails# to# protect# against# a# genital# challenge.! Vaccine,! 1999.!
17(5):!p.!459K65.!

155.! Schautteet,! K.,! et! al.,! Protection# of# pigs# against# Chlamydia# trachomatis#
challenge#by#administration#of#a#MOMPHbased#DNA#vaccine# in# the#vaginal#

mucosa.!Vaccine,!2011.!29(7):!p.!1399K407.!
156.! Barouch,! D.H.,! et! al.,! Protective# efficacy# of# a# global#HIVH1#mosaic# vaccine#

against# heterologous# SHIV# challenges# in# rhesus# monkeys.! Cell,! 2013.!
155(3):!p.!531K9.!

157.! McKay,! P.F.,! et! al.,!Glucopyranosyl# lipid#A#adjuvant# significantly# enhances#
HIV#specific#T#and#B#cell# responses#elicited#by#a#DNAHMVAHprotein#vaccine#

regimen.!PLoS!One,!2014.!9(1):!p.!e84707.!
158.! Hoffmann,! B.,! H.! Schutze,! and! T.C.! Mettenleiter,! Determination# of# the#

complete#genomic#sequence#and#analysis#of#the#gene#products#of#the#virus#of#

Spring#Viremia#of#Carp,#a#fish#rhabdovirus.!Virus!Res,!2002.!84(1K2):!p.!89K
100.!

159.! Higgins,!D.G.!and!P.M.!Sharp,!CLUSTAL:#a#package#for#performing#multiple#
sequence#alignment#on#a#microcomputer.!Gene,!1988.!73(1):!p.!237K244.!

160.! Cunningham,! K.A.,! et! al.,! Chlamydia# muridarum# major# outer# membrane#
proteinHspecific#antibodies# inhibit# in#vitro# infection#but#enhance#pathology#

in#vivo.!Am!J!Reprod!Immunol,!2011.!65(2):!p.!118K26.!
161.! Igietseme,! J.U.! and! A.! Murdin,! Induction# of# protective# immunity# against#

Chlamydia#trachomatis#genital#infection#by#a#vaccine#based#on#major#outer#

membrane# proteinHlipophilic# immune# responseHstimulating# complexes.!
Infect!Immun,!2000.!68(12):!p.!6798K806.!

162.! Longbottom,!D.,!Chlamydial#vaccine#development.! J!Med!Microbiol,! 2003.!



!

232!

52(Pt!7):!p.!537K40.!
163.! Sun,! G.,! et! al.,! Protection# against# an# intranasal# challenge# by# vaccines#

formulated# with# native# and# recombinant# preparations# of# the# Chlamydia#

trachomatis# major# outer# membrane# protein.! Vaccine,! 2009.! 27(36):! p.!
5020K5.!

164.! Hatch,! T.P.,! Disulfide# crossHlinked# envelope# proteins:# the# functional#
equivalent#of#peptidoglycan#in#chlamydiae?!J!Bacteriol,!1996.!178(1):!p.!1K
5.!

165.! Bavoil,! P.,! A.! Ohlin,! and! J.! Schachter,! Role# of# disulfide# bonding# in# outer#
membrane# structure# and# permeability# in# Chlamydia# trachomatis.! Infect!
Immun,!1984.!44(2):!p.!479K85.!

166.! Wyllie,! S.,! et! al.,!The#major#outer#membrane#protein#of#Chlamydia#psittaci#
functions#as#a#porinHlike#ion#channel.!Infect!Immun,!1998.!66(11):!p.!5202K
7.!

167.! Jones,!H.M.,!A.!Kubo,!and!R.S.!Stephens,!Design,#expression#and#functional#
characterization# of# a# synthetic# gene# encoding# the# Chlamydia# trachomatis#

major#outer#membrane#protein.!Gene,!2000.!258(1K2):!p.!173K81.!
168.! Su,! H.,! et! al.,! Chlamydia# trachomatisHhost# cell# interactions:# role# of# the#

chlamydial# major# outer#membrane# protein# as# an# adhesin.! Infect! Immun,!
1990.!58(4):!p.!1017K25.!

169.! Swanson,! A.F.! and! C.C.! Kuo,! Binding# of# the# glycan# of# the# major# outer#
membrane#protein#of#Chlamydia#trachomatis# to#HeLa#cells.! Infect! Immun,!
1994.!62(1):!p.!24K8.!

170.! Wang,! Y.,! et! al.,! Identification#of# surfaceHexposed#components#of#MOMP#of#
Chlamydia#trachomatis#serovar#F.!Protein!Sci,!2006.!15(1):!p.!122K34.!

171.! Baehr,! W.,! et! al.,! Mapping# antigenic# domains# expressed# by# Chlamydia#
trachomatis#major#outer#membrane#protein#genes.!Proc!Natl!Acad!Sci!U!S!
A,!1988.!85(11):!p.!4000K4.!

172.! Su,! H.,! et! al.,! Differential# effect# of# trypsin# on# infectivity# of# Chlamydia#
trachomatis:#loss#of#infectivity#requires#cleavage#of#major#outer#membrane#

protein# variable#domains# II# and# IV.! Infect! Immun,! 1988.!56(8):! p.! 2094K
100.!

173.! Stephens,! R.S.,! et! al.,! Molecular# cloning# and# expression# of# Chlamydia#
trachomatis# major# outer# membrane# protein# antigens# in# Escherichia# coli.!
Infect!Immun,!1985.!47(3):!p.!713K8.!

174.! Sayada,!C.,!E.!Denamur,!and!J.!Elion,!Complete#sequence#of#the#major#outer#
membrane# proteinHencoding# gene# of# Chlamydia# trachomatis# serovar# Da.!
Gene,!1992.!120(1):!p.!129K30.!

175.! Salari,! S.H.! and! M.E.! Ward,! Polypeptide# composition# of# Chlamydia#
trachomatis.!J!Gen!Microbiol,!1981.!123(2):!p.!197K207.!

176.! Carter,!M.W.,!et!al.,!Nucleotide#sequence#and#taxonomic#value#of#the#major#
outer# membrane# protein# gene# of# Chlamydia# pneumoniae# IOLH207.! J! Gen!
Microbiol,!1991.!137(3):!p.!465K75.!

177.! Yuan,!Y.,! et! al.,!Nucleotide#and#deduced#amino#acid#sequences# for#the#four#
variable# domains# of# the# major# outer# membrane# proteins# of# the# 15#

Chlamydia#trachomatis#serovars.!Infect!Immun,!1989.!57(4):!p.!1040K9.!
178.! Wang,!S.P.,!et!al.,!Immunotyping#of#Chlamydia#trachomatis#with#monoclonal#

antibodies.!J!Infect!Dis,!1985.!152(4):!p.!791K800.!
179.! Wang,!S.P.!and!J.T.!Grayston,!Three#new#serovars#of#Chlamydia#trachomatis:#



!

233!

Da,#Ia,#and#L2a.!J!Infect!Dis,!1991.!163(2):!p.!403K5.!
180.! Stephens,!R.S.,!E.A.!Wagar,!and!G.K.!Schoolnik,!HighHresolution#mapping#of#

serovarHspecific# and# common# antigenic# determinants# of# the# major# outer#

membrane#protein#of#Chlamydia#trachomatis.! J!Exp!Med,!1988.!167(3):!p.!
817K31.!

181.! Conlan,!J.W.,!I.N.!Clarke,!and!M.E.!Ward,!Epitope#mapping#with#solidHphase#
peptides:# identification# of# typeH,# subspeciesH,# speciesH# and# genusHreactive#

antibody# binding# domains# on# the# major# outer# membrane# protein# of#

Chlamydia#trachomatis.!Mol!Microbiol,!1988.!2(5):!p.!673K9.!
182.! Fischer,!W.,!et!al.,!Polyvalent#vaccines#for#optimal#coverage#of#potential#TH

cell#epitopes#in#global#HIVH1#variants.!Nat!Med,!2007.!13(1):!p.!100K6.!
183.! Eugene,!H.S.,! et!al.,!Rhesus#macaques#vaccinated#with#consensus#envelopes#

elicit# partially# protective# immune# responses# against# SHIV# SF162p4#

challenge.!Virol!J,!2013.!10:!p.!102.!
184.! Feher,!V.A.,!et!al.,!A#3Hdimensional#trimeric#betaHbarrel#model#for#Chlamydia#

MOMP# contains# conserved# and# novel# elements# of# GramHnegative# bacterial#

porins.!PLoS!One,!2013.!8(7):!p.!e68934.!
185.! Bax,! C.J.,! et! al.,! Analyses# of# multipleHsite# and# concurrent# Chlamydia#

trachomatis# serovar# infections,# and# serovar# tissue# tropism# for# urogenital#

versus# rectal# specimens# in# male# and# female# patients.! Sex! Transm! Infect,!
2011.!87(6):!p.!503K7.!

186.! Marangoni,!A.,!et!al.,!Chlamydia#trachomatis#serovar#distribution#and#other#
sexually# transmitted#coinfections# in# subjects#attending#an#STD#outpatients#

clinic#in#Italy.!New!Microbiol,!2012.!35(2):!p.!215K9.!
187.! Satoh,!M.,!et!al.,!Multilocus#VNTR#analysisHompA#typing#of#venereal#isolates#

of#Chlamydia# trachomatis# in# Japan.! J! Infect! Chemother,! 2014.!20(10):! p.!
656K9.!

188.! Yang,! B.,! et! al.,!The#prevalence#and#distribution#of#Chlamydia#trachomatis#
genotypes#among#sexually#transmitted#disease#clinic#patients#in#Guangzhou,#

China,#2005H2008.!Jpn!J!Infect!Dis,!2010.!63(5):!p.!342K5.!
189.! Nunes,!A.,!et!al.,!Adaptive#evolution#of#the#Chlamydia#trachomatis#dominant#

antigen# reveals# distinct# evolutionary# scenarios# for# BH# and# THcell# epitopes:#

worldwide#survey.!PLoS!One,!2010.!5(10).!
190.! Lan,! J.,!et!al.,!Prevalence#and#serovar#distribution#of#asymptomatic#cervical#

Chlamydia# trachomatis# infections#as#determined#by#highly# sensitive#PCR.! J!
Clin!Microbiol,!1995.!33(12):!p.!3194K7.!

191.! Bandea,!C.I.,!et!al.,!Chlamydia#trachomatis#serovars#among#strains#isolated#
from#members#of# rural# indigenous# communities#and#urban#populations# in#

Australia.!J!Clin!Microbiol,!2008.!46(1):!p.!355K6.!
192.! Gallo! Vaulet,! L.,! et! al.,! Distribution# study# of# Chlamydia# trachomatis#

genotypes# in#symptomatic#patients# in#Buenos#Aires,#Argentina:#association#

between#genotype#E#and#neonatal#conjunctivitis.!BMC!Res!Notes,!2010.!3:!
p.!34.!

193.! Gao,!X.,!et!al.,!Distribution#study#of#Chlamydia#trachomatis#serovars#among#
highHrisk#women#in#China#performed#using#PCRHrestriction#fragment#length#

polymorphism#genotyping.!J!Clin!Microbiol,!2007.!45(4):!p.!1185K9.!
194.! Papadogeorgakis,!H.,!et!al.,!Chlamydia#trachomatis#serovar#distribution#and#

Neisseria# gonorrhoeae# coinfection# in# male# patients# with# urethritis# in#

Greece.!J!Clin!Microbiol,!2010.!48(6):!p.!2231K4.!



!

234!

195.! Hafner,!L.,!K.!Beagley,!and!P.!Timms,!Chlamydia#trachomatis#infection:#host#
immune#responses#and#potential#vaccines.!Mucosal!Immunol,!2008.!1(2):!p.!
116K30.!

196.! Morre,! S.A.,! et! al.,!Urogenital#Chlamydia#trachomatis#serovars# in#men#and#
women#with#a#symptomatic#or#asymptomatic#infection:#an#association#with#

clinical#manifestations?!J!Clin!Microbiol,!2000.!38(6):!p.!2292K6.!
197.! Petrovay,! F.,! et! al.,! Genotyping# of# Chlamydia# trachomatis# from# the#

endocervical# specimens# of# highHrisk#women# in#Hungary.! J! Med!Microbiol,!
2009.!58(Pt!6):!p.!760K4.!

198.! Donati,! M.,! et! al.,! Chlamydia# trachomatis# serovar# distribution# and# other#
concurrent# sexually# transmitted# infections# in# heterosexual# men# with#

urethritis#in#Italy.!Eur!J!Clin!Microbiol!Infect!Dis,!2009.!28(5):!p.!523K6.!
199.! Yamazaki,!T.,!et!al.,!Distribution#of#Chlamydia#trachomatis#serovars#among#

female#prostitutes#and#nonHprostitutes# in#Thailand,# and#nonHprostitutes# in#

Japan#during#the#midH90s.!Jpn!J!Infect!Dis,!2005.!58(4):!p.!211K3.!
200.! Suarkia,! D.L.,! et! al.,! Chlamydia# trachomatis# infection# and# distribution# of#

serovars#in#the#Eastern#Highlands#Province,#Papua#New#Guinea.!P!N!G!Med!
J,!2007.!50(3K4):!p.!134K44.!

201.! Smelov,! V.,! et! al.,!Chlamydia# trachomatis# serovar#distributions# in#Russian#
men# and# women:# a# comparison# with# Dutch# serovar# distributions.! Drugs!
Today!(Barc),!2009.!45(Suppl(B:!p.!33K8.!

202.! Suchland,! R.J.,! et! al.,! Longitudinal# assessment# of# infecting# serovars# of#
Chlamydia# trachomatis# in# Seattle# public# health# clinics:# 1988H1996.! Sex!
Transm!Dis,!2003.!30(4):!p.!357K61.!

203.! Telford,!J.L.,!Bacterial#genome#variability#and#its#impact#on#vaccine#design.!
Cell!Host!Microbe,!2008.!3(6):!p.!408K16.!

204.! Kollipara,!A.,!et!al.,!Antigenic#specificity#of#a#monovalent#versus#polyvalent#
MOMP# based# Chlamydia# pecorum# vaccine# in# koalas# (Phascolarctos#

cinereus).!Vaccine,!2013.!31(8):!p.!1217K23.!
205.! Crane,!D.D.,!et!al.,!Chlamydia#trachomatis#polymorphic#membrane#protein#D#

is# a# speciesHcommon#panHneutralizing# antigen.! Proc! Natl! Acad! Sci! U! S! A,!
2006.!103(6):!p.!1894K9.!

206.! Farris,! C.M.! and! R.P.! Morrison,! Vaccination# against# Chlamydia# genital#
infection# utilizing# the# murine# C.# muridarum#model.! Infect! Immun,! 2011.!
79(3):!p.!986K96.!

207.! Barbour,! M.L.,! et! al.,! The# impact# of# conjugate# vaccine# on# carriage# of#
Haemophilus#influenzae#type#b.!J!Infect!Dis,!1995.!171(1):!p.!93K8.!

208.! Lipsitch,! M.,! Bacterial# Vaccines# and# Serotype# Replacement:# Lessons# from#
Haemophilus# influenzae# and# Prospects# for# Streptococcus# pneumoniae.!
Emerging!Infectious!Diseases,!1999.!5(3):!p.!336K345.!

209.! Huang,!S.S.,!PostHPCV7#Changes#in#Colonizing#Pneumococcal#Serotypes#in#16#
Massachusetts#Communities,# 2001#and#2004.! Pediatrics,! 2005.!116(3):! p.!
e408Ke413.!

210.! Nyamekye! ObengKAdjei,! J.Y.,! Daniel! Choo,! and! David! Weiner,!
Immunogenicity#of#novel#consensusHbased#DNA#vaccines#against#Hepatitis#B#

core#Antigen.#

.!The!Journal!of!Immunology,!2011.!186(106.1).!
211.! Chen,! M.W.,! et! al.,! A# consensusHhemagglutininHbased# DNA# vaccine# that#

protects#mice#against#divergent#H5N1#influenza#viruses.!Proc!Natl!Acad!Sci!



!

235!

U!S!A,!2008.!105(36):!p.!13538K43.!
212.! Santra,! S.,! et! al.,!Mosaic# vaccines# elicit#CD8+#T# lymphocyte# responses# that#

confer# enhanced# immune# coverage#of# diverse#HIV# strains# in#monkeys.! Nat!
Med,!2010.!16(3):!p.!324K8.!

213.! Barouch,!D.H.,!et!al.,!Mosaic#HIVH1#vaccines#expand#the#breadth#and#depth#
of#cellular#immune#responses#in#rhesus#monkeys.!Nat!Med,!2010.!16(3):!p.!
319K23.!

214.! Zeng,! Q.,! et! al.,! Development# of# a# DNA# vaccine# targeting# Merkel# cell#
polyomavirus.!Vaccine,!2012.!30(7):!p.!1322K9.!

215.! Yan,! J.,! et! al.,!Highly# optimized#DNA# vaccine# targeting# human# telomerase#
reverse# transcriptase# stimulates# potent# antitumor# immunity.! Cancer!
Immunol!Res,!2013.!1(3):!p.!179K89.!

216.! O'Brien,! L.,! et! al.,! Alpha# interferon# as# an# adenovirusHvectored# vaccine#
adjuvant#and#antiviral# in#Venezuelan#equine#encephalitis# virus# infection.! J!
Gen!Virol,!2009.!90(Pt!4):!p.!874K82.!

217.! Zeng,!M.,! et! al.,!Protective#immunity#against#botulism#provided#by#a#single#
dose# vaccination# with# an# adenovirusHvectored# vaccine.! Vaccine,! 2007.!
25(43):!p.!7540K8.!

218.! Shim,! B.S.,! et! al.,! Sublingual# immunization# with# recombinant# adenovirus#
encoding# SARSHCoV# spike# protein# induces# systemic# and#mucosal# immunity#

without#redirection#of#the#virus#to#the#brain.!Virol!J,!2012.!9:!p.!215.!
219.! ReyesKSandoval,! A.,! et! al.,!Mixed# vector# immunization# with# recombinant#

adenovirus# and# MVA# can# improve# vaccine# efficacy# while# decreasing#

antivector#immunity.!Mol!Ther,!2012.!20(8):!p.!1633K47.!
220.! Saubi,!N.,! et! al.,!PreHclinical#development#of#BCG.HIVA(CAT),#an#antibioticH

free# selection# strain,# for# HIVHTB# pediatric# vaccine# vectored# by# lysine#

auxotroph#of#BCG.!PLoS!One,!2012.!7(8):!p.!e42559.!
221.! Kaul,! R.,! et! al.,! Expression# of# the# Chlamydia# trachomatis# major# outer#

membrane#proteinHencoding#gene# in#Escherichia# coli:# role#of# the#3'# end# in#

mRNA#stability.!Gene,!1990.!87(1):!p.!97K103.!
222.! Kalbina,! I.,! et!al.,!A#novel#chimeric#MOMP#antigen#expressed#in#Escherichia#

coli,# Arabidopsis# thaliana,# and# Daucus# carota# as# a# potential# Chlamydia#

trachomatis# vaccine# candidate.! Protein! Expr! Purif,! 2011.! 80(2):! p.! 194K
202.!

223.! Dunachie,! S.J.! and! A.V.! Hill,! PrimeHboost# strategies# for# malaria# vaccine#
development.!J!Exp!Biol,!2003.!206(Pt!21):!p.!3771K9.!

224.! Wang,! R.,! et! al.,! Induction# of# antigenHspecific# cytotoxic# T# lymphocytes# in#
humans#by#a#malaria#DNA#vaccine.!Science,!1998.!282(5388):!p.!476K80.!

225.! Sutter,!G.!and!B.!Moss,!Nonreplicating#vaccinia#vector#efficiently#expresses#
recombinant#genes.!Proc!Natl!Acad!Sci!U!S!A,!1992.!89(22):!p.!10847K51.!

226.! Lanar,! D.E.,! et! al.,! Attenuated# vaccinia# virusHcircumsporozoite# protein#
recombinants# confer# protection# against# rodent# malaria.! Infect! Immun,!
1996.!64(5):!p.!1666K71.!

227.! Hu,!S.L.,!et!al.,!Neutralizing#antibodies#against#HIVH1#BRU#and#SF2#isolates#
generated# in#mice# immunized#with# recombinant# vaccinia# virus# expressing#

HIVH1# (BRU)#envelope#glycoproteins#and#boosted#with#homologous#gp160.!
AIDS!Res!Hum!Retroviruses,!1991.!7(7):!p.!615K20.!

228.! Woodland,!D.L.,!JumpHstarting#the#immune#system:#primeHboosting#comes#of#
age.!Trends!Immunol,!2004.!25(2):!p.!98K104.!



!

236!

229.! Ranasinghe,! C.! and! I.A.! Ramshaw,! Genetic# heterologous# primeHboost#
vaccination#strategies#for#improved#systemic#and#mucosal#immunity.!Expert!
Rev!Vaccines,!2009.!8(9):!p.!1171K81.!

230.! Ramshaw,! I.A.! and! A.J.! Ramsay,! The# primeHboost# strategy:# exciting#
prospects#for#improved#vaccination.! Immunol!Today,!2000.!21(4):!p.!163K
5.!

231.! McShane,! H.! and! A.! Hill,! PrimeHboost# immunisation# strategies# for#
tuberculosis.!Microbes!Infect,!2005.!7(5K6):!p.!962K7.!

232.! Li,! S.,! et! al.,! Priming# with# recombinant# influenza# virus# followed# by#
administration#of#recombinant#vaccinia#virus#induces#CD8+#THcellHmediated#

protective# immunity# against# malaria.! Proc! Natl! Acad! Sci! U! S! A,! 1993.!
90(11):!p.!5214K8.!

233.! Letvin,!N.L.,!et!al.,!Potent,#protective#antiHHIV#immune#responses#generated#
by#bimodal#HIV#envelope#DNA#plus#protein#vaccination.!Proc!Natl!Acad!Sci!
U!S!A,!1997.!94(17):!p.!9378K83.!

234.! Gorse,! G.J.,! et! al.,! VaccineHinduced# antibodies# to# native# and# recombinant#
human# immunodeficiency#virus# type#1#envelope#glycoproteins.#NIAID#AIDS#

Vaccine#Clinical#Trials#Network.!Vaccine,!1994.!12(10):!p.!912K8.!
235.! McShane,! H.,! et! al.,! Enhanced# immunogenicity# of# CD4(+)# tHcell# responses#

and# protective# efficacy# of# a# DNAHmodified# vaccinia# virus# Ankara# primeH

boost# vaccination# regimen# for# murine# tuberculosis.! Infect! Immun,! 2001.!
69(2):!p.!681K6.!

236.! Hanke,! T.,! et! al.,!Enhancement#of#MHC#class# IHrestricted#peptideHspecific#T#
cell# induction# by# a# DNA# prime/MVA# boost# vaccination# regime.! Vaccine,!
1998.!16(5):!p.!439K45.!

237.! van! der! Burg,! S.H.,! et! al.,! PreHclinical# safety# and# efficacy# of# TAHCIN,# a#
recombinant# HPV16# L2E6E7# fusion# protein# vaccine,# in# homologous# and#

heterologous#primeHboost#regimens.!Vaccine,!2001.!19(27):!p.!3652K60.!
238.! Sullivan,! N.J.,! et! al.,! Development# of# a# preventive# vaccine# for# Ebola# virus#

infection#in#primates.!Nature,!2000.!408(6812):!p.!605K9.!
239.! Douglas,!A.D.,!et!al.,!Tailoring#subunit#vaccine#immunogenicity:#maximizing#

antibody#and#T#cell#responses#by#using#combinations#of#adenovirus,#poxvirus#

and# proteinHadjuvant# vaccines# against# Plasmodium# falciparum# MSP1.!
Vaccine,!2010.!28(44):!p.!7167K78.!

240.! Mestecky,!J.,!et!al.,!Routes#of#immunization#and#antigen#delivery#systems#for#
optimal# mucosal# immune# responses# in# humans.! Behring! Inst! Mitt,!
1997(98):!p.!33K43.!

241.! Meoni,! E.,! et! al.,! CT043,# a# protective# antigen# that# induces# a# CD4+# Th1#
response# during# Chlamydia# trachomatis# infection# in# mice# and# humans.!
Infect!Immun,!2009.!77(9):!p.!4168K76.!

242.! Zhang,!D.,! et!al.,!DNA#vaccination#with#the#major#outerHmembrane#protein#
gene# induces# acquired# immunity# to# Chlamydia# trachomatis# (mouse#

pneumonitis)#infection.!J!Infect!Dis,!1997.!176(4):!p.!1035K40.!
243.! Schautteet,! K.,! Epidemiological# Research# on# Chlamydiaceae# in# Pigs# and#

Evaluation# of# a# Chlamydia# trachomatis# DNA# vaccine.! 2010.! Ghent(
University,(Ghent,(Belgium,.!

244.! Lu,! H.,! et! al.,! Dendritic# cells# (DCs)# transfected# with# a# recombinant#
adenovirus# carrying# chlamydial# major# outer# membrane# protein# antigen#

elicit#protective#immune#responses#against#genital#tract#challenge#infection.!



!

237!

Biochem!Cell!Biol,!2010.!88(4):!p.!757K65.!
245.! Murdin,!A.D.,!et!al.,!A#poliovirus#hybrid#expressing#a#neutralization#epitope#

from#the#major#outer#membrane#protein#of#Chlamydia#trachomatis#is#highly#

immunogenic.!Infect!Immun,!1993.!61(10):!p.!4406K14.!
246.! Anttila,!M.,!et!al.,!Avidity#of#IgG#for#Streptococcus#pneumoniae#type#6B#and#

23F#polysaccharides# in# infants# primed#with#pneumococcal# conjugates#and#

boosted# with# polysaccharide# or# conjugate# vaccines.! J! Infect! Dis,! 1998.!
177(6):!p.!1614K21.!

247.! Goldblatt,! D.,! A.R.! Vaz,! and! E.! Miller,! Antibody# avidity# as# a# surrogate#
marker#of# successful#priming#by#Haemophilus# influenzae# type#b# conjugate#

vaccines#following#infant#immunization.!J!Infect!Dis,!1998.!177(4):!p.!1112K
5.!

248.! Schlesinger,! Y.! and! D.M.! Granoff,! Avidity# and# bactericidal# activity# of#
antibody# elicited# by# different# Haemophilus# influenzae# type# b# conjugate#

vaccines.#The#Vaccine#Study#Group.!JAMA,!1992.!267(11):!p.!1489K94.!
249.! Lucas,!A.H.!and!D.M.!Granoff,!Functional#differences#in#idiotypically#defined#

IgG1# antiHpolysaccharide# antibodies# elicited# by# vaccination# with#

Haemophilus# influenzae# type# B# polysaccharideHprotein# conjugates.! J!
Immunol,!1995.!154(8):!p.!4195K202.!

250.! Usinger,! W.R.! and! A.H.! Lucas,! Avidity# as# a# determinant# of# the# protective#
efficacy# of# human# antibodies# to# pneumococcal# capsular# polysaccharides.!
Infect!Immun,!1999.!67(5):!p.!2366K70.!

251.! Breukels,! M.A.,! et! al.,! Concentration# and# avidity# of# antiHHaemophilus#
influenzae#type#b#(Hib)#antibodies#in#serum#samples#obtained#from#patients#

for#whom#Hib#vaccination#failed.!Clin!Infect!Dis,!2002.!34(2):!p.!191K7.!
252.! Kannanganat,! S.,! et! al.,!Human# immunodeficiency# virus# type# 1# controllers#

but#not#noncontrollers#maintain#CD4#T#cells#coexpressing#three#cytokines.! J!
Virol,!2007.!81(21):!p.!12071K6.!

253.! Darrah,!P.A.,! et!al.,!Multifunctional#TH1#cells#define#a#correlate#of#vaccineH
mediated#protection#against#Leishmania#major.! Nat!Med,! 2007.!13(7):! p.!
843K50.!

254.! Kannanganat,! S.,! et! al.,!MultipleHcytokineHproducing# antiviral# CD4# T# cells#
are# functionally# superior# to# singleHcytokineHproducing# cells.! J! Virol,! 2007.!
81(16):!p.!8468K76.!

255.! Precopio,! M.L.,! et! al.,! Immunization# with# vaccinia# virus# induces#
polyfunctional#and#phenotypically#distinctive#CD8(+)#T#cell#responses.!J!Exp!
Med,!2007.!204(6):!p.!1405K16.!

256.! Aagaard,!C.,!et!al.,!Protection#and#polyfunctional#T#cells#induced#by#Ag85BH
TB10.4/IC31# against# Mycobacterium# tuberculosis# is# highly# dependent# on#

the#antigen#dose.!PLoS!One,!2009.!4(6):!p.!e5930.!
257.! Picard,! M.D.,! et! al.,! HighHthroughput# proteomic# screening# identifies#

Chlamydia# trachomatis# antigens# that# are# capable# of# eliciting# T# cell# and#

antibody# responses# that# provide# protection# against# vaginal# challenge.!
Vaccine,!2012.!30(29):!p.!4387K93.!

258.! O'Meara,! C.P.,! et! al.,! Immunization# with# a# MOMPHbased# vaccine# protects#
mice# against# a# pulmonary# Chlamydia# challenge# and# identifies# a#

disconnection# between# infection# and#pathology.! PLoS! One,! 2013.!8(4):! p.!
e61962.!

259.! Harari,!A.,!et!al.,!An#HIVH1#clade#C#DNA#prime,#NYVAC#boost#vaccine#regimen#



!

238!

induces# reliable,# polyfunctional,# and# longHlasting# T# cell# responses.! J! Exp!
Med,!2008.!205(1):!p.!63K77.!

260.! Fournillier,! A.,! et! al.,! A# heterologous# prime/boost# vaccination# strategy#
enhances#the#immunogenicity#of#therapeutic#vaccines#for#hepatitis#C#virus.!J!
Infect!Dis,!2013.!208(6):!p.!1008K19.!

261.! Pal,!S.,!E.M.!Peterson,!and!L.M.!de!la!Maza,!Vaccination#with#the#Chlamydia#
trachomatis#major#outer#membrane#protein#can#elicit#an#immune#response#

as# protective# as# that# resulting# from# inoculation# with# live# bacteria.! Infect!
Immun,!2005.!73(12):!p.!8153K60.!

262.! Hansen,! J.,! et! al.,!Liposome#delivery#of#Chlamydia#muridarum#major#outer#
membrane# protein# primes# a# Th1# response# that# protects# against# genital#

chlamydial#infection#in#a#mouse#model.! J! Infect!Dis,!2008.!198(5):!p.!758K
67.!

263.! Zhang,! D.J.,! et! al.,! Characterization# of# immune# responses# following#
intramuscular# DNA# immunization# with# the# MOMP# gene# of# Chlamydia#

trachomatis#mouse#pneumonitis#strain.! Immunology,!1999.!96(2):!p.!314K
21.!

264.! Yu,! H.,! et! al.,! Chlamydia# muridarum# THcell# antigens# formulated# with# the#
adjuvant#DDA/TDB#induce#immunity#against#infection#that#correlates#with#

a#high#frequency#of#gamma#interferon#(IFNHgamma)/tumor#necrosis#factor#

alpha# and# IFNHgamma/interleukinH17# doubleHpositive# CD4+# T# cells.! Infect!
Immun,!2010.!78(5):!p.!2272K82.!

265.! Singh,! S.R.,! et! al.,! Mucosal# immunization# with# recombinant# MOMP#
genetically# linked# with# modified# cholera# toxin# confers# protection# against#

Chlamydia#trachomatis#infection.!Vaccine,!2006.!24(8):!p.!1213K24.!
266.! Macmillan,! L.,! et! al.,! A# recombinant# multivalent# combination# vaccine#

protects# against# Chlamydia# and# genital# herpes.! FEMS! Immunol! Med!
Microbiol,!2007.!49(1):!p.!46K55.!

267.! Lambe,!T.,! et! al.,! Immunity#against#heterosubtypic# influenza#virus# induced#
by#adenovirus#and#MVA#expressing#nucleoprotein#and#matrix#proteinH1.!Sci!
Rep,!2013.!3:!p.!1443.!

268.! Yu,! J.R.,! et! al.,! Single# intranasal# immunization# with# recombinant#
adenovirusHbased#vaccine# induces#protective# immunity#against# respiratory#

syncytial#virus#infection.!J!Virol,!2008.!82(5):!p.!2350K7.!
269.! Gherardi,!M.M.,! et! al.,! Induction#of#HIV#immunity#in#the#genital#tract#after#

intranasal# delivery# of# a#MVA# vector:# enhanced# immunogenicity# after#DNA#

primeHmodified# vaccinia# virus# Ankara# boost# immunization# schedule.! J!
Immunol,!2004.!172(10):!p.!6209K20.!

270.! Nigg,! C.,! An# Unidentified# Virus#Which# Produces# Pneumonia# and# Systemic#
Infection#in#Mice.!Science,!1942.!95(2454):!p.!49K50.!

271.! Tuffrey,!M.,! et! al.,!Correlation#of# infertility#with#altered# tubal#morphology#
and# function# in# mice# with# salpingitis# induced# by# a# human# genitalHtract#

isolate#of#Chlamydia#trachomatis.!J!Reprod!Fertil,!1990.!88(1):!p.!295K305.!
272.! Tuffrey,! M.,! et! al.,! Salpingitis# in# mice# induced# by# human# strains# of#

Chlamydia#trachomatis.!Br!J!Exp!Pathol,!1986.!67(4):!p.!605K16.!
273.! Darville,! T.,! et! al.,! Mouse# strainHdependent# variation# in# the# course# and#

outcome#of#chlamydial#genital#tract#infection#is#associated#with#differences#

in#host#response.!Infect!Immun,!1997.!65(8):!p.!3065K73.!
274.! Ramsey,!K.H.,!J.L.!DeWolfe,!and!R.D.!Salyer,!Disease#outcome#subsequent#to#



!

239!

primary#and#secondary#urogenital#infection#with#murine#or#human#biovars#

of#Chlamydia#trachomatis.!Infect!Immun,!2000.!68(12):!p.!7186K9.!
275.! Ito,! J.I.,! Jr.,! J.M.!Lyons,! and!L.P.!AiroKBrown,!Variation#in#virulence#among#

oculogenital# serovars# of# Chlamydia# trachomatis# in# experimental# genital#

tract#infection.!Infect!Immun,!1990.!58(6):!p.!2021K3.!
276.! Coler,!R.N.,!et!al.,!Identification#and#characterization#of#novel#recombinant#

vaccine#antigens#for#immunization#against#genital#Chlamydia#trachomatis.!
FEMS!Immunol!Med!Microbiol,!2009.!55(2):!p.!258K70.!

277.! Morrison,! S.G.,! et! al.,! Immunity# to#murine# Chlamydia# trachomatis# genital#
tract#reinfection#involves#B#cells#and#CD4(+)#T#cells#but#not#CD8(+)#T#cells.!
Infect!Immun,!2000.!68(12):!p.!6979K87.!

278.! Fankhauser,!S.C.!and!M.N.!Starnbach,!PDHL1#limits#the#mucosal#CD8+#T#cell#
response#to#Chlamydia#trachomatis.!J!Immunol,!2014.!192(3):!p.!1079K90.!

279.! Pal,! S.,! et! al.,! Immunization#with# the# Chlamydia# trachomatis#major# outer#
membrane# protein,# using# adjuvants# developed# for# human# vaccines,# can#

induce# partial# protection# in# a# mouse# model# against# a# genital# challenge.!
Vaccine,!2006.!24(6):!p.!766K75.!

280.! Pal,!S.,!E.M.!Peterson,!and!L.M.!de!la!Maza,!Induction#of#protective#immunity#
against# a# Chlamydia# trachomatis# genital# infection# in# three# genetically#

distinct#strains#of#mice.!Immunology,!2003.!110(3):!p.!368K75.!
281.! Lu,! C.,! et! al.,! Induction# of# protective# immunity# against# Chlamydia#

muridarum# intravaginal# infection# with# the# chlamydial# immunodominant#

antigen#macrophage#infectivity#potentiator.!Microbes! Infect,!2013.!15(4):!
p.!329K38.!

282.! Ifere,!G.O.,!et!al.,!Immunogenicity#and#protection#against#genital#Chlamydia#
infection# and# its# complications# by# a# multisubunit# candidate# vaccine.! J!
Microbiol!Immunol!Infect,!2007.!40(3):!p.!188K200.!

283.! Scidmore,!M.A.,!et!al.,!Vesicular#interactions#of#the#Chlamydia#trachomatis#
inclusion#are#determined#by#chlamydial#early#protein#synthesis#rather#than#

route#of#entry.!Infect!Immun,!1996.!64(12):!p.!5366K72.!
284.! Armitage,! C.W.,! et! al.,! Divergent# outcomes# following# transcytosis# of# IgG#

targeting#intracellular#and#extracellular#chlamydial#antigens.!Immunol!Cell!
Biol,!2014.!92(5):!p.!417K26.!

285.! Sears,! H.F.,! et! al.,! Effects# of# monoclonal# antibody# immunotherapy# on#
patients#with#gastrointestinal#adenocarcinoma.!J!Biol!Response!Mod,!1984.!
3(2):!p.!138K50.!

286.! Miklos,!K.,!et!al.,!Antibody#mediated#lysis#of#haptenHconjugated#target#cells#
by#macrophages#and#by#complement:#the#influence#of#IgG#subclass,#antibody#

and#hapten#density.!Mol!Immunol,!1992.!29(3):!p.!379K84.!
287.! Moore,! T.,! et! al.,! Fc# receptor# regulation# of# protective# immunity# against#

Chlamydia#trachomatis.!Immunology,!2002.!105(2):!p.!213K21.!
288.! Farris,! C.M.,! S.G.!Morrison,! and!R.P.!Morrison,!CD4+#T#cells#and#antibody#

are# required# for# optimal# major# outer# membrane# protein# vaccineHinduced#

immunity#to#Chlamydia#muridarum#genital#infection.! Infect! Immun,!2010.!
78(10):!p.!4374K83.!

289.! Murphey,! C.,! et! al.,! The# protective# efficacy# of# chlamydial# proteaseHlike#
activity# factor# vaccination# is# dependent#upon#CD4+#T# cells.! Cell! Immunol,!
2006.!242(2):!p.!110K7.!

290.! Murthy,! A.K.,! et! al.,! A# limited# role# for# antibody# in# protective# immunity#



!

240!

induced#by#rCPAF#and#CpG#vaccination#against#primary#genital#Chlamydia#

muridarum#challenge.!FEMS!Immunol!Med!Microbiol,!2009.!55(2):!p.!271K
9.!

291.! Su,!H.,!M.! Parnell,! and!H.D.! Caldwell,!Protective#efficacy#of#a#parenterally#
administered# MOMPHderived# synthetic# oligopeptide# vaccine# in# a# murine#

model#of#Chlamydia#trachomatis#genital#tract#infection:#serum#neutralizing#

IgG# antibodies# do# not# protect# against# chlamydial# genital# tract# infection.!
Vaccine,!1995.!13(11):!p.!1023K32.!

292.! Tifrea,! D.F.,! et! al.,! Increased# Immunoaccessibility# of# MOMP# Epitopes# in# a#
Vaccine# Formulated# with# Amphipols# May# Account# for# the# Very# Robust#

Protection#Elicited#against#a#Vaginal#Challenge#with#Chlamydia#muridarum.!
J!Immunol,!2014.!192(11):!p.!5201K13.!

293.! Bartolini,! E.,! et! al.,! Recombinant# outer# membrane# vesicles# carrying#
Chlamydia#muridarum#HtrA# induce# antibodies# that# neutralize# chlamydial#

infection#in#vitro.!J!Extracell!Vesicles,!2013.!2.!
294.! Brunham,! R.C.,! et! al.,! Correlation# of# host# immune# response# with#

quantitative# recovery# of# Chlamydia# trachomatis# from# the# human#

endocervix.!Infect!Immun,!1983.!39(3):!p.!1491K4.!
295.! Morrison,! S.G.! and! R.P.! Morrison,! The# protective# effect# of# antibody# in#

immunity# to#murine#chlamydial#genital# tract# reinfection# is# independent#of#

immunoglobulin#A.!Infect!Immun,!2005.!73(9):!p.!6183K6.!
296.! Johansson,! M.,! et! al.,! Genital# tract# infection# with# Chlamydia# trachomatis#

fails#to#induce#protective#immunity#in#gamma#interferon#receptorHdeficient#

mice# despite# a# strong# local# immunoglobulin# A# response.! Infect! Immun,!
1997.!65(3):!p.!1032K44.!

297.! Ito,! J.I.! and! J.M.! Lyons,! Role# of# gamma# interferon# in# controlling# murine#
chlamydial#genital#tract#infection.!Infect!Immun,!1999.!67(10):!p.!5518K21.!

298.! Beatty,!W.L.,!R.P.!Morrison,!and!G.I.!Byrne,!Persistent#chlamydiae:#from#cell#
culture# to# a# paradigm# for# chlamydial# pathogenesis.! Microbiol! Rev,! 1994.!
58(4):!p.!686K99.!

299.! Read,! T.D.,! et! al.,!Genome# sequences#of#Chlamydia# trachomatis#MoPn#and#
Chlamydia# pneumoniae# AR39.! Nucleic! Acids! Res,! 2000.! 28(6):! p.! 1397K
406.!

300.! Freidank,!H.M.,!H.!Billing,! and!M.!WiedmannKAlKAhmad,! Influence#of# iron#
restriction#on#Chlamydia#pneumoniae#and#C.#trachomatis.! J!Med!Microbiol,!
2001.!50(3):!p.!223K7.!

301.! AlKYounes,! H.M.,! et! al.,! Low# iron# availability# modulates# the# course# of#
Chlamydia#pneumoniae#infection.!Cell!Microbiol,!2001.!3(6):!p.!427K37.!

302.! Igietseme,! J.U.,! et! al.,! Immune#control#of#Chlamydial#growth#in#the#human#
epithelial# cell# line# RT4# involves# multiple# mechanisms# that# include# nitric#

oxide# induction,# tryptophan# catabolism# and# iron# deprivation.! Microbiol!
Immunol,!1998.!42(9):!p.!617K25.!

303.! Wang,! S.,! et! al.,! IFNHgamma#knockout#mice# show#Th2Hassociated#delayedH
type#hypersensitivity#and#the#inflammatory#cells#fail#to#localize#and#control#

chlamydial#infection.!Eur!J!Immunol,!1999.!29(11):!p.!3782K92.!
304.! Belay,! T.,! et! al.,! Chemokine# and# chemokine# receptor# dynamics# during#

genital#chlamydial#infection.!Infect!Immun,!2002.!70(2):!p.!844K50.!
305.! Frucht,! D.M.,! et! al.,! IFNHgamma# production# by# antigenHpresenting# cells:#

mechanisms#emerge.!Trends!Immunol,!2001.!22(10):!p.!556K60.!



!

241!

306.! Loomis,! W.P.! and! M.N.! Starnbach,! T# cell# responses# to# Chlamydia#
trachomatis.!Curr!Opin!Microbiol,!2002.!5(1):!p.!87K91.!

307.! Jones,!B.R.,!The#prevention#of#blindness#from#trachoma.!Trans!Ophthalmol!
Soc!U!K,!1975.!95(1):!p.!16K33.!

308.! Haddad,!N.A.,!Trachoma#in#Lebanon:#observations#on#epidemiology#in#rural#
areas.! American! Journal! of!Tropical!Medicine! and!Hygiene,! 1965(14):! p.!
652K655.!

309.! Grayston,! J.T.,! et! al.,! Importance# of# reinfection# in# the# pathogenesis# of#
trachoma.!Rev!Infect!Dis,!1985.!7(6):!p.!717K25.!

310.! Emerson,! P.M.,! et! al.,! Review# of# the# evidence# base# for# the# 'F'# and# 'E'#
components# of# the# SAFE# strategy# for# trachoma# control.! Trop! Med! Int!
Health,!2000.!5(8):!p.!515K27.!

311.! Sowa,!S.,!et!al.,!Trachoma#vaccine#field#trials#in#The#Gambia.! J!Hyg!(Lond),!
1969.!67(4):!p.!699K717.!

312.! Wang,! S.P.! and! J.T.! Grayston,! Pannus# with# experimental# trachoma# and#
inclusion# conjunctivitis# agent# infection# of# Taiwan# monkeys.! Am! J!
Ophthalmol,!1967.!63(5):!p.!Suppl:1133K45.!

313.! Peeling,!R.W.,!et!al.,!Antibody#response#to#the#60HkDa#chlamydial#heatHshock#
protein#is#associated#with#scarring#trachoma.!J!Infect!Dis,!1998.!177(1):!p.!
256K9.!

314.! Mabey,!D.!and!N.!FraserKHurt,!Trachoma.!Clin!Evid,!2003(10):!p.!777K88.!
315.! Kari,! L.,! et! al.,!Antibody# signature#of# spontaneous# clearance#of#Chlamydia#

trachomatis#ocular#infection#and#partial#resistance#against#reHchallenge#in#

a#nonhuman#primate#trachoma#model.!PLoS!Negl!Trop!Dis,!2013.!7(5):!p.!
e2248.!

316.! Caldwell,!H.D.,!et!al.,!Polymorphisms#in#Chlamydia#trachomatis#tryptophan#
synthase# genes# differentiate# between# genital# and# ocular# isolates.! J! Clin!
Invest,!2003.!111(11):!p.!1757K69.!

317.! Hu,! V.H.,! M.J.! Holland,! and! M.J.! Burton,! Trachoma:# protective# and#
pathogenic#ocular#immune#responses#to#Chlamydia#trachomatis.!PLoS!Negl!
Trop!Dis,!2013.!7(2):!p.!e2020.!

318.! Kari,!L.,!et!al.,!Chlamydia#trachomatis#Polymorphic#Membrane#Protein#D#is#a#
Virulence# Factor# Involved# in# Early# Host# Cell# Interactions.! Infect! Immun,!
2014.!

319.! Li,!Z.,! et! al.,!The#chlamydial#plasmidHencoded#protein#pgp3#is#secreted#into#
the#cytosol#of#ChlamydiaHinfected#cells.!Infect!Immun,!2008.!76(8):!p.!3415K
28.!

320.! Linhares,! I.M.! and! S.S.! Witkin,! Immunopathogenic# consequences# of#
Chlamydia#trachomatis#60#kDa#heat#shock#protein#expression#in#the#female#

reproductive#tract.!Cell!Stress!Chaperones,!2010.!15(5):!p.!467K73.!
321.! Cheng,! C.,! et! al.,! Immunogenicity# of# a# vaccine# formulated# with# the#

Chlamydia#trachomatis#serovar#F,#native#major#outer#membrane#protein#in#

a#nonhuman#primate#model.!Vaccine,!2011.!29(18):!p.!3456K64.!
322.! Campos,!M.,!et!al.,!A#chlamydial#major#outer#membrane#protein#extract#as#a#

trachoma# vaccine# candidate.! Invest! Ophthalmol! Vis! Sci,! 1995.! 36(8):! p.!
1477K91.!

323.! Hessel,!T.,! et! al.,! Immune#response#to#chlamydial#60Hkilodalton#heat#shock#
protein#in#tears#from#Nepali#trachoma#patients.!Infect!Immun,!2001.!69(8):!
p.!4996K5000.!



!

242!

324.! Haller,! E.M.,! et! al.,! Detection# of# antichlamydial# antibodies# in# tears:# a#
diagnostic#aid?!Ophthalmology,!1997.!104(1):!p.!125K30.!

325.! Suzich,! J.A.,! et! al.,! Systemic# immunization#with# papillomavirus# L1# protein#
completely#prevents#the#development#of#viral#mucosal#papillomas.!Proc!Natl!
Acad!Sci!U!S!A,!1995.!92(25):!p.!11553K7.!

326.! Day,!P.M.,! et! al.,!Neutralization#of#human#papillomavirus#with#monoclonal#
antibodies#reveals#different#mechanisms#of#inhibition.!J!Virol,!2007.!81(16):!
p.!8784K92.!

327.! Kirnbauer,!R.,! et!al.,!VirusHlike#particles#of#bovine#papillomavirus#type#4#in#
prophylactic#and#therapeutic#immunization.!Virology,!1996.!219(1):!p.!37K
44.!

328.! Schwarz,!T.F.!and!O.!Leo,!Immune#response#to#human#papillomavirus#after#
prophylactic# vaccination# with# AS04Hadjuvanted# HPVH16/18# vaccine:#

improving#upon#nature.!Gynecol!Oncol,!2008.!110(3!Suppl!1):!p.!S1K10.!
329.! Caproni,! E.,! et! al.,! MF59# and# Pam3CSK4# boost# adaptive# responses# to#

influenza#subunit#vaccine#through#an#IFN#type#IHindependent#mechanism#of#

action.!J!Immunol,!2012.!188(7):!p.!3088K98.!
330.! Chmielewska,!A.M.,!et!al.,!Combined#adenovirus#vector#and#hepatitis#C#virus#

envelope# protein# primeHboost# regimen# elicits# T# cell# and# neutralizing#

antibody#immune#responses.!J!Virol,!2014.!88(10):!p.!5502K10.!
331.! Karagouni,! E.E.! and! L.! HadjipetrouKKourounakis,! Regulation# of# isotype#

immunoglobulin#production#by#adjuvants# in#vivo.! Scand! J! Immunol,! 1990.!
31(6):!p.!745K54.!

332.! Avramidis,! N.,! et! al.,!Adjuvant#regulation#of# cytokine#profile#and#antibody#
isotype# of# immune# responses# to# Mycoplasma# agalactiae# in# mice.! Vet!
Microbiol,!2002.!88(4):!p.!325K38.!

333.! Lycke,!N.,!Targeted#vaccine#adjuvants#based#on#modified#cholera#toxin.!Curr!
Mol!Med,!2005.!5(6):!p.!591K7.!

334.! Sanchez,! J.!and!J.!Holmgren,!Cholera#toxin#H#a#foe#&#a#friend.! Indian! J!Med!
Res,!2011.!133:!p.!153K63.!

335.! Smits,!H.H.,!et!al.,!Cholera#toxin#B#suppresses#allergic#inflammation#through#
induction#of#secretory#IgA.!Mucosal!Immunol,!2009.!2(4):!p.!331K9.!

336.! Eng,! N.F.,! et! al.,! PCEP# enhances# IgA# mucosal# immune# responses# in# mice#
following# different# immunization# routes# with# influenza# virus# antigens.! J!
Immune!Based!Ther!Vaccines,!2010.!8:!p.!4.!

337.! Shen,! X.,! et! al.,! Systemic# and# mucosal# immune# responses# in# mice# after#
mucosal# immunization# with# group# B# streptococcus# type# III# capsular#

polysaccharideHcholera# toxin# B# subunit# conjugate# vaccine.! Infect! Immun,!
2000.!68(10):!p.!5749K55.!

338.! Bailey,! R.L.,! et! al.,! The# influence# of# local# antichlamydial# antibody# on# the#
acquisition# and# persistence# of# human# ocular# chlamydial# infection:# IgG#

antibodies#are#not#protective.!Epidemiol!Infect,!1993.!111(2):!p.!315K24.!
339.! WhittumKHudson,!J.A.,!T.P.!O'Brien,!and!R.A.!Prendergast,!Murine#model#of#

ocular# infection# by# a# human# biovar# of# Chlamydia# trachomatis.! Invest!
Ophthalmol!Vis!Sci,!1995.!36(10):!p.!1976K87.!

340.! Kari,!L.,!et!al.,!Chlamydia#trachomatis#native#major#outer#membrane#protein#
induces# partial# protection# in# nonhuman# primates:# implication# for# a#

trachoma# transmissionHblocking# vaccine.! J! Immunol,! 2009.! 182(12):! p.!
8063K70.!



!

243!

341.! Kari,! L.,! et! al.,!Pathogenic# diversity# among#Chlamydia# trachomatis# ocular#
strains# in# nonhuman# primates# is# affected# by# subtle# genomic# variations.! J!
Infect!Dis,!2008.!197(3):!p.!449K56.!

342.! Lu,!C.,!et!al.,!GenomeHwide#identification#of#Chlamydia#trachomatis#antigens#
associated#with#trachomatous#trichiasis.! Invest!Ophthalmol!Vis! Sci,! 2012.!
53(6):!p.!2551K9.!

343.! Li,! Z.,! et! al.,! Immunization# with# chlamydial# plasmid# protein# pORF5# DNA#
vaccine#induces#protective#immunity#against#genital#chlamydial#infection#in#

mice.!Sci!China!C!Life!Sci,!2008.!51(11):!p.!973K80.!
344.! Brunham,!R.C.!and!R.!Rappuoli,!Chlamydia#trachomatis#control#requires#a#

vaccine.!Vaccine,!2013.!31(15):!p.!1892K1897.!
345.! Centers! for! Disease,! C.! and! Prevention,! CDC# Grand# Rounds:# Chlamydia#

prevention:# challenges# and# strategies# for# reducing# disease# burden# and#

sequelae.!MMWR!Morb!Mortal!Wkly!Rep,!2011.!60(12):!p.!370K3.!
346.! Johnson,! R.E.,! et! al.,! Screening# tests# to#detect#Chlamydia# trachomatis# and#

Neisseria# gonorrhoeae# infectionsHH2002.! MMWR! Recomm! Rep,! 2002.!
51(RRK15):!p.!1K38;!quiz!CE1K4.!

347.! Rekart,!M.L.! and!R.C.!Brunham,!Epidemiology#of#chlamydial# infection:#are#
we#losing#ground?!Sex!Transm!Infect,!2008.!84(2):!p.!87K91.!

348.! Brunham,! R.C.,! et! al.,!The#unexpected# impact#of# a#Chlamydia# trachomatis#
infection#control#program#on#susceptibility#to#reinfection.!J!Infect!Dis,!2005.!
192(10):!p.!1836K44.!

349.! Peng,!S.L.,!S.J.!Szabo,!and!L.H.!Glimcher,!THbet#regulates#IgG#class#switching#
and#pathogenic#autoantibody#production.!Proc!Natl!Acad!Sci!U!S!A,!2002.!
99(8):!p.!5545K50.!

350.! Gray,!R.T.,!et!al.,!Modeling#the#impact#of#potential#vaccines#on#epidemics#of#
sexually# transmitted# Chlamydia# trachomatis# infection.! J! Infect! Dis,! 2009.!
199(11):!p.!1680K8.!

351.! O'Connell,! C.M.,! et! al.,! TollHlike# receptor# 2# activation# by# Chlamydia#
trachomatis# is# plasmid# dependent,# and# plasmidHresponsive# chromosomal#

loci# are# coordinately# regulated# in# response# to# glucose# limitation# by# C.#

trachomatis#but#not#by#C.#muridarum.!Infect!Immun,!2011.!79(3):!p.!1044K
56.!

352.! O'Connell,! C.M.,! et! al.,! PlasmidHdeficient# Chlamydia# muridarum# fail# to#
induce#immune#pathology#and#protect#against#oviduct#disease.! J! Immunol,!
2007.!179(6):!p.!4027K34.!

353.! Kari,! L.,! et! al.,! A# liveHattenuated# chlamydial# vaccine# protects# against#
trachoma#in#nonhuman#primates.!Journal!of!Experimental!Medicine,!2011.!
208(11):!p.!2217K2223.!

354.! OlivaresKZavaleta,!N.,!et!al.,!CD8+#T#Cells#Define#an#Unexpected#Role#in#LiveH
Attenuated# Vaccine# Protective# Immunity# against# Chlamydia# trachomatis#

Infection# in# Macaques.! The! Journal! of! Immunology,! 2014.! 192(10):! p.!
4648K4654.!

355.! Hafner,! L.M.,! D.P.! Wilson,! and! P.! Timms,!Development# status# and# future#
prospects# for#a# vaccine#against#Chlamydia# trachomatis# infection.! Vaccine,!
2014.!32(14):!p.!1563K71.!

356.! Prokarium,!http://www.prokarium.com/technology.!2014.!
357.! MashburnKWarren,!L.,!R.J.!McLean,!and!M.!Whiteley,!GramHnegative#outer#

membrane#vesicles:#beyond#the#cell#surface.!Geobiology,!2008.!6(3):!p.!214K



!

244!

9.!
358.! Alaniz,! R.C.,! et! al.,! Membrane# vesicles# are# immunogenic# facsimiles# of#

Salmonella#typhimurium#that#potently#activate#dendritic#cells,#prime#B#and#

T# cell# responses,# and# stimulate# protective# immunity# in# vivo.! J! Immunol,!
2007.!179(11):!p.!7692K701.!

359.! Lee,! S.R.,! et! al.,!MultiHimmunogenic#outer#membrane#vesicles#derived#from#
an# MsbBHdeficient# Salmonella# enterica# serovar# typhimurium# mutant.! J!
Microbiol!Biotechnol,!2009.!19(10):!p.!1271K9.!

360.! Roy,! N.,! et! al.,! Immunogenicity# and# protective# efficacy# of# Vibrio# cholerae#
outer#membrane#vesicles# in#rabbit#model.! FEMS! Immunol!Med!Microbiol,!
2010.!60(1):!p.!18K27.!

361.! Roy,! K.,! et! al.,! Outer# membrane# vesicles# induce# immune# responses# to#
virulence# proteins# and# protect# against# colonization# by# enterotoxigenic#

Escherichia#coli.!Clin!Vaccine!Immunol,!2011.!18(11):!p.!1803K8.!
362.! Holst,! J.,! et! al.,!Properties#and#clinical#performance#of#vaccines#containing#

outer# membrane# vesicles# from# Neisseria# meningitidis.! Vaccine,! 2009.! 27(
Suppl(2:!p.!B3K12.!

363.! Chen,!D.J.,!et!al.,!Delivery#of#foreign#antigens#by#engineered#outer#membrane#
vesicle#vaccines.!Proc!Natl!Acad!Sci!U!S!A,!2010.!107(7):!p.!3099K104.!

364.! Haurat,! M.F.,! et! al.,! Selective# sorting# of# cargo# proteins# into# bacterial#
membrane#vesicles.!J!Biol!Chem,!2011.!286(2):!p.!1269K76.!

365.! Kesty,!N.C.!and!M.J.!Kuehn,!Incorporation#of#heterologous#outer#membrane#
and# periplasmic# proteins# into# Escherichia# coli# outer#membrane# vesicles.! J!
Biol!Chem,!2004.!279(3):!p.!2069K76.!

366.! Zhong,! G.,! J.! Berry,! and! R.C.! Brunham,! Antibody# recognition# of# a#
neutralization#epitope#on#the#major#outer#membrane#protein#of#Chlamydia#

trachomatis.!Infect!Immun,!1994.!62(5):!p.!1576K83.!
367.! Tagliamonte,!M.,! et! al.,!HIV#p24#as# scaffold# for#presenting#conformational#

HIV#Env#antigens.!PLoS!One,!2012.!7(8):!p.!e43318.!
368.! Johnson,! A.P.,! et! al.,!Experimental# infection#of# the#marmoset#genital# tract#

with#Chlamydia#trachomatis.!Br!J!Exp!Pathol,!1980.!61(3):!p.!291K5.!
369.! Ripa,!K.T.,!et!al.,!Experimental#acute#salpingitis#in#grivet#monkeys#provoked#

by#Chlamydia#trachomatis.!Acta!Pathol!Microbiol!Scand!B,!1979.!87B(1):!
p.!65K70.!

370.! Bell,! J.D.,! et! al.,! Nonhuman# primate# models# used# to# study# pelvic#
inflammatory#disease#caused#by#Chlamydia#trachomatis.! Infect!Dis!Obstet!
Gynecol,!2011.!2011:!p.!675360.!

371.! Patton,! D.L.,! et! al.,! Host# response# to# primary# Chlamydia# trachomatis#
infection# of# the# fallopian# tube# in# pigHtailed# monkeys.! Fertil! Steril,! 1983.!
40(6):!p.!829K40.!

372.! Patton,! D.L.,! et! al.,! Chlamydial# infection# of# subcutaneous# fimbrial#
transplants#in#cynomolgus#and#rhesus#monkeys.! J!Infect!Dis,!1987.!155(2):!
p.!229K35.!

373.! WolnerKHanssen,!P.,!D.L.!Patton,!and!K.K.!Holmes,!Protective#immunity#in#
pigHtailed# macaques# after# cervical# infection# with# Chlamydia# trachomatis.!
Sex!Transm!Dis,!1991.!18(1):!p.!21K5.!

374.! Patton,! D.L.,! et! al.,! The# effects# of# Chlamydia# trachomatis# on# the# female#
reproductive#tract#of#the#Macaca#nemestrina#after#a#single#tubal#challenge#

following# repeated# cervical# inoculations.! Obstet! Gynecol,! 1990.! 76(4):! p.!



!

245!

643K50.!
!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!



!

246!

9 Appendix!

!

!

!

!

!

!

!

!

!

!

Figure!9.1.!C.)trachomatis!elementary!body!(EB)!sizing!by!dynamic!light!scattering!(DLS).!

Analysis! of! the! size! distribution! of! the! purified!C.) trachomatis! EB! stocks! using! a!Malvern! Zetasizer!

revealed!a!consistent!purity!of!particles!of!100!nm!diameter.!
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!Figure!9.2.!FTY720!treatment.!!

Bar!charts!representing!the!number!of!CD8!and!CD4!cells!from!FACS!analysis!in!the!blood!and!vaginal!

tissue!of!BALB/c!mice!either!under!FTY720!treatment!or!untreated.!Unpaired!two!tailed!T!test!used!to!

compare!T!cell!numbers.!Shedding!data!following!C.)trachomatis!genital!challenge!in!FTY720!treated!

and!naïve!BALB/c!mice!(N=5).!Median!values!are!represented!with!a!2.tailed!Mann.Whitney!U!test.!!!!!!!!!!!!
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Figure!9.3.!mCD4!depletion.!!

Bar!charts!representing!the!percentage!of!CD4+!T!cells!of!all!CD3+!T!cells!following!FACS!analysis!of!

blood,!splenocytes!and!vaginal! tissue!of!BALB/c!mice!either! following!mCD4+!antibody!depletion!or!

naive! controls.! Percentages! analysed! by! an! unpaired! two! tailed! T! test,! *! P<0.05,! **! P<0.01;! ***!

P<0.001.!!
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Figure!9.4!Antibody!kinetics!of!proteinWfree!vaccination!regimens.!!

MOMP.specific! serum! IgG! concentrations! following! individual! immunisations! within! heterologous!

prime.boost!regimens.!!
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Figure!9.5!Antibody!kinetics!of!proteinWboost!vaccination!regimens.!

MOMP.specific! serum! IgG! concentrations! following! individual! immunisations! within! heterologous!

prime.!protein!boost!regimens.!
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ATGAAGAAGCTGCTGAAGAGCGTGCTGGTGTTCGCCGCCCTGAGCAGCGCCAGCAGCCTG

CAGGCCCTGCCCGTGGGCAACCCCGCCGAGCCCAGCCTGATGATCGACGGCATCCTGTGGG

AGGGCTTCGGCGGCGACCCCTGCGACCCCTGCACCACCTGGTGCGACGCCATCAGCATGCG

CATGGGCTACTACGGCGACTTCGTGTTCGACCGCGTGCTGAAGACCGACGTGAACAAGGA

GTTCCAGATGGGCGACAAGCCCACCAGCACCACCGGCAACGCCACCGCCCCCACCACCCTG

ACCGCCCGCGAGAACCCCGCCTACGGCCGCCACATGCAGGACGCCGAGATGTTCACCAACG

CCGCCTGCATGGCCCTGAACATCTGGGACCGCTTCGACGTGTTCTGCACCCTGGGCGCCAG

CAGCGGCTACCTGAAGGGCAACAGCGCCAGCTTCAACCTGGTGGGCCTGTTCGGCGACAAC

GAGAACCAGAGCACCGTGAAGACCAACAGCGTGCCCAACATGAGCCTGGACCAGAGCGTG

GTGGAGCTGTACACCGACACCGCCTTCAGCTGGAGCGTGGGCGCCCGCGCCGCCCTGTGG

GAGTGCGGCTGCGCCACCCTGGGCGCCAGCTTCCAGTACGCCCAGAGCAAGCCCAAGGTG

GAGGAGCTGAACGTGCTGTGCAACGCCGCCGAGTTCACCATCAACAAGCCCAAGGGCTAC

GTGGGCCAGGAGTTCCCCCTGGCCCTGATCGCCGGCACCGACGCCGCCACCGGCACCAAG

GACGCCAGCATCGACTACCACGAGTGGCAGGCCAGCCTGGCCCTGAGCTACCGCCTGAACA

TGTTCACCCCCTACATCGGCGTGAAGTGGAGCCGCGCCAGCTTCGACGCCGACACCATCCG

CATCGCCCAGCCCAAGAGCGCCACCGCCATCTTCGACACCACCACCCTGAACCCCACCATCG

CCGGCGCCGGCGACGTGAAGGCCAGCGCCGAGGGCCAGCTGGGCGACACCATGCAGATC

GTGAGCCTGCAGCTGAACAAGATGAAGAGCCGCAAGAGCTGCGGCATCGCCGTGGGCACC

ACCATCGTGGACGCCGACAAGTACGCCGTGACCGTGGAGACCCGCCTGATCGACGAGCGC

GCCGCCCACGTGAACGCCCAGTTCCGCTTCTAATAA!

Figure!9.6!Human!codon!optimised!nucleotide!sequence!of!consensus!MOMP.!!!

!

!

MKKLLKSVLVFAALSSASSLQALPVGNPAEPSLMIDGILWEGFGGDPCDPCTTWCDAISMRMG

YYGDFVFDRVLKTDVNKEFQMGDKPTSTTGNATAPTTLTARENPAYGRHMQDAEMFTNAAC

MALNIWDRFDVFCTLGASSGYLKGNSASFNLVGLFGDNENQSTVKTNSVPNMSLDQSVVELYT

DTAFSWSVGARAALWECGCATLGASFQYAQSKPKVEELNVLCNAAEFTINKPKGYVGQEFPLA

LIAGTDAATGTKDASIDYHEWQASLALSYRLNMFTPYIGVKWSRASFDADTIRIAQPKSATAIFD

TTTLNPTIAGAGDVKASAEGQLGDTMQIVSLQLNKMKSRKSCGIAVGTTIVDADKYAVTVETRLI

DERAAHVNAQFRF**!

Figure!9.7!Amino!acid!sequence!of!consensus!MOMP.!


